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Abstract  

Over the last 30 years, economic evaluation has increasingly been used as a tool to inform the 

allocation of scarce healthcare resources. For an economic evaluation of healthcare 

interventions to inform optimal decisions, it is often necessary to understand the effects and 

costs of an intervention across the lifetime of a patient. In the absence of primary data to 

inform this, economic models are required to extrapolate beyond observed data, collate best 

available evidence from disparate sources and conduct experiments that could not be 

performed in a real-life setting. 

As well as allocating resources to the provision of existing interventions, public monies 

help conduct medical research into potential new interventions that may deliver future health 

benefits. Given the opportunity cost of investing in research into new interventions, over the 

provision of existing interventions, policymakers and funders have shown interest in 

understanding the economic value, or impact, of publicly funded medical research. Based on 

logic models developed in the research impact literature, the outputs of economic evaluations 

can be used in models to assess the return on investment from bodies of medical research. 

This thesis presents a critical review alongside a portfolio of seven published works 

concerned with assessing the value of: (a) healthcare interventions; and (b) funding health 

research. Chapter 1 presents background to contextualise the works and outline the central 

themes. Chapter 2 explores the overarching methods and contribution to knowledge and 

Chapter 3 assesses the impact of the portfolio.  

The critical review demonstrates the extensive role the methods developed for health 

technology assessment can play in research impact assessment and the remaining boundaries 

and challenges. Self-reflection on the contribution to knowledge and impact of the works, 

combined with formal bibliometric techniques suggest the work has made significant 

contribution and had identifiable impact across targeting of future research (by centrality or 

significant contribution to other research), influencing policy (including clinical guidelines), 

and potential impact on health outcomes (through implemented interventions).  

  



iii 

Table of Contents 

TITLE PAGE ....................................................................................................................... I 

ABSTRACT ....................................................................................................................... II 

TABLE OF CONTENTS.................................................................................................. III 

LIST OF TABLES, FIGURES AND EQUATIONS ......................................................... V 

ABBREVIATIONS ........................................................................................................... VI 

AUTHORS DECLARATION ......................................................................................... VII 

LIST OF PUBLISHED WORKS .............................................................................................. VII 

SUMMARY OF CANDIDATE CONTRIBUTION ......................................................................... XI 

ACKNOWLEDGEMENTS .................................................................................................1 

CHAPTER 1: INTRODUCTION .......................................................................................2 

1.1 BACKGROUND...............................................................................................................2 

1.2 SELECTION OF THE PUBLISHED WORKS ...........................................................................6 

1.3 AIMS ............................................................................................................................7 

CHAPTER 2: METHODS AND CONTRIBUTION OF THE PUBLISHED WORKS ...8 

2.1 A FRAMEWORK FOR HEALTHCARE RESOURCE ALLOCATION ............................................8 

2.2 A CONCEPTUAL APPROACH TO IMPACT ASSESSMENT .......................................................8 

2.3 OVERARCHING METHODS OF THE PUBLISHED WORKS .................................................... 11 

2.3.1 Analysis and outcome metrics .............................................................................. 12 

2.3.2 Cost perspective .................................................................................................. 15 

2.3.3 Modelling conceptual framework, construction and adaptations ......................... 15 

2.3.4 Methods for model parameterisation ................................................................... 21 

2.3.5 Characterising uncertainty and exploring heterogeneity...................................... 26 

2.4 CONTRIBUTION TO KNOWLEDGE OF THE PUBLISHED WORKS .......................................... 29 

2.5 CONCLUSION .............................................................................................................. 31 

CHAPTER 3: ASSESSMENT OF IMPACT OF THE PUBLISHED WORKS ............. 36 

3.2 BIBLIOMETRIC ANALYSIS METHODOLOGY .................................................................... 36 

3.3 RETURN ON INVESTMENT OF THE PORTFOLIO OF WORKS ............................................... 39 

3.4 IMPACT OF DECISION MODELLING FOR HEALTH TECHNOLOGY ASSESSMENT PAPERS ....... 40 

3.4.1 Benefits to future research case study .................................................................. 43 

3.5 IMPACT OF RETURN ON INVESTMENT FROM HEALTH RESEARCH PAPERS ......................... 43 

3.5.1 Benefits to future research case study .................................................................. 45 

3.5 CONCLUSION .............................................................................................................. 46 



iv 

CHAPTER 4: DISCUSSION............................................................................................. 51 

4.1 REFLECTIONS ON THE PORTFOLIO OF WORKS ................................................................ 51 

4.2 STRENGTHS AND LIMITATIONS ..................................................................................... 54 

4.3 IMPLICATIONS AND FUTURE RESEARCH ........................................................................ 55 

4.4 CONCLUSION .............................................................................................................. 55 

REFERENCES .................................................................................................................. 57 

APPENDIX A: PAPER 1 .................................................................................................. 79 

APPENDIX B: PAPER 2 ................................................................................................... 87 

APPENDIX C: PAPER 3 ................................................................................................110 

APPENDIX D: PAPER 4 ................................................................................................124  
APPENDIX E: PAPER 5 .................................................................................................147 

APPENDIX F: PAPER 6 ................................................................................................. 155 

APPENDIX G: PAPER 7 ................................................................................................ 177 

APPENDIX H: CO-AUTHOR DECLARATIONS ........................................................202 

APPENDIX H1 – PAPER 1 CO-AUTHOR DECLARATIONS ......................................................205 

APPENDIX H2 – PAPER 2 CO-AUTHOR DECLARATIONS ......................................................209 

APPENDIX H3 – PAPER 3 CO-AUTHOR DECLARATIONS ...................................................... 213 

APPENDIX H4 – PAPER 4 CO-AUTHOR DECLARATIONS ......................................................216 

APPENDIX H5 – PAPER 5 CO-AUTHOR DECLARATIONS ......................................................220 

APPENDIX H6 – PAPER 6 CO-AUTHOR DECLARATIONS ......................................................223 

APPENDIX H7 – PAPER 7 CO-AUTHOR DECLARATIONS ...................................................... 226 



 v 

 

List of tables, figures and equations 

Table 1: Summary of published works and contribution of candidate ................................... xi 

Table 2: Overarching methods of the published works ......................................................... 28 

Table 3: Contribution to knowledge of the portfolio of work ................................................ 32 

Table 4: Citations of portfolio of works identified by Scopus (by year of citation) ............... 47 

Table 5: Bibliometric analysis of portfolio of works – type of citing document and use of 

economic analysis ................................................................................................................ 48 

Table 6: Bibliometric analysis of portfolio of works – citation occasions and importance of 

work being cited .................................................................................................................. 49 

Table 7: Co-author declarations summary ............................................................................ 87 

Table 8: List of co-authors signing declarations ................................................................... 88 

 

Figure 1: Conceptual approach to attributing health gains (adapted from P5) ....................... 11 

Figure 2: ROI models: A simplified process from research funding to outcomes .................. 18 

Figure 3: Cumulative citations of portfolio of works 2013-2021 Source: Scopus.................. 50 

 

Equation 1: Incremental cost-effectiveness ratio (ICER) ...................................................... 12 

Equation 2: Cost-effectiveness (CE) decision rule based on ICER ....................................... 13 

Equation 3: Incremental net monetary benefit (INMB)......................................................... 13 

Equation 4: Cost-effectiveness decision rule based on INMB............................................... 13 

Equation 5: Internal Rate of Return ...................................................................................... 14 

 

  



 vi 

Abbreviations 
AAA   Abdominal aortic aneurysm 

BRC   Biomedical Research Centre 

CPRD   Clinical Practice Research Datalink 

CEA   Cost-effectiveness analysis 

CEAC   Cost-effectiveness acceptability curve 

CEAF   Cost-effectiveness acceptability frontier 

CM   Conservative management 

CPAP   Continuous positive airway pressure 

DES   Discrete event simulation 

DSA   Deterministic sensitivity analysis 

FWCI   Field weighted citation impact 

HES   Hospital Episodes Statistics 

HTA   Health technology assessment 

ICD-10  International Classification of Diseases 10th Revision 

ICER   Incremental cost-effectiveness ratio 

INMB   Incremental net monetary benefit 

IRR   Internal rate of return 

KCE   The Belgian Health Care Knowledge Centre 

LMIC   Low- and middle-income countries 

MAD   Oral mandibular device 

MASS   Multicentre Aneurysm Screening Study 

NAAASP  National Abdominal Aortic Aneurysm Screening Programme 

NHS   UK National Health Service 

NIC   Net ingredient cost 

NIHR   National Institute for Health Research 

NINDS  National Institute of Neurological Disorders and Stroke 

NMB   Net monetary benefit 

NPV   Net present value 

NVD   National Vascular Database 

ODI   Overseas Development Institute 

ONS   Office for National Statistics 

OSAHS  Obstructive sleep apnoea hypopnoea syndrome  

PSA   Probabilistic sensitivity analysis 

ROI   Return on investment 

QALY   Quality adjusted life years 

UK   Great Britain and Northern Ireland 

US    United States of America 

WHO   World Health Organisation 

 



 vii 

Authors declaration  

I declare that this submission is not substantially the same as any previous submission I have 

made or that I am currently making, either in published or unpublished form, for an award of 

any university or similar institution. Until the outcome of the current submission is known, 

the works submitted will not be submitted for any such award at any other university or 

similar institution. 

The work contained in this critical review is mine alone, however co-authorship of the 

published works contained in the portfolio is explicitly acknowledged. Full details of the 

contribution I made to these works is summarised in the following sections, with a list of 

works and candidate contribution. Co-author substantiation of this contribution are given in 

APPENDIX H: Co-author declarations. 

 

List of published works 

1. Glover MJ, Kim LG, Sweeting MJ, Thompson SG, Buxton MJ. Cost-effectiveness of the 

National Health Service abdominal aortic aneurysm screening programme in England. 

British Journal of Surgery. 2014;101(8):976-982. doi:10.1002/BJS.9528 

 

Referred to as Paper 1. Full details of permissions and a copy of the paper are available in 

APPENDIX A: Paper 1. 

 

Contribution of candidate: Led update of model including input parameters (including data 

identification/acquisition of key screening programme data, costs, health related quality of 

life and other health economic inputs), performed cost-effectiveness analyses. Contributed to 

conception of research question. Led preparation and submitted manuscript. Responsible for 

manuscript revisions, including additional cost-effectiveness analyses. Listed as first and 

corresponding author. 

 

2. Thompson SG, Brown LC, Sweeting MJ, Bown MJ, Kim LG, Glover MJ, Buxton MJ, 

Powell JT and the RESCAN collaborators. Systematic review and meta-analysis of the 

growth and rupture rates of small abdominal aortic aneurysms: implications for 

surveillance intervals and their cost-effectiveness. Health Technology Assessment. 

2013;17(41):1-118. doi:10.3310/HTA17410  

Chapter 7 and Chapter 8 of larger monograph 



 viii 

Referred to as Paper 2. Full details of permissions and a copy of the paper are available in 

APPENDIX B: Paper 2. 

 

Contribution of candidate: Led update of model parameters (including data 

identification/acquisition of key screening programme data, costs, health related quality of 

life and other health economic inputs), developed framework and performed structural 

amendments to operationalised model. Conducted cost-effectiveness analyses, drafted 

Chapter 7 and 8 and contributed to revisions, including additional cost-effectiveness analyses. 

Contributed to critical revision of other relevant sections of monograph. 

 

3. Glover MJ, Jones E, Masconi KL, et al. Discrete Event Simulation for Decision 

Modeling in Health Care: Lessons from Abdominal Aortic Aneurysm Screening. Medical 

Decision Making. 2018;38(4):439-451. doi:10.1177/0272989X17753380 

 

Referred to as Paper 3. Full details of permissions and a copy of the paper are available in 

APPENDIX C: Paper 3. 

 

Contribution of candidate: Co-investigator on National Institute for Health Research Health 

Technology Assessment grant, involved in conception of research question. Contributed 

health economics input to conceptual model development and led update of costs and 

outcomes (including identification and acquisition of data). Conceived, led preparation and 

submitted manuscript and responsible for revisions. Listed as first and corresponding author. 

 

4. Sharples L, Glover M, Clutterbuck-James A, Bennett M, Jordan J, Chadwick R, Pittman 

M, East C, Cameron M, Davies M, Oscroft N. Clinical effectiveness and cost-

effectiveness results from the randomised controlled Trial of Oral Mandibular 

Advancement Devices for Obstructive sleep apnoea-hypopnoea (TOMADO) and Health 

Technology Assessment. 2014;18(67):1-330. doi:10.3310/HTA18670  

Chapter 4 of larger monograph 

 

Referred to as Paper 4. Full details of permissions and a copy of the paper are available in 

APPENDIX D: Paper 4. 

 



 ix 

Contribution of candidate: Contributed to systematic review of effectiveness, including 

data extraction and input to statistical analyses performed for health economic model inputs. 

Led structured review of literature to inform model amendments and updated model 

parameters and conducted cost-effectiveness analyses. Drafted chapter 4 and made revisions, 

including performing additional cost-effectiveness analyses. Contributed to critical revision 

of other sections of monograph and helped supervise within-trial economic analysis presented 

in Chapter 2. 

 

5. Raftery J, Hanney S, Greenhalgh T, Glover M, Blatch-Jones A. Models and applications 

for measuring the impact of health research: Update of a systematic review for the health 

technology assessment programme. Health Technology Assessment. 2016;20(76):1-282. 

doi:10.3310/hta20760  

Chapter 5 of larger monograph 

 

Referred to as Paper 5. Full details of permissions and a copy of the paper are available in 

APPENDIX E: Paper 5. 

 

Contribution of candidate: Contributed to systematic review in Chapter 3 (including data 

extraction), led systematic review of economic impact assessment literature (project lead on 

Chapter 5), drafted Chapter 5 and revisions. Contributed to critical revision of other sections 

of monograph. 

 

6. Glover M, Buxton M, Guthrie S, Hanney S, Pollitt A, Grant J. Estimating the returns to 

UK publicly funded cancer-related research in terms of the net value of improved health 

outcomes. BMC Medicine. 2014;12(1):1-21. doi:10.1186/1741-7015-12-99 

 

Referred to as Paper 6. Full details of permissions and a copy of the paper are available in 

APPENDIX F: Paper 6. 

 

Contribution of candidate: Led prioritisation of interventions, identification and collation of 

data on net health gains, including liaison with expert contributors. Developed return on 

investment model. Drafted sections relating to economic model methods and results and 

revisions, including additional performing modelling. Contributed critical revision to other 

sections of manuscript. Listed as first author. 



 x 

  

7. Glover M, Montague E, Pollitt A, et al. Estimating the returns to United Kingdom 

publicly funded musculoskeletal disease research in terms of net value of improved health 

outcomes. Health Research Policy and Systems. 2018;16(1):1-24. doi:10.1186/S12961-

017-0276-7 

 

Referred to as Paper 7. Full details of permissions and a copy of the paper are available in 

APPENDIX G: Paper 7. 

 

Contribution of candidate: Co-investigator on Wellcome Trust led grant, involved in 

conception of research question. Led prioritisation of interventions, identification and 

collation of data on net health gains, including liaison with expert contributors. Developed 

return on investment model. Drafted sections relating to economic model methods and results 

and performed revisions, including additional modelling. Contributed critical revision to 

other sections of manuscript. Listed as first author.



 xi 

Summary of candidate contribution 

The candidate contribution to the portfolio of published works is summarised below. Further information on the selection of works is detailed in 

Chapter 1 and co-author substantiation of this contribution are given in APPENDIX H: Co-author declarations. 

 
 

 Table 1: Summary of published works and contribution of candidate 

*Economic/modelling component 

 

Abbreviations: AAA: abdominal aortic aneurysm; CO-I: Co-investigator on grant funding; HTA: Health Technology Assessment; MSK: Musculoskeletal; 

NAAASP: National Abdominal Aortic Aneurysm Screening Programme; NHS: National Health Service; TOMADO: Trial of Oral Mandibular Advancement 

Devices for Obstructive sleep apnoea-hypopnoea

Paper (short name) 
Year of 

publication 

Authorship/contribution 

Co-I 1st author 2nd author 
Corresponding 

author 
Main analyst* 

 

P1 NHS NAAASP  2014  X  X X 

P2 AAA surveillance intervals  2013     X 

P3 Lessons from AAA modelling  2018 X X  X  

P4 TOMADO 2014   X  X 

P5 HTA impact review  2016     X 

P6 Estimating returns of cancer research 2014  X   X 

P7 Estimating returns of MSK research 2018 X X   X 



 1 

Acknowledgements 

I’d like to express my gratitude to my supervisors, Professor Subhash Pokhrel and Professor 

Steve Hanney. Both have provided invaluable input to the completion of this thesis, helping 

me navigate the process with their intellectual support and good humour.  

The portfolio of works included in this thesis are the result of collaborations with other 

academics, researchers and clinicians. I am thankful to them all for their specialist expertise, 

experience and support throughout the projects that produced the papers I have submitted in 

this thesis. I would like to express my appreciation to external collaborators Professor 

Jonathan Grant, Dr Timothy Quinnell, Professor James Raftery, Professor Linda Sharples, Dr 

Michael Sweeting and Professor Simon Thompson who all offered their unequivocal support 

when approached about submitting these works for my PhD by publication.  

I owe much to colleagues past and present, especially those at the Health Economics 

Research Group, Brunel University London, and in particular Professor Martin Buxton, 

Professor Julia Fox-Rushby and Dr Louise Longworth. I thank Martin for several helpful 

conversations we had whilst I tried to mould the PhD proposal, portfolio and thesis.  

Thank you to Professor Nana Anokye in the Division of Global Public Health for the 

positive support as I navigated this around my teaching and other commitments and Professor 

Heather Gage for the enormously welcome encouragement from my other institution, the 

University of Surrey. 

Thanks to Mum, Dad and Mel: for everything. Lastly, this is dedicated to Kirb.    

 

  

  

 

 

 

 

 

 

 

 

 

 

 



 2 

Chapter 1: Introduction  

This thesis presents a critical review of a portfolio of published works with a central theme, 

considering the methods and application of economic modelling to inform healthcare 

resource allocation. It reflects on four papers presenting adaptations to decision analytic 

models evaluating the cost-effectiveness of abdominal aortic aneurysm (AAA) screening and 

oral mandibular advancement devices (MAD) for the treatment of obstructive sleep apnoea-

hypopnea syndrome (OSAHS)1–4.  In addition, the thesis examines the extension of these 

methods to three papers on economic models assessing the return on investment (ROI) from 

health research funding. A literature review considering this relatively new field of research 

is accompanied by two papers applying ROI modelling methods to research funding in cancer 

and musculoskeletal diseases5–7.  

Chapter 1 provides background to contextualise the works and begin to explore the central 

themes that define the portfolio. Chapter 2 extends this to examine and justify the 

overarching methodologies applied across the works and their contribution to knowledge. In 

Chapter 3, the impact of the portfolio is assessed using bibliometric techniques supplemented 

with case studies conducted by desk analysis. Finally, Chapter 4 discusses the conclusions 

that can be drawn from the critical review, reflecting on the limitations of both the portfolio 

and this review alongside the potential implications of the works for future research. 

 

1.1 Background 

The papers presented in this thesis are concerned with assessing the value of: (a) healthcare 

interventions; and (b) funding health research. Cost-effectiveness (“value-for-money”) can be 

assessed using economic evaluation; an explicit analytical approach to consider the relative 

costs and benefits of alternatives. Over the last 30 years, economic evaluation has 

increasingly been used as a tool to inform the allocation of scarce healthcare resources by 

governments and decision-making bodies, including the National Institute of Health and Care 

Excellence (NICE) in the UK. 

The aim of economic evaluation is to consider opportunity costs to improve efficiency and 

maximise the benefits from scarce resources8. Opportunity costs refer to the forgone health 

benefits that could be derived from the next best alternative and represent the trade-offs that 

exist9. Several types of economic evaluation have been proposed to aid the allocation of 

healthcare resources, which differ principally in the breadth of costs and benefits included 

and the valuation methods adopted. Cost-benefit analysis is the only method rooted in 

welfare economics (“welfarism”), concerned with evaluating the effects of resource use on 



 3 

societal wellbeing (the sum of individual utility) and including all relevant costs and benefits 

regardless of the sector or individual they impact, valued using willingness-to-pay10. In 1996, 

the US Panel on Cost-effectiveness in Health and Medicine offered an early practical 

“reference case” to standardise methods, allied closely to this theoretical framework11. The 

Panel’s recommendations included some theoretical compromise and recognised the use of 

the quality adjusted life-year (QALY), a health-specific measure of wellbeing. The QALY is 

a composite measure of length and quality of life, which supports comparisons across 

diseases and interventions12.   

An alternative theoretical framework has been proposed focussed primarily on the 

maximisation of health (QALYs) under budget constraints, referred to as extra welfarism13. 

Decision-makers must either know their cost-effectiveness threshold (l), reflecting the 

opportunity cost of a QALY or be able to operate under conditions of uncertainty with 

respect to the value of l14. As a result, some decision-makers have seemingly become QALY 

maximisers, although this aim may be balanced with other aims and societal preferences15–17. 

The extra welfarist framework which underpins the works is considered further in Chapter 2.  

There has been a proliferation of literature performing economic evaluations of new 

treatments, diagnostics, pharmaceuticals, surgical procedures and preventative measures in 

recent decades18–21. In addition, countries (Canada, Australia) began to formalise economic 

evaluation as part of health technology assessment (HTA) in the 1980s and 1990s22,23. HTA 

is a multidisciplinary approach to assessing new health technologies/interventions (often 

pharmaceuticals) on a range of properties including safety, clinical effectiveness and often 

cost-effectiveness. Additional countries (largely higher-income) have more recently 

formalised HTA24–28, although the extent to which cost-effectiveness influences decisions or 

recommendations does differ and notable exceptions exist, including the US29–31. HTA has 

also expanded in low-and-middle income countries but barriers to widespread adoption 

remain32–35.  

UK HTA was first formalised in a 1997 UK government white paper which created the 

National Institute of Clinical Excellence (NICE), later the National Institute for Health and 

Care Excellence. This gave a statutory body instructions to produce clinical guidance with 

cost-effectiveness as a core principle for the first time23. NICE gave the extra-welfarist 

approach and cost per QALY prominence in its guidance36. It has specific preferred methods 

for analyses through the “reference case”, and offers detailed guidance on analytical 

techniques in its Technical Support Document series37,38. Although not formally part of drug 
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pricing and reimbursement, manufacturers are often required to offer discounts to the 

National Health Service (NHS), before a positive recommendation can be issued39. It is also 

mandatory for the NHS to make a treatment available within three months following positive 

recommendations by the Technology Assessment programme40.  

Earlier economic evaluations were often concerned with interventions which were already 

in widespread use, to justify their continued use, expand usage or to optimise delivery for 

specific populations (e.g. kidney transplantation and dialysis41 or coronary bypass grafts42). 

In ex-post analyses, data from observed practice may be available to estimate costs and 

QALYs for available alternatives, with caveats around population and unobservable 

characteristics. However, the conceptual problem is different if attempting to compare with 

the status quo ante (before the interventions), or prospectively assess new interventions ex-

ante, as in HTA. The counterfactual becomes a key conceptual problem i.e. What are the 

consequences of using an intervention and what would have happened in the absence of the 

intervention?  

For ex-ante analysis the counterfactual could be inferred from (potentially matched) 

observational data on current practice and on the new intervention. Alternatively, randomised 

clinical trials (RCTs) offer a proxy for the counterfactual by prospectively and randomly 

assigning individuals to different arms to produce unbiased estimates of incremental 

cost/QALYs43,44. There are practical advantages for collecting data alongside clinical 

outcomes, in addition to the benefits afforded by these designs.  

For an economic evaluation of healthcare interventions to inform optimal decisions, it is 

often necessary to understand the costs and effects of an intervention across the lifetime of a 

patient. RCTs do not often follow-up participants for long enough for all the events of 

interest to have occurred (e.g. costs, mortality) with outcomes right-censored as a result. 

Acute illnesses with short survival times may provide notable exceptions. In the absence of 

primary data sufficiently robust and complete to capture all opportunity costs, health 

economic models (decision [analytic] models) are required to extrapolate beyond observed 

data, collate best available evidence from disparate sources and conduct “experiments” that 

could not be performed in a real-life setting45,46. Decision models are flexible tools used 

across multiple disciplines including business, economics and operational research to 

determine optimal decisions under conditions of uncertainty, based on an axiomatic system47. 

That is that if some condition is met (i.e. the estimated net benefit of a new healthcare 

intervention is higher than an existing alternative) an action should be taken (i.e. the new 

healthcare intervention should be funded over the existing alternative).  
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The increased use of modelling methods has also produced a growing literature on 

appropriate technical approaches to decision modelling in healthcare48–50. In selecting an 

approach, a trade-off is perceived between simplicity in construction and communication and 

accurately depicting the decision problem, natural disease history, clinical pathway and 

outcomes, with some conceptual frameworks more commonly adopted (decision trees and 

Markov models)51–53. In addition, assumptions of process and outcomes are required, not 

least when faced with an unobserved period in a long-term model. The arising structural 

uncertainties highlight the importance of establishing model validity, to give some 

confidence for decision making. This may include external comparison with other studies 

than those used to populate a model54,55. Parameter uncertainty will also affect confidence in 

results, driven by data sampled from a population and/or choice of model inputs. However, 

optimal decision making should be based on expected outcomes rather than arbitrary levels of 

certainty56,57.  

Four papers presented in this portfolio of works are concerned with adaptation of decision 

models intended to inform UK HTA1–4. Given that both stand-alone economic evaluations 

and those produced for HTA processes have expanded, the practice of adapting existing 

decision models is increasingly common. Adaptations can increase applicability to a certain 

population, country or setting, update key model parameters or assess different 

interventions58–60. Some models are constructed with future amendment of input parameters 

as a core feature (e.g. United Kingdom Prospective Diabetes Study model61). When adapting 

these models, it was necessary to reflect on the conceptual approach, determine structural 

adaptations required, parametrise and characterise uncertainty. Guidance and checklists have 

emerged to encourage robust methodology suitable for decision making, including 

characterising uncertainty and tools to assess model quality and validity, but decisions remain 

at the analyst’s discretion62–66.  In Chapter 2 the methodology used to adapt existing decision 

models is explored, with particular reflection on appropriate conceptual frameworks. 

As well as allocating resources to the provision of existing interventions, public monies 

help conduct health research into interventions that aim to deliver future health benefits. The 

position of this funding in the health research ecosystem is complex, and also comprises 

private funding and innovation. However, given the opportunity cost of investing in research 

into new interventions, over the provision of existing interventions, researchers, policymakers 

and funders have shown interest in the economic impact or return on investment (ROI), of 

publicly funded health research67–71.  This can inform considerations regarding future levels 
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of funding for research, or help understand the mechanisms through which impact occurs and 

potentially how to increase this impact72–74.  

A fledging field has been recognised in the impact assessment literature, concerned with 

evaluating the outputs of research, which attempts to use economic models (ex-post) to 

estimate ROI75.  Logic models are required to hypothesise the chain of causes and effects, 

regarding the path of health research from “bench to bedside”.  Here the issue of the 

counterfactual discussed earlier is paramount, where research has been funded and new 

interventions implemented but only one reality is observed. Attempts to quantify the ROI 

have considered observed increases in life expectancy, which at least in part will be a result 

of advances in technologies, using willingness-to-pay to value these benefits76,77. More 

recently, novel methods described in this thesis have drawn on the economic evaluation 

literature. Aggregated health benefits quantified in QALYs have been used to estimate the 

realised benefits of research advances and equate these with a period of research investment. 

Attempts have been made to perform ex-ante ROI analyses either at the aggregate level or 

for specific programmes of research but require strong assumptions about future usage78,79. In 

the decision analysis literature, value of information analyses have been proposed as an ex-

ante method for prioritising research. It compares the cost of a “wrong” investment decision 

with the cost of resolving uncertainty, to consider whether is it worth conducting further 

clinical research or investing in improving adoption of cost-effective interventions80,81. 

However, when no clinical studies exist, studies that produce estimates are required before 

research funders can seek to resolve uncertainty. Though a subtle distinction, the ROI models 

attempt to quantify the value of eventual realised health gains, including from basic research. 

 

1.2 Selection of the published works 

The works, published between 2013 and 2018 (research began in 2011) have been chosen 

because of the overarching methods and their contribution to knowledge. They share both 

conceptual and technical approaches to modelling and produce similar challenges in robustly 

estimating the costs and benefits of respective investments.   

Paper 1 (P1)1, Paper 2 (P2)2 and Paper 3 (P3)3 are economic evaluations of AAA 

screening which use adaptations and extension of existing decision models. The works were 

sequential and adopted increasingly complex conceptual and structural frameworks to 

address an evolving decision problem. Paper 4 (P4)4 offers another distinct clinical 

application (OSAHS), using a state-transition model, to reflect on these overarching 
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methodologies. Paper 5 (P5)5, Paper 6 (P6)6 and Paper 7 (P7)7 are concerned with the use of 

ROI modelling for impact assessment.  

P2, P4 and P5 were published in Health Technology Assessment, the peer-reviewed 

journal publishing monographs that accompany all studies funded by the National Institute 

for Health Research (NIHR) HTA Programme. These reports collate all clinical, statistical 

and economic aspects of the HTA in full detail. The chapters which were written to report the 

economic modelling methods and results are the focus of this submission. 

I was a co-investigator on research grants which supported the work for P3 and P7 and 

first and/or corresponding author on four of the seven works (P1, P3, P6 and P7). For the 

others, I conducted the work with either full responsibility for this contribution (P5) or with 

substantial analytical autonomy under the supervision of a senior colleague (P2 and P4). 

Table 1 provides a summary of the candidate contribution to the published works and 

APPENDIX H: Co-author declarations, provides substantiation.  

 

1.3 Aims 

A portfolio of seven published papers with a central theme are submitted together with this 

critical review. The aims in this critical review are, as set out in the university’s guidance, to:  
 

• Outline the theme(s) that gives the work its defining coherence (Ch.1 & 2) 

• Justify the overarching approach and methodologies used (Ch.2) 

• Show how the work makes a significant and coherent contribution to knowledge (Ch.2 & 3) 

• Provide an assessment of the impact of the work contained in the submission (Ch.3) 

 

The aim of the review is to critically reflect on the portfolio to consider the relationship 

between research impact assessment and modelling in health economic evaluation, to 

consider the following research question:   

 

What role can the modelling methods used in health technology assessment to inform 

the allocation of scarce resources play in informing health research impact assessment? 
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Chapter 2: Methods and contribution of the published works  

This chapter will explore the theoretical position in which the works are couched, the 

conceptual approaches that inform the analyses and the common methods adopted in the 

portfolio. Subsequently, the contribution to knowledge of the portfolio is considered, 

reflecting on the state of knowledge prior to publication as well as the additive nature of the 

understanding produced between the works.  

 

2.1 A framework for healthcare resource allocation 

Analyses presented in P1, P2, P3 and P4 were aligned with the methods of economic 

evaluation of healthcare interventions most commonly adopted in UK HTA processes by 

NICE37. This approach was also consistent with the methods used to assess ROI of health 

research funding in P6 and P7. These methods of evaluation are grounded in what is 

commonly referred to as extra-welfarism, although authors have argued about the clarity of 

this terminology13,82,83.  

Culyer’s early exposition of extra-welfarism placed emphasis on the production of health 

itself (rather than wider utility) and the focus on health care budgets in maximising this 

stock13. NICE’s “reference case” represents a specific interpretation of this theoretical 

framework. Consequently, the methods used to assess returns in P6 and P7 use lifetime 

QALYs (based on EQ-5D utility scores where possible) as the health outcome of choice and 

value net health gains using the mid-point of the stated NICE cost-effectiveness 

threshold37,84. The ingrained normative aspects of producing and using subjective measures 

of health-related quality of life (the “Q”) to compute QALYs are present in the ROI analyses 

in P6 and P7 (as well as P1-P4)12,16. The use of the cost-effectiveness threshold to value net 

health gains reflects the opportunity costs of funding medical research over providing 

existing healthcare provision within budget constraints84.  

HTA is concerned which comparing interventions and making recommendations at a point 

in time, though analyses may subsequently be revisited or updated, especially identifying 

potential cost-effectiveness in sub-populations. However, exploring the returns from health 

research funding is more often relevant to decisions regarding future aggregate funding of 

medical research, or understanding the mechanisms through which it is achieved. 

 

2.2 A conceptual approach to impact assessment 

Frameworks of impact assessment of health research recognise what can be considered 

intermediate outcomes (e.g. advancing knowledge, capacity-building, further research 
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development, informing policy) that lead to final outcomes - the direct benefits (e.g. 

increased survival, reduce symptoms of disease, cost savings) and wider economic impacts 

(e.g. commercialisation, attracting outside investment) of conducting research and 

implementing new healthcare interventions85–89. As with economic evaluation of health care 

interventions these final outcomes are considered of most use in resource allocation 

considerations90,91. To assess the efficiency of producing these outcomes, investments and 

benefits need to be identified, and valued. However, the methods of economic evaluation of 

healthcare interventions are relatively established compared to those of research impact 

assessment, including the specific exercise of estimating the ROI by placing a monetary 

value on the benefits of research funding5,85,92,93. The systematic review in P5 built on a 

review published in 2004 by Buxton and colleagues70 and showed that only a small number 

of additional studies quantifying the ROI of health research had been conducted in the 

intervening years.  

Some of the earliest attempts in the economics literature to quantify the benefits of 

research expenditure using monetary values focussed on the value of a healthier workforce 

that results from the introduction of new interventions. Mushkin and Landefeld adopted a 

human capital approach to value gains from US biomedical research in terms of reduced loss 

of working time (mortality and disability) and earnings, using market values (i.e. 

salary/wages)94. The authors acknowledged the limitations of doing so: that they tend to 

overstate the value of lost labour when it can be replaced and neglect benefits in older 

sections of the population, due to focus on the population of working age.  

Wider economic benefits to the economy from funding health research could be 

considered “spillover” effects from the primary aim of directly improving population health. 

These spillover may also include the complementary private investment that occurs from 

publicly funded discoveries93,95,96. Until recently, there existed limited healthcare specific 

estimates for this spillover. A review identified estimates of spillover in other fields of 

between 20% and 67%96. A study by Sussex and colleagues in 2016 quantified this 

specifically for public funding of health research and estimated an annual rate of return of 15-

18%97.  

Later studies have focussed on the inherent value to society from health gains, conducting 

cost-benefit analyses using willingness-to-pay frameworks to value outcomes and apportion 

observed changes in outcomes (most commonly improvements in life expectancy) to a period 

of research investment76,77,98,99. A series of studies focussed on Australian medical research 

have characterised benefits using reductions in Disability Adjusted Life Years (DALYs) and 
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the value of a statistical life year 100–104. These were more recently extended to focus on 

returns in spending on the medical research workforce 101. Some of the earlier studies in this 

series failed to adequately address the issue of the time lag between investment and 

outcomes, but later explicitly accounted for this. All these studies adopted a top-down 

approach: realised (ex-post) or future (ex-ante) aggregate gains were apportioned to a body of 

research funding.  

Johnston and colleagues adopted a different method in a study published in 2006, using a 

bottom-up approach to assess returns from US National Institutes of Health Neurological 

Disorders and Stroke (NINDS) RCTs completed before 2000105. They collated NINDS 

spending and equated these with hypothetical benefits from implementing new interventions 

evaluated in the trials over a ten-year period. However, they assumed that the benefit that can 

be attributed to the NINDS studies was 100%. This is likely to be an overestimate given the 

need for basic research and other clinical studies to develop new interventions, including 

from other countries.  

A study conducted by colleagues at Brunel University London, RAND and Office of 

Health Economics, took the bottom-up approach further (Medical Research: What’s It 

Worth?) 96. The authors formalised a logic model to relate inputs (UK cardiovascular 

research spending including basic and clinical research) to outputs (health benefits net the 

cost of delivery) measured in Net Monetary Benefits (NMB). These models could also 

incorporate costs savings that may results from the introduction of new interventions. An 

estimate of the lag between investment and returns and the proportion of the total NMB could 

attributable to the research investment were required96. The ROI analyses presented in P6 and 

P7 build on this bottom-up approach (Figure 1), whereby aggregated health gains from 

research-led interventions are apportioned to the funding (by estimating the % of the health 

gain attributable to UK research). 

This conceptual approach may offer a more reliable means to quantify returns, with the 

health benefits pieced together based on the observed introduction of new interventions, 

based on research evidence. This, at least in part, mitigates some of the attribution issues 

encountered in other studies, which had often estimated seemingly large returns. However, 

the approach is by its nature resource intensive (as demonstrated in P6 and P7) and there are 

naturally a range of simplifications and assumptions (and in some cases compromises) that 

are required to produce the modelled estimates.  
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The appropriateness of these analytical decisions, as in decision models, will affect the 

results and their usefulness. Notably, in the modelling in P6 and P7, the scope and boundary 

of interventions to focus on must be specified. Prioritisation could be criticised as it will lead 

to missing some interventions that may have been developed and produced health benefits. 

The aim was to encompass at least the main research-led advances into the model that cover 

an appropriate breadth of the field being studied. Furthermore, as with the subsequent 

selection of model inputs, where judgments were necessary, a conservative approach was 

adopted that would be liable to underestimating, rather than overestimating, returns. 

Transparency was sought, justification of the approach was provided and modelling 

assumptions were clearly described. 

 

2.3 Overarching methods of the published works 

Each of the cost-utility analyses (P1-P4) were based on interventions which had been 

assessed before and consequently adapted existing decision models. They focussed on 

optimising the delivery (P2, P3) 2,3 or investigated cost-effectiveness for specific populations 

or subgroups (P1, P4)1,4, incorporating the availability of new data (P1-P4)1,2,4 and in some 

instances using different modelling approaches better suited to addressing the decision 

problem (P2, P3)2,3. The works attempted to answer the question of cost-effectiveness with 

additional nuance: given new data, under what circumstances is the intervention cost-

effective?  

P5 could be considered an exception amongst the portfolio as it details a systematic review 

performed to investigate how an ROI, monetary approach, might be applied to assessing the 

Figure 1: Conceptual approach to attributing health gains (adapted from P5) 
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impact of the UK NIHR funding programme. As such no formal economic model was part of 

that work. However, P5 reflected on the potential difficulties in adopting these methods for 

one funder’s research spending, drawing on the existing literature (including P6) and methods 

of literature reviewing constitute a major component of several of the other papers (P4, P6, 

P7). It therefore forms a useful addition in considering how the methods of decision 

modelling for health economic evaluation may inform the assessment of research impact. 

The work presented in P6 and P7 considers methods to estimate the value of health 

benefits (and potential cost savings) from research funding. Both the ROI studies (P6, P7) 

adapted and extended the methods applied to cardiovascular research to quantify the return 

from investment in cancer related and musculoskeletal related research funding96.  

Table 2 summarises the methodological components of each of the papers in the 

portfolio, to highlight the shared approaches and explore differences. Key aspects of the 

works, which will in turn be discussed, have been categorised as: 

 

1. Analysis and outcome metrics 

2. Cost perspective 

3. Modelling conceptual framework, construction and adaptations 

4. Methods for model paramterisation 

5. Characterising uncertainty and exploring heterogeneity. 

 

2.3.1 Analysis and outcome metrics 

The cost-effectiveness (cost-utility) analyses presented in P1-P4 compare the incremental 

costs and incremental QALYs of an intervention to appropriate alternatives. If an intervention 

provides additional benefits at less cost (all relevant downstream costs included) then the 

intervention dominates the alternative. Conversely, if the intervention is both costlier and 

produces less health benefit then it is dominated. The primary metric presented in these 

analyses is the incremental cost-effectiveness ratio (ICER) - the ratio of the difference in 

costs and QALYs: 

 
Equation 1: Incremental cost-effectiveness ratio (ICER) 

[1]			%&'( =	
&*+,- − &*+,/
0123- − 0123/
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This is widely used, and the metric recommended by NICE37 for economic evaluation with 

the numerator (costs) and denominator (health effects) a well-established convention11. The 

ICER of a healthcare intervention is compared with a decision makers cost-effectiveness 

threshold, reflecting the opportunity cost of an additional unit of benefit (QALY). An 

intervention would be deemed cost-effective if the ICER is below the threshold and 

represents a net benefit over the existing alternative: 

 
Equation 2: Cost-effectiveness (CE) decision rule based on ICER 

[2]		CE	if	
&*+,- − &*+,/
0123- − 0123/

< 	: 

 

The ICER is intuitive and interpretable in relation to the opportunity cost of a QALY, but 

the nature of ratio statistics can be problematic when attempting to characterise uncertainty. 

This arises because of its non-symmetry and when using sampling methods, the possibility of 

ICERs with positive and negative values presenting entirely different outcomes. As such, the 

net benefit statistic has been proposed as an alternative 106, which is a rearrangement of 

equation [2]. Equation [3] presents the incremental net monetary benefit (INMB): 

 
Equation 3: Incremental net monetary benefit (INMB) 

[3]			%<=> = :(0123- − 0123/) − (&*+,- − &*+,/) 

 

If the monetised value of the health gain exceeds the additional costs of producing the health 

benefit, then the intervention would be deemed cost-effective (as shown in equation [4]). This 

also avoids any of the potential confusion which has been recognised when characterising 

uncertainty, either implementing sampling procedures or when regression methods are used 

to estimate incremental costs and/or benefits (as adopted in P2, P3 and P4).   

 
Equation 4: Cost-effectiveness decision rule based on INMB 

[4]			CE	if		:(0123- − 0123/) − (&*+,- − &*+,/) > 0 

 

There are also instances when comparing more than two alternatives (as in P3 and P4) 

where computing appropriate ICERs against the next best alternative is required to 

appropriately handle opportunity costs. The need to perform a “fully incremental analysis” to 

compare all available options can become less straightforward, with the introduction of 
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extended dominance37. The INMB avoids this issue altogether, with the option with the 

highest value against some common comparator deemed the most cost-effective option (at a 

particular chosen value of l). The main limitation arises due to the potentially unknown value 

of l, but analyses can be run across a range of plausible values. 

The ICER was deemed sufficient in P1, where two alternatives were compared (AAA 

screening vs no screening) and characterising uncertainty did not raise any issues of 

conflating ICERs with different meaning. However, P2-P4 all used the NMB to present 

results of competing alternatives, owing to the number of competing alternatives (P2, P4) or 

to appropriately handle uncertainty (P2, P3, P4). NMB was also crucial in the modelling 

presented in P6 and P7, as the characterisation of health gains arising from health research. 

However, rather than modelling the intervention against the next best alternative, an estimate 

of the INMB against the historical comparator(s) or standard of care when the new 

intervention began to be used was required.  

The main metric in the ROI modelling (P6 and P7), to estimate whether health research 

investment could be considered good value, was the internal rate of return (IRR). This is 

more often used in financial analysis to compare the profitability of different investments 

than for considering healthcare resources. For a stream of investments (health research 

spending) and returns (net health gains valued at the threshold representing opportunity cost) 

the IRR is the discount rate that would yield a net present value (NPV) of zero (break-even). 

This can be compared to a decision-makers discount rate; an IRR greater than the discount 

rate can be considered a good investment. The IRR is shown in equation [5] below: 

 
Equation 5: Internal Rate of Return 

[5]	 E
1(<=>F)
(1 + %(()F

H

FI-JK

	−E
%F

(1 + %(()F

H

FI-

= 0 

 

Where NMB is the net monetary benefit in year t, A is the attribution of health gains 

(expressed as a percentage), p is the period of health gains considered, I is investment 

(research expenditure) in year t and l is the time lag (in years) between investment and health 

gains. The period of health gain considered in P6 and P7 was 20 years and is largely 

arbitrary, lagged to a period of investment 15 years (P6) and 16 years (P7) prior. This lag was 

determined using bibliometric techniques applied to guidelines. The average age of citations 

(“knowledge cycle time”) was computed on a set of clinical guidelines driving practice in 
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each field107,108. A period of time from awarding of funding to dissemination of results and a 

period for clinical guidelines to change practice was added to knowledge cycle time. 

There has been some criticism of the IRR, especially in relation to comparing competing 

investment alternatives and consistency of results from the IRR compared to other alternative 

measures (e.g. benefit-cost ratio)109. However, the IRR might be less vulnerable to these 

criticisms in the context of P6 and P7 given that the aim is not to decide on investment 

between cancer or musculoskeletal research, but rather to understand the general magnitude 

of biomedical and health research returns by using different disease areas as case studies and 

refine methods. Importantly, the IRR allowed the estimates of the direct health returns and 

spillover effects to be combined, given the predominance of using the IRR to estimate these 

returns96,97. 

 

2.3.2 Cost perspective 

The analytical perspective (whose resources) was largely consistent across all works – all 

broadly considered the UK NHS budget, however there were some distinctions. P1-P4 

considered cost-effectiveness of interventions from an NHS perspective, in line with 

guidance from NICE37. The methods in P5 did not adopt a perspective per se, given it was a 

systematic review of ROI models in general. However, discussion did more explicitly focus 

on the application of these methods to a subset of this budget: the NIHR HTA programme, an 

NHS arm’s length funding body. 

In P6 and P7, public expenditure on biomedical and health research was treated as an 

extension of the healthcare budget; resources that could, at least in theory, be re-allocated to 

provision of existing healthcare interventions if deemed appropriate. Some organisations fund 

medical research through charitable donation in addition to, or instead, of government central 

funding.  This provides an additional consideration, on how to conceptually handle these 

public donations. This was treated as a voluntary increase in the healthcare budget and that 

the investment of these monies is equivalent to funding received through general taxation.   

 

2.3.3 Modelling conceptual framework, construction and adaptations 

P1-P4 used decision models to conduct cost-utility analysis and in P1, P2 and P4 was 

performed using an adaptation of an existing decision model. P1 and P2 used a model 

published by Kim and colleagues in 2007110 and P4 used a model published by McDaid and 

colleagues in 2009111.  In P1, the decision problem - a clear identification of the question 
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being addressed in terms of the intervention, comparator and population - was largely 

unchanged: is screening men for AAA aged 65 cost-effective? However, the analysis was 

more sharply focused on the cost-effectiveness of the screening as specifically implemented 

by the NHS AAA Screening Programme (NAASP) in the UK. In addition, the best available 

evidence had substantially changed since the original modelling was conducted. This model 

was primarily based on one RCT112 and several other large randomised trials had been 

conducted since, publishing data on growth and rupture of AAA113.  

The introduction of the NAAASP in the UK had produced updated data on key estimates 

(e.g. community prevalence of AAA, uptake of screening invites in the “real world”). In P2, 

P3 P4, these works reflect that the decision problem was different from those in the initial 

modelling exercises. P2 used the same updated data as P1, but required substantial structural 

amendments to address the decision problem: what are the most cost-effective surveillance 

intervals for AAA in men aged 65 identified by screening? P3 detailed a de novo discrete 

event simulation (DES) model which was developed to allow the investigation of diverse 

range of decision problem regarding AAA screening and its optimisation. The paper reflected 

more broadly on lessons learned from using state transitions models (as adopted in P1, P2 

and P4) for modelling healthcare interventions. The model was subsequently used to assess 

the cost-effectiveness of screening women for AAA114. The decision problem addressed by 

the analysis in P4 was: are MADs a cost-effective treatment for people with mild to moderate 

OSAH? The model developed by McDaid and colleagues originally assessed the cost-

effective of continuous positive airway pressure devices (CPAP), with MADs one of the 

comparators under consideration. The model adaptation comprised two objectives as outlined 

in P4: (i) reflect emerging data since the model was built and (ii) focus on the mild/moderate 

severity patient population4. This included reassessing some of the modelled relationships 

between OSAH and road traffic accidents, cardiovascular disease and stroke. Data was 

incorporated from a meta-analysis, including data from the RCT presented in other chapters 

of P4.  

  The models used in P1, P2 and P4 adopted a state-transition approach, often referred to as 

Markov models in the health economics literature53,115. These models use distinct health 

states that individuals can inhabit at any particular time, to chart the movement (transition) 

between these states over a specified time horizon (timespan of the analysis). These states 

characterise different conditions of health/disease that an individual may experience, with 

associated costs and utilities (to quality adjust survival). A set of transition probabilities 

determine the movement between health states per specified cycle (3-monthly in P1 and P2 
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and annual in P4). It may be more appropriate to consider these state-transition or semi-

Markov models, primarily because they relaxed the assumption regarding the memoryless 

nature of Markov models. The probability of movement between states did, in some 

instances, change depending on how many cycles had elapsed or how long a state had been 

occupied. State transition models are recognised as a useful and commonly adopted 

conceptual approach to decision models in healthcare to estimate incremental costs and 

effects (QALYs) and can readily characterise uncertainty53.  

In P2, structural amendments were made to the existing cohort state-transition model to 

allow for different surveillance strategies, compared to the existing surveillance of AAA 

depending on the size of the aneurysm. In the original model annual rescans were initiated at 

first screen if AAA was 3.0cm- 4.4cm (small AAA) and 3-monthly rescans initiated if AAA 

was 4.5cm to 5.4cm (medium AAA)110. An individual was referred for elective surgery if the 

AAA was larger than 5.4cm (large AAA). The model comprised health states for each of the 

AAA sizes (small, medium large), as well as related patient pathway including elective and 

emergency surgeries and death. This corresponded to the surveillance protocol adopted in the 

randomised controlled trial which also provided much of the data to populate the model, 

including transition between AAA states112. As the model only considered one policy vs no 

screening, it did not explicitly account for time between intervals, instead using an 

approximation where transitions could occur in the model in every 3-month cycle (even when 

rescan was one year). This was also the manner in which the analyses presented in P1 were 

conducted, which focussed on updated input parameters rather than structural amendments. 

To examine different surveillance intervals involved extensive reprogramming (in MS 

Excel) of the model through the inclusion of tunnel states. Tunnel states allow further 

deviation from the Markov assumption. In the model presented in P2, individuals pass 

through tunnel states (between scans) to determine associated but unobserved transitions 

between AAA size categories and explicitly allow for the length between rescans. Members 

of the cohort are “tunnelled” through these other 3-month states, the number of which 

correspond to the length of intervals (unless transition to death state) before entering back 

into main health states at their next scan. For instance, for a surveillance strategy where those 

with AAA 3.0cm to 4.4cm are rescanned every two years, six unobserved tunnel states 

between scan and rescan are required. This allowed the investigation of different surveillance 

strategies, but effectively required a new incarnation of the model for each new comparison.  

The discrete event simulation (DES) in P3 was developed as a direct consequence of the 

limitations of the model encountered during the research conducted for P1 and P2. In P3, the 
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overriding advantages of the DES (built in R programming language) over the “Markov 

Model” are explored and the case of AAA screening highlights the flexibility DES offers, 

including the ability to more precisely model the clinical pathway and overcome the 

constraints of fixed cycles imposed by Markov models, as others have suggested 48,116. In 

relation specifically to AAA screening the main three advantages were: (1) Ability to define 

AAA growth and rupture as a continuous relationship (2) Incorporating heterogeneity in 

AAA growth rates (3) Ease of evaluating changes to the screening protocol. The latter is the 

most prominent from the experience of P2, that any number of fixed parameters (e.g. 

surveillance intervals, threshold for surgical intervention) could be altered and model re-run 

easily. The notable potential downside is model run time, greatly increased over the Markov 

Model, given the individual-level simulation adds an additional layer of sampling over the 

iterations required to characterise uncertainty.  

The ROI modelling in P6 and P7 relies broadly on a logic model akin to that presented in 

the Payback Framework87 to characterise how health research funding leads to health 

outcomes. Whilst recognising that the logic models must make simplifying assumptions in 

conceptualising the chain of cause and effect, the Payback Framework does recognise some 

of the complexity in how this impact occurs. However, the ROI models do rely on a linear 

characterisation of the process. Broadly speaking the inputs to the ROI model in P6 and P7 

are research funding, the outputs are an evidence base on the effectiveness and cost-

effectiveness of an intervention and the outcomes are population health gains (net the cost of 

delivery), as shown in Figure 2. 
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Figure 2: ROI models: A simplified process from research funding to outcomes 
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For the operationalisation of the ROI modelling, this can be considered a continuous 

process, where new interventions supersede the standard of care, according to available data 

on usage. The models do inherently make assumptions about the causal nature of research 

evidence on clinical practice, which has been challenged117,118. The models, by their nature, 

cannot be compared with a counterfactual where the research did not take place.  However, in 

trying to use a bottom-up approach, this in part begins to address these issues. In P6, case 

studies were performed to qualitatively explore the links between evidence and practice108. 

The evolution of pharmacological treatments offers a potential example that illustrates this 

kind of process. In P7 for instance, in modelling the net health gains resulting from new 

treatments for inflammatory musculoskeletal conditions (e.g. rheumatoid arthritis) saw the 

emergence of new generations of pharmacological interventions. At the beginning of the 

period of health gains modelled (1994) the use of disease-modifying drugs (DMARDS), 

primarily methotrexate or sulphasalazine, was the standard of care. However, the way this 

was being used was evolving from part of an escalation protocol towards early and 

aggressive therapy, informed at least in part by research both in the UK and elsewhere119–121. 

In the late 1990s new biologic DMARDS were licensed in the UK (infliximab being the first) 

and begun to be used in clinical practice, subsequently also undergoing evaluation by NICE. 

Over the decade following the launch of infliximab, a number of new pharmaceuticals with 

similar mechanisms reported favourable Phase III clinical trials - Golimumab was the last 

included in the ROI model, first used in clinical practice in 2010 (based on usage data).  

Not all advances necessarily represent large improvements in outcomes. Health gains from 

later generations of pharmaceuticals can be less significant compared to improvements 

observed with early mainstays of treatment. This was recognised in P6 in relation to surgical 

and radiological intervention and subsequent pharmacological interventions cancer. This may 

be a consequence of pricing of modern pharmaceuticals, that in some instances is done so to 

produce estimates of cost-effectiveness close to or at perceived cost-effectiveness threshold 

of NICE and other similar HTA agencies. This also highlights a further assumption of the 

models in P6 and P7: that private investment is reflected in the costs borne by the NHS and 

net against health benefits provided.  

In P6 and P7 a de novo model was required. These models were spreadsheet based, 

operationalised in MS Excel (as models in P1, P2 and P4). As expressed in the IRR presented 

earlier (Equation 5), the ROI model works on the basis of four estimates: 

 

1. Aggregated health gains of a body of research-led interventions. 
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2. Time lag between research funding and health gains. 

3. Attribution of health gain to research funding. 

4. Lagged research funding investment.  

To estimate improved health outcomes, and in the absence of being able to directly observe 

the incremental health gains ex-post, components are required to implement the ROI model: 

(1) the estimated per individual lifetime health gains (characterised by the NMB) from new 

interventions over historical comparators (2) uptake of new interventions as a 20-year 

timeline of usage. The conceptual approach to the first of these is generally easier – studies 

(primarily model based) that have estimated the lifetime costs and QALYs of the research-led 

interventions of interest need to be identified. The latter requires identifying sources of usage 

for older and newer interventions included in the model over the 20-year period. Estimates of 

the lifetime net health gains per person against historical comparators were multiplied by the 

number of individuals benefitting from the intervention in each year to produce an estimate 

of aggregate net health gains. These gains were then apportioned to UK research funding as 

shown in Figure 1. An estimate of the proportion of the benefit produced by UK health 

research funding was determined through bibliometric techniques applied to clinical 

guidelines108.  

In the original What’s It Worth? study, an existing modelling exercise had identified 

improvements in survival attributable to treatments in coronary artery disease, which could 

be used as a starting point122. No such comparable publication was found for cancer or 

musculoskeletal interventions, therefore different approaches were sought to identify 

research-led advances in cancer (1991 to 2010) and musculoskeletal interventions (1994 to 

2013) in P6 and P7. Given the breadth of these areas, prioritisation was necessary, whilst 

ensuring that most of the health gains were accounted for.  

In P6, metrics were used to identify clinical areas where improvements had been observed, 

supplemented by opinions from a range of cancer clinicians and stakeholder groups on 

developments in the field. Two sources of data were compiled: 1) reductions in cancer 

incidence (by type of cancer) 2) cancers for which improvements in 5-year and 10-year 

survival rates had been observed. Triangulating these data with expert input led to a focus on 

three areas where new treatments had been introduced to practice: colorectal cancer, breast 

cancer and prostate cancer (which accounted for nearly 75% of improvements in survival 

between 1900 and 2009). The intervention set also included screening programmes in 

cervical, breast and colorectal cancer, as well as smoking prevention and cessation, which 

was deemed a large contributor to falling incidence of cancers. 
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In P7, the focus was in a disease where the majority of health gains are likely to be 

morbidity rather than mortality improvements. In contrast to some cancers, incidence of 

major musculoskeletal conditions is not generally decreasing123. Identifying important 

interventions was therefore more difficult and another novel approach was developed. The 

scope of interventions also required definition, with musculoskeletal conditions less easily 

definable. After consultation with experts, the World Health Organisation (WHO) 

International Classification of Diseases (ICD-10) sub-classification was used. With reference 

to the subcategories, a shortlist of possible interventions was drawn up for: Inflammatory 

arthritis (M00–M14), Osteoarthritis (M15–M19), Connective tissue disorders (M30–M36), 

Back pain and dorsopathies (M40–54) Osteoporosis (M80–82). Studies identifying the 

burden of MSD disease in the United Kingdom, relevant NICE Pathways, and NICE and 

National Collaborative Centre (NCC) Guidelines helped to understand the likely largest 

patient population (and therefore scope for health gains) and identify developments in the 

field and draw up the list. An iterative process of expert input then refined the shortlist to 

reach a final inclusion of interventions. 

 

2.3.4 Methods for model parameterisation 

Models were parameterised using best available data identified and collated using a variety of 

techniques. In the evidence based-medicine literature, a hierarchy of evidence is often 

recognised in relation to assessing clinical outcomes (primarily relating to minimising bias) 

and this is also of some relevance to decision models. RCTs and systematic reviews (and 

meta-analyses) are often placed towards the top of this hierarchy. However, in modelling it is 

also recognised that different study designs and sources may provide more appropriate data 

for some input parameters or their use be necessitated in the absence of ideal data124,125. A 

modeller may have to acknowledge the potential effect of imperfect data and determine how 

to approach conflicting data or the existence of multiple potential sources of data. Some of 

these issues may be explored in characterising the impact of parameter and structural 

uncertainty on model results.  

In P1-P4, several key parameter updates were informed by systematic reviews and meta-

analyses. AAA growth and rupture rates are crucial parameters in determining the likelihood 

of associated AAA events and were taken from a meta-analysis of 18 international studies of 

AAA screening, presented in P2 and elswehwere113. Similarly in P4, the effectiveness of 

MADs compared to conservative management (CM) and CPAP devices was informed by a 
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meta-analysis of 71 studies, presented in earlier chapters of P4 and elsewhere126. In the 

absence of health-related quality of life data, a subjective sleepiness score widely used in 

OSAHS studies was mapped to EQ5D and SF-6D utility (using TOMADO data) to use 

results of meta-analyses in the model.  

Whilst not a formal model being parametrised, P5 was a systematic review of the literature 

(database searching, supplemented by hand searching, snowballing and citation tracking), 

encompassing extensive search terms and the searching of multiple bibliographic databases 

(see footnote1), consistent with this methodology. The synthesis of these data was narrative 

rather than a formal statistical meta-analysis. 

It is potentially not feasible nor desirable for all input parameters to be informed by 

systematic review. Parameter input selection should be, as far as possible, transparent and 

justified. Paisley asserts in a 2016 article that there ought to be a minimum level of searching 

performed for key parameters in a decision model127. Others have also recognised the trade-

off that exists between rigour and pragmatism128,129.  

In P1-P4 observational data informed many of the parameters, which was often 

appropriate given the specific decision problems being addressed or type of input. In AAA 

modelling (P1-P3), the NAAASP yielded contemporary data (and biggest sample size) on 

prevalence, size distribution of AAA at first screen at actual costs of the screening, including 

invitations to screening. These data were also most relevant to the UK decision-making. 

Arguably, with AAA growth and ruptures rates from meta-analysis and other AAA attributes 

and key screening parameters coming directly from the NAAASP, the most sensitive 

parameters were accounted for in the update. These inputs were updated for P1/P2 based on 

most contemporary data available (2011/12) and subsequently for P3 (2014/15).  The detailed 

paramterisation of the model presented in P3 was published in a larger monograph, 

concerned more with the application of the decision model than the conceptual advantages of 

DES130.  

The remaining parameters of note were AAA mortality (including elective, repair 

emergency repair and rupture mortality) and surgical repair costs. A potential mortality risk is 

created by the possibility of elective repair and the difference in mortality compared to 

rupture/emergency repair, as well as associated costs of these events will influence cost-

                                                
1 Ovid MEDLINE, MEDLINE In-Process & Other Non-Indexed Citations, EMBASE, Cumulative Index to 

Nursing and Allied Health Literature, The Cochrane Library, including the Cochrane Methodology Register, 

HTA Database, the NHS Economic Evaluation Database and Health Management Information Consortium  
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effectiveness. The definitive UK RCT had largely informed the original model, including a 

micro-costing of surgical repair112. These other key data were sought from UK observational 

and registry datasets (no formal searching of the literature was performed) in P1/P2 and a 

separate, though similar, exercise performed for P3. Lack of formal search strategy could be 

criticised, but the research team included vascular specialists familiar with the field and the 

issue of contemporaneity was considered of critical importance.  

On this basis, data from the National Vascular Database (NVD) and Hospital Episode 

Statistics (HES) was sought to give most up-to-date data. The NVD was preferred because of 

the greater granularity in measurement of key surgical cost components including: length of 

theatre time, and hospital stay (delineated between vascular ward and critical care). Costs 

were updated by removing components of the overall surgical repair costs and replacing key 

components with updated mean resource use (as well as cotemporary unit costs). This novel 

costing practice broke the individual patient link with the data, including estimates of 

uncertainty around the mean costs, as taken from sampled data. This aspect was not 

considered ideal, but was deemed preferable from using outdated costs, that would not be 

reflective of the opportunity costs in practice (e.g. hospital length of stay had fallen). This 

method also allowed costs to be estimated separately for men and women in subsequent 

modelling exercise performed using the DES from P3130. 

Whether identified through structured review or more pragmatic searching this relevance 

(or suitability) was key in parametrising all models. Further structured reviews, which fall 

short of full systematic review were conducted to identify and update other parameters in P4. 

These reviews used one bibliographic database (MEDLINE) to try and identify appropriate 

literature to inform model update. A criterion was pre-specified under which evidence was 

prioritised: 

• evidence was specific to a mild to moderate OSAH population 

• estimates were UK specific or more relevant to the NHS 

• data were more robust (based on characteristics such as sample size and study 

design) 

• evidence was contemporary compared with previous estimates or 

• new evidence facilitated improved modelling (for instance longer-term data or 

enabling structural improvements) of OSAH and its treatment 4 
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In P6 and P7 a similar approach was taken to identify cost-effectiveness analyses that 

quantified the net health gains of research-led interventions. In P6 the NHS Economic 

Evaluation Database and MEDLINE were used to identify appropriate studies (although a 

formal search strategy was not outlined as in P4). A similar criterion was defined to support 

these selections and methods in the absence of ideal data based on a preference for UK 

specific estimates and in particular analyses presented in NICE TAs and NIHR HTA. In 

exceptions where international evidence was used, costs were converted using purchasing 

power parity exchange rates6. Analyses from these sources may be imperfect but are likely to 

be thorough and have experienced substantial scrutiny, especially if used for decision-

making. In P7, further focus was directed at estimates produced by NICE and NIHR HTAs 

either as part of clinical guidelines or formal technology appraisal was emphasised (c.70% of 

estimates came from these sources). 

In addition to the per individual NMB, a timeline of usage of the different interventions is 

a key parameter in the ROI models presented in P6 and P7. However, it is also not 

straightforward to identify sources to compile these timelines. In addition to identifying 

appropriate sources to estimate these inputs, a number of necessary assumptions were 

required. The estimates needed to reflect the number of new users or recipients, to ascertain 

the incremental benefits of new interventions over historical alternatives. For many of the 

interventions this also required identification of usage in a specific population, or indication, 

for pharmacological interventions. In the original What’s It Worth? study, the authors had 

taken a somewhat aggregate-level approach: 

 

“We computed the numbers of new users each year by subtracting from the numbers of 

users in each year the numbers of users in the previous year, also accounting for the 

numbers of deaths from all causes… For simplicity, we assumed a constant annual 

mortality rate of 1%...”96 

 

In P6 and P7 this approach was built on to extend the bottom-up nature of the modelling. 

Rather than relying on trends at the population level, data was sought that would allow the 

construction of an estimated timeline of actual usage, based on available data. However, this 

was not always possible and population-based estimates were utilised for some interventions 

(notably smoking prevention/cessation and screening programmes in P6 and treatment of 

lower back pain in P7). Different techniques were used depending on interventions. 
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For surgical interventions, HES data on the number of procedures performed in each year 

(P6 and P7) was used. HES was also used to estimate improvements in management reflected 

by shorter hospital stay (P7). In addition, the National Joint Registry was used for some 

musculoskeletal procedures (P7). 

For pharmacological interventions, data from the Prescription Cost Analysis (primary care 

prescribing) and Hospital Prescriptions Audit index (secondary care prescribing) was 

acquired (P6 and P7). These gave a total cost per year of drugs to the NHS (Net Ingredient 

Cost [NIC]).  If required, these costs were apportioned to different indications/populations 

based on incidence. Using estimates of the cost of a course of treatment (acquired directly or 

estimated based on annual costs combined with average treatment duration), the NIC was 

computed into the number of new users of a treatment per year. Where possible this data, was 

acquired for every year of the period in question, However, where small gaps did exist, linear 

interpolation was used (often in early years post-launch and pre HTA assessment). These 

estimates also accounted for changes in drug prices over the period, including entry of 

generics to the market. In the absence of NIC data, which occurred for few older drugs, NICE 

costing templates which give estimated usage were combined with incidence data. 

For radiological interventions (P6) data was acquired from National Clinical Analysis and 

Specialised Applications Team on number of courses delivered. However, these data were 

only available for one year (at the mid-point of the time period). It was assumed that the 

proportion of patients receiving radiotherapy was constant and combined with incidence 

figures to estimate number of courses per year. 

For physiotherapy and psychological therapies (P7) data from Clinical Practice Research 

Datalink (CPRD) was used to estimate incidence of lower back pain. Assumptions from 

NICE costing templates and clinical opinion were used to estimate proportion of incident 

cases receiving interventions. 

For screening programmes (P6) population estimates of eligible population were taken 

from Office for National Statistics data (ONS) to reflect the eligible population in each year. 

The chosen estimate of NMB incorporated the uptake (%) of screening to avoid 

overestimation of benefits from the whole of the eligible population attending screening. 

This highlights the number breadth and scope of different data sources, the various 

assumptions necessary and the data intensive nature of the ROI modelling studies. Details of 

the strategies used to produce these estimates was transparent, although may be open to 

criticism when compared to rigorous standards applied in HTA. 
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2.3.5 Characterising uncertainty and exploring heterogeneity  

Uncertainty can be characterised as both first-order; unexplained random variability, and 

second-order; parameter uncertainty as a result of estimated quantities, perhaps due to sample 

information (e.g. data from an RCT)64. First-order uncertainty is unavoidable and can be 

distinguished from heterogeneity, where variability can at least in part be explained by 

observables (e.g. patient demographics, underlying disease severity). Understanding 

heterogeneity may help determine populations for which a new intervention is likely to be 

cost-effective. Heterogeneity was a key consideration of P4 where the cost-effectiveness 

analysis was concerned with a mild and moderate OSAHS population. The model presented 

in P3 allows for easy exploration of effects of heterogeneity, through changing fixed 

parameters (e.g. age at first screen, gender). Second-order uncertainty is largely the focus of 

methods for quantifying uncertainty in decision models, through use of deterministic and 

probabilistic sensitivity analysis131,132, in addition to exploration of structural model 

uncertainty133,134.  

Uncertainty in results can be explicitly incorporated into the decision, however for optimal 

decision making the expected benefit should be the primary driver of allocation decisions and 

not uncertainty56,135.  However, some exceptions have been suggested, including if there are 

high sunk costs, or if the incentive to perform more research, to resolve uncertainty, would be 

removed (as may be the case with positive recommendations and private R&D)56,57.  

In P1, P3 and P4, probabilistic methods were used to characterise uncertainty in model 

outputs. In HTA, probabilistic sensitivity analysis (PSA) is often considered the gold 

standard for characterising the joint effect of uncertainty in model inputs on modelled 

outputs131. PSA is a stochastic method, which involves assigning a probability distribution to 

each modelled input to explore the full range of uncertainty around the best (mean) estimate.  

A number of simulations are then performed to concurrently sample from each of the input 

parameter probability distributions and produce a further distribution of model results (ICER 

or INMB).   

This uncertainty was visualised on the cost-effectiveness plane. A probability of cost-

effectiveness at a given l can be computed and visualised using the cost-effectiveness 

acceptability curve (CEAC) and cost-effectiveness acceptability frontier (CEAF). These 

assist decision makers in understanding the implications of this uncertainty. The CEAC 

shows the intervention with the highest probability of being cost-effective at each l, whilst 

the CEAF shows the intervention (and associated probability of cost-effectiveness) with the 
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highest expected net benefit 136,137. The CEAC was presented in P1, P3 and P4, although the 

CEAF was only presented in P4. However, this would not have materially altered the 

interpretation of the results for P1 and P3. The CEAF can often be informative where more 

than two alternatives exist (as in P4). 

In P2, P6 and P7 deterministic methods were used to explore uncertainty of model results, 

informed by alternative sources of data or uncertainty range in model inputs. Deterministic 

sensitivity analysis (DSA) involves changing one or more input parameters and observing the 

impact on results. Key parameters inputs were varied, including the value of l to reflect 

historic perceived values and recent empirical estimates in P7138. Deterministic methods can 

be useful to explore the boundaries of uncertainty through scenario analysis (e.g. optimistic, 

pessimistic) by combining plausible combination of model inputs. The use of “what-if?” 

analysis may also suggest potential outcomes if parameters values could be influenced e.g. 

increasing uptake of AAA screening or compliance of MADs would improve cost-

effectiveness; decreasing the time lag between funding and health gains would increase the 

ROI. In P6 and P7, sensitivity analyses suggested that if the time lags were reduced to 10 and 

11 years in cancer and musculoskeletal research, the IRR would have been 4.5% and 2.3% 

higher respectively.   

These methods may be used to supplement PSA, or as an alternative where PSA is not 

feasible. However, its main limitation is that these analyses do not reflect the likelihood of 

any input parameters value being the true value (as with PSA). Feasibility was the principal 

reason that PSA was not performed in P2, P6 and P7. The necessary judgments and 

assumptions in the ROI models, beyond stochastic concerns, combined with the number of 

studies which did not provide adequate data to inform PSA distributions meant that any 

uncertainty from PSA would be potentially liable to spurious precision. The application of 

PSA was considered in particular during the modelling for P7, but as in P6, these issues 

outweighed the perceived benefits of applying the methods. 
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Table 2: Overarching methods of the published works 

Paper Analysis and 
outcome metrics Cost perspective 

Conceptual 
modelling 

framework 

Model 
construction/ 
adaptation 

Methods for 
model 

paramterisation 

Characterising 
uncertainty 

NHS NAASP (P1) 
Cost-utility 
modelling 

(ICER, NMB) 
UK NHS (£) 

State-transition 
decision model 
(semi-Markov) 

Model input 
parameters 

Systematic review 
 

Observational data 

PSA 
 

DSA 

AAA surveillance intervals (P2) 
Cost-utility 
modelling 

(ICER, NMB) 
UK NHS (£) 

State-transition 
decision model 
(semi-Markov) 

Model input 
parameters 

 
Structural 

amendments 

Systematic review 
 

Observational data 

PSA 
 

DSA 
(scenario analyses) 

 

Lessons from AAA modelling (P3) 
Cost-utility 
modelling 

(ICER, NMB) 
UK NHS (£) 

Discrete event 
simulation decision 

model 
De novo model Observational data 

PSA 
 

DSA 
(scenario analyses) 

TOMADO (P4) 
Cost-utility 
modelling 

(ICER, NMB) 
UK NHS (£) 

State-transition 
decision model 
(semi-Markov) 

Model input 
parameters 

Systematic 
literature review 

and meta-analyses 
 

Structured literature 
review 

PSA 
 

DSA 
(scenario analyses) 

HTA impact review (P5)  Systematic Review 
Health Research 
Funder (NIHR 

HTA) 
N/A N/A N/A N/A 

Returns to cancer research (P6) 

Return on 
investment 
modelling 

(IRR, NMB) 

UK Public and 
Government (£) Logic model De novo model 

Pragmatic literature 
review 

 
Observational data 

DSA  
(scenario analyses) 

Returns to MSK research (P7) 

Return on 
investment 
modelling 

(IRR, NMB) 

UK Public and 
Government (£) Logic model De novo model 

Pragmatic literature 
review 

 
Observational data 

DSA  
(scenario analyses) 
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2.4 Contribution to knowledge of the published works 

The contribution to knowledge of the works is summarised in Table 3. It details the state of 

knowledge before the publication of each of the papers, the limitations of existing literature, 

research questions unanswered and the contribution of each of the seven works to advancing 

the field. Some of these contributions have been implicitly considered in previous sections of 

this chapter. The aim of this section is to more formally explore these contributions and the 

iterative nature of all of these works, which either directly built on other works in the 

portfolio or other studies in the field.  

P1 and P2 were published as outputs of an NIHR funded project (the RESCAN 

collaboration) exploring two related questions regarding AAA screening programme for men 

aged 65: 1) is the NAAASP as implemented cost-effective? 2) can cost-effectiveness be 

improved through altered surveillance intervals? Previous modelling studies and within-trial 

cost-effectiveness analyses had shown that a one-off ultrasound screen followed by 

surveillance of identified AAAs (annually for AAA>3cm, 3 monthly for AAA> 4.4cm) was 

likely to be cost-effective110,112,139. However, data emerging from the NAAASP had shown 

that prevalence had fallen, those AAA being identified were on average smaller and uptake of 

the invite to be screened was lower than in RCTs. In addition, previous costs were estimated 

in 2000/1 prices and new, non-invasive vascular surgery was increasingly being performed 

(nearly 70% of procedures in 2011/2012)2. This raised major concerns over the current cost-

effectiveness of the programme and changing surveillance intervals might be one way to 

improve cost-effectiveness. P1 and P2 adapted an existing model published by Kim and 

colleagues110 to address these questions. Analyses presented in P1 and P2 suggest that despite 

updating key parameters, the NAAASP remained highly cost-effective. Surveillance intervals 

could be extended for those with smallest aneurysms (1 year to 2 years for AAA 3cm to 

4.4cm) at very limited clinical risk, but with associated cost savings from reduced number of 

surveillance scans. 

P3 built directly on the methodological limitations encountered in the modelling presented 

in P2. In employing a DES conceptual framework to evaluate AAA screening, the paper 

details the model’s ability to easily evaluate further changes to screening protocol and adds 

reflections to the wider literature considering the use of DES in decision modelling of 

healthcare interventions. In P3, AAA screening serves as a case study, highlighting the 

technical advantages of DES over state-transition alternatives. 
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P4 built on a previous model constructed by McDaid and colleagues to assess the cost-

effectiveness of CPAP in OSAH111. McDaid acknowledged the limitations of their study 

regarding the evidence on MADs and made two research recommendations of particular note: 
 

• Further investigation of the effectiveness of CPAP for populations with mild 

sleepiness is required. 

• It remains unclear precisely what type of dental devices may be effective and in 

which populations with OSAHS. The effectiveness of dental devices compared with 

CPAP in mild and severe disease populations is unclear111 

 

The modelling in P4 directly attempted to address these uncertainties. As described earlier in 

this chapter, model parameters were updated based on the TOMADO RCT and structured 

reviews of the literature. The model estimated CPAP was likely to be more cost-effective 

than MADs in mild/moderate OSAH (although uncertainties remained) and that MADs 

would be a cost-effective option in those unable to tolerate CPAP. 

P5 built on previous reviews of the literature concerned with ROI models in health 

research impact assessment. It highlighted the limited breadth of the field that exists in 

modelling the ROI of specific programmes of research funding. The conclusions of this work 

reflected on the limitations of the small number of studies that had considered programmes of 

research, relating to assumptions around attribution. These limitations reflect the inherent 

difficulty in attributing health gains to a specific research programme, especially ex-ante. 

In P6, a novel bottom-up approach was applied that built upon previous work on ROI 

modelling of health research funding96,105. A de novo model was constructed to bring 

together key data on NMB and new intervention usage. In the absence of literature to guide 

the model, detailed methods for prioritizing interventions included in the ROI model were 

developed. Mortality gains were used as a proxy for overall health gains combined with 

expert opinion to produce disease sub-categories of focus. New methods to focus on actual 

usage of new interventions over population trends were explored. The What’s It Worth 

modelling study authors highlighted the potential contribution of the work: 

 

“… different assumptions in our analyses in one or both clinical areas could have 

produced different (and differing) results… we would need to replicate the approach 

in a number of areas to see whether the results are more broadly applicable: the 

default assumption should be that they are not.”96 
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In isolation, P6 only partially helps to address these uncertainties around the returns from 

health research funding. However, when considered together with the ROI work of P7, it 

suggests a strong common order of magnitude of the historical gains from medical research 

funding (with IRR of four studies between 7% and 10%). Furthermore, P7 applied detailed 

bottom-up ROI methods to a clinical area where changes in population smoking patterns are 

likely to have had minimal effect on health gains in the area (unlike CVD and cancer). This 

directly addressed one of the major research recommendations of P6: 
 

 “It would be valuable to undertake an investigation in another clinical area in which 

smoking is not important to see whether similar rates of return are found.”6 

 

2.5 Conclusion 

The works share a theoretical position, have adopted similar conceptual approaches and 

successfully used and adapted economic models to inform HTA and consider impact 

assessment of returns from health research. 

Reflection on the contribution to knowledge of the portfolio of works suggests that the 

portfolio has substantively built on previous research. Paramterisation methods in P1 -P4 

informed estimates of contemporary cost-effectiveness of an implemented screening 

programme for AAA and the cost-effectiveness of MADs in a mild/moderate OSAHS 

population. P2 and P3 used additional structural adaptations to reconsider appropriate 

surveillance intervals and build on these experiences to construct a flexible DES model to 

assess an array of populations and scenarios.  

P5-P7 have shown that ROI methods to health research impact assessment still constitutes 

a relatively small field, but that it is possible to expand these methods to other clinical areas 

and taken in combination with other studies, a best estimate of the return on UK health 

research is around 7-10%. 
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Table 3: Contribution to knowledge of the portfolio of work 

Paper What was known from previous research? 
Limitations, research questions 
unanswered from previous research in 
area 

Knowledge contribution from portfolio of 
research 

NHS 
NAAASP (P1) 

• Long term modelling suggests screening 
highly likely to be cost-effective (ICER: 
c. £3,000)110 

• Markov model validated against external 
data (from 4-year follow up of MASS)110 

• Subsequent within-trial analysis of 10-
year follow-up of MASS RCT also 
suggests screening cost-effective139 

• Data from NAAASP suggests both 
prevalence of AAA and uptake of 
screening in practice are lower than 
anticipated in MASS and original model 

• Is the NAAASP cost-effective based on 
contemporary data, including use of new 
surgical techniques for AAA repair? 

• Model validated against 10-year follow-
up of MASS 

• Confirms NAAASP likely cost-effective 
(ICER: c £7,000)  

• Suggests prevalence can be much lower 
before programmes appear no longer 
cost-effective 

AAA 
surveillance 
intervals (P2) 

• A one-off ultrasound scan and 
subsequent surveillance of AAA either 
annually (aortic diameter > 3cm) or 3-
monthly (aortic diameter > 4.4cm) 
reduces AAA mortality and is cost-
effective (P1) 110,112,139  

• Would alternative surveillance intervals 
be more cost-effective? 

• Can the original model be amended to 
investigate surveillance? 

• What are implications for risk of rupture 
and elective surgeries performed?  
 

• Screening intervals could be extended for 
men with smallest AAA 

• Most cost-effective intervals at WTP of 
£20,000 are 2 years for AAA>3cm and 3 
months for AAA>4.4cm. 

• Updated estimates of cost of open and 
endovascular repair of AAA (2010/11 
prices) also used in P1 

Lessons from 
AAA 
modelling (P3) 

• A Markov model was able to evaluate the 
cost-effectiveness of AAA screening 
based on contemporary data (P1) 

• A Markov model could be adapted to 
explore changes in surveillance intervals 
(P2) 

• Simplifying assumptions were necessary 
in P2 to model alternative surveillance 
intervals, including difficulties in 
conducting PSA 

• Can the original model (P1 & P2) be 
successfully re-envisaged as a DES? 

• Markov model can be rebuilt as DES and 
validates against external data 

• Case of AAA an application to show 
circumstances under which DES excels 
(modelling continuous relationships, 
changing fixed parameters, accurately 
reflecting timing of events, PSA)  
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• DES are likely to be more flexible to 
model certain clinical characteristics and 
decision problems but are less commonly 
used in HTA48,50 

• Screening intervals could be altered to 
optimise screening programme (P2) 

• Are there other aspects of screening 
protocol that could be changed to 
improve cost-effectiveness? E.g. AAA 
size for intervention, including 
AAA<3cm in programme 

• Inclusion of AAA 2.5cm - 2.9cm in 
surveillance may be cost-effective 

• Surveillance intervals of 2 years 
(AAA>3cm), 1 years (>3.9cm) and 3 
months (AAA>4.4cm) would be more 
cost-effective than current protocol 

• DES can be used to explore any number 
of changes to the screening protocol, 
including whether screening women 
likely to be cost-effective  

TOMADO 
(P4) 

• CPAP is highly likely to be cost-effective 
for treatment of OSAHS111 

• There is limited data on HRQoL in 
OSAH 

• Role of MADs in treatment of OSAHS 
uncertain111 

• Uncertainty around relationship between 
OSAH and risk of CVD, stroke and 
RTAs 

 

• MADs for the treatment of OSAHS are 
likely to be a cost-effective alternative to 
conservative management or when CPAP 
cannot be tolerated (ICER = 6,687 vs 
CM) 

• Narrative review suggests “evidence still 
strongest in supporting role of OSAH in 
hypertension” 

• Limited HRQoL data in mild/moderate 
OSAH exists in literature 

• Estimates of relationship between ESS 
and EQ-5D/SF-6D utility 

• Updated estimates of costs (including 
MADs) in 2011/12 prices 

HTA impact 
review (P5)  

• A limited number of models have 
estimated returns to health 
research67,96,140 

• How has the literature expanded since a 
review for the NIHR HTA programme 
was published in 2007?67 

• Greater clarity of limited breadth of field 
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• Some attempts have been made to 
consider bodies of research funding 

• These studies have predominantly used a 
“top-down” approach to model health 
gains and returns 

 

• Could the NIHR HTA programme (and 
similar bodies) use ROI modelling to 
assess impact? 

• Nine additional studies considering 
returns through monetised health gains 
were identified 

o Three studies considered 
programmes of research 

o Two used bottom-up 
methodology  

• Attempts to assess impact using ROI 
models have rarely adequately dealt with 
issues of attribution 

• The issue of attribution remains the most 
“significant challenge” with applying 
ROI methods to NIHR HTA5 

Returns to 
cancer research 
(P6) 

• Existing studies have estimated 
“exceptional” returns with limitations  

• Bottom-up methods can be used to model 
ROI from heath research96 

• Prior modelling in CVD and mental 
health had estimated IRR of 9% and 7% 
respectively96 

 

• What’s It Worth study highlighted that 
“estimates of the rates of return need to 
be treated with extreme caution.”96 

• Can ROI methods be successfully 
applied to other therapeutic areas? 

• Will ROI model produce similar IRR in 
other research areas? 

• Challenges exist in identifying research-
led interventions and compiling health 
gains  

• How best to characterise uncertainty? 

• ROI methods able to be applied to 
another clinical area 

• NMB of £124bn from new cancer 
interventions between 1991-2010 

• Best estimate of IRR 10% 
• Smoking prevention/cessation a major 

contributor to returns  
• Novel methods developed for prioritising 

interventions included in ROI model  
• New methods to focus on actual usage of 

new interventions over population trends 
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Returns to 
MSK research 
(P7) 

• Bottom-up methods can be used to model 
ROI from heath research96 

• Prior modelling in CVD, mental health 
and cancer had estimated IRR of 9%, 
7%96 and 10% (P6) respectively 

 

• Can ROI methods be successfully 
applied to other therapeutic areas? 

• Challenges exist in identifying research-
led interventions and compiling health 
gains  

• Are returns different in clinical areas 
concerned with improving morbidity 
over mortality? 

• Are returns different in clinical areas 
where smoking prevention/cessation is 
not a major contributor of health gains? 

 

• Application of methods in a field where 
improvements have been in morbidity 
rather than mortality 

• NMB in excess of £16bn from new MSK 
interventions between 1994-2013 

• Best estimate of IRR 7% 
• Novel methods for prioritising 

interventions included in ROI model  
• Taken in combination with other studies, 

IRR around 7-10% for UK medical 
research 

• Applying stochastic methods remains a 
challenge 
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Chapter 3: Assessment of impact of the published works  

In this chapter, the impact of the portfolio of work will be explored using categories from the 

Payback Framework: knowledge production, benefits to future research, informing policy 

and health sector benefit87. The systematic review presented in P5 identified the Payback 

Framework as the most frequently used tool in health research impact assessment and it 

offers a structure from which to consider the impact of the portfolio of work 5. Bibliometric 

techniques were used to assess the contribution to knowledge and influence on policy and 

health outcomes. Mini case studies were performed, focussed on a limited number of the 

academic works identified that cited the portfolio. These examined the influence of the two 

streams of work, to showcase benefits to future research. 

This analysis was supplemented by further qualitative case study “conducted through self-

assessment [perhaps] based on desk analysis”5 to consider broader impacts. Whilst final 

outcomes are of most interest in resource allocation, intermediate outcomes are useful in 

understanding pathways to impact. The final category from Payback Framework i.e. wider 

economic impacts, is likely to be too difficult to measure and outside the scope of this thesis, 

but it may be illuminating to consider the challenges of using ROI methods considered in P5, 

P6 and P7 in relation to P1-P4.  

 

3.2 Bibliometric analysis methodology 

Citation analysis offers a means to understanding the contribution to knowledge production 

and to an extent influence on better targeting of future research, policy and outcomes, 

through citations in clinical guidelines and policy documents141,142. Citation analysis is an 

attractive tool: it offers simple quantitative measures of potential impact, but should also be 

interpreted with some caution. A high number of citations does not automatically indicate 

impact, but may point towards eventual policy influence or health benefits. A high proportion 

of self-citations may be indicative of targeting of future research, through driving the agenda. 

However self-citation might be acknowledged as lack of contribution to wider knowledge, or 

even a more disingenuous attempt to increase citations for the purpose of prestige. The issues 

of difference in field or journal specific citation counts, citation bias (towards positive results) 

and multi-authored work have also been widely acknowledged143–145. Further qualitative 

analysis can offer insight into use and influence of cited work, although analyst judgement is 

required.  

The citation analysis presented here primarily used Scopus® (correct as of 27th December 

2021) to collate data on: number of citations, year of citation and field weighted citation 
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impact (FWCI). Whilst the journal coverage of Scopus is imperfect (as with other alternatives 

like Web of ScienceTM) studies have suggested it has wider coverage, whilst also suffering 

less from issues of accuracy that affect citation counts from search engines like Google 

Scholar146,147. It also contains useful functionality for sorting and interrogating citations and 

offers additional metrics to assess impact. Weighted citations attempt to offer some context to 

a citation count, by considering how comparable a number of citations is to other articles in a 

similar field, or journals148. The FWCI considers publications in the first three years after 

publication, to compute a ratio of total citations to average in the subject field149. A value 

above 1 indicates higher citations relative to other publications in the field. All works in 

portfolio have been published at least 3 years, so this also gives a comparable metric to 

compare works published in different years over the period 2013 to 2018. Scopus was 

supplemented by Google Scholar and Web of Science to identify any additional guidelines, 

policy documents and grey literature citing the works.  

The analysis draws on previous work concerning categorisation of citations and use of 

bibliometric analysis to move beyond citation counts, towards a deeper understanding of a 

works broader contribution to knowledge and potential societal impact142,150. In three papers 

(P2, P4, P5) where the economic component was part of a larger study, citations were 

interrogated to identity what percentage were directly citing the economic analysis. A citation 

was categorised as being directly related to the economic analysis if it explicitly referred to 

the methods or results of the economic modelling (or the review of economic modelling of 

ROI in P5). The number of reviews, discussion or editorials which had cited the work was 

collated and presented as a percentage of total citations. The number of identifiable clinical 

guidelines that cited the works were also collated.  

To identify the proportion of papers citing a work more than once, total citation occasions 

in each of the citing papers were counted. This gave an indication of the influence the cited 

paper was making on the papers referencing it. In addition, a judgment was made on how 

central or important the work was to the citing article. Methods that have conducted such 

analyses ordinarily use multiple assessors, and so whilst attempts were made to apply 

objective criterion, it should be noted that a limitation remains that only one assessor applied 

the criterion. The guidance offered by Jones and Hanney was adopted in making these 

judgements142. They describe a work as central if the key conclusions of the citing article are 

derived by: 
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• applying a novel theory, method, scale or technology, etc. set out in the cited 

article. 

• By supporting or developing, either by modification or different application, a 

concept or method set out in the cited article. 

• By refuting a concept or method from the cited article. 142 

 

To acknowledge works that may not be central to the overall study/article but have notable 

influence, an additional category was developed. They further categorise a work as making a 

significant contribution if the citing article: 
 

• Describes some aspect of the method, findings or conclusions of the cited article 

in detail in at least one full sentence and not simply “as Smith has shown” OR 

“see Smith, 2008”. 

• Includes a quotation from the cited article 142 

 

Given the nature of reviews, which can collate broad contributions to a subject, they treated 

these publications differently to assess importance. The work was considered important if: 
 

“…the cited article is used to help reach or sustain a KEY TAKE-HOME MESSAGE 

or CONCLUSION of this review/discussion paper…AND that or another citation 

occasion occurs at a point in the text where a key conclusion or take-home message 

from the review is being developed or discussed”.142 

 

The focus of this analysis was on first generation citations, but as part of a case study 

approach, limited further generations of citations were pursued to try and identify broader 

impacts. Citations of the seven works are detailed in Table 4 and cumulative citations 

between are shown in Figure 3.  

More detailed bibliometric analysis based on the papers available for full scrutiny is 

presented in Table 5 and Table 6. Around three-quarters of works identified by Scopus were 

available for detailed analysis. Two duplicates were identified (P2), one work could not be 

found based on the reference (P2) and one citation did not appear in the work identified by 

Scopus once scrutinised (P2). One citation appeared to be an editorial error given the content 

of that study/report (P4). All other unavailable works were behind a paywall, in journals (or 
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chapters in books) to which institutional access was unavailable or open access versions were 

not found. 

 

3.3 Return on investment of the portfolio of works 

Given the nature of the publicly and charitably funded research that produced this portfolio of 

work, the impact could be considered by conducting ROI modelling considered in Chapter 2, 

at least for the HTA work. The ROI modelling stream (P5-P7) may have had some health 

impacts, through influence on healthcare research spending, but this would require strong 

assumptions to quantify the impact, both in compiling health gains and attribution. 

Applying the methods to P1-P4, the stream of research funding and identifying time lags 

could be relatively well accounted for, however aggregating and attributing health gains 

would be more difficult. The research expenditure which funded the studies that produced 

P1-P4 is well documented by various funders and academic institutions and is directly 

traceable to the portfolio. There may be some minor limitations or difficulties related to time 

spent outside the funded period to complete the manuscript and reports, however this is 

covered by the University, also predominantly a publicly funded institution. Time lags need 

not be explicitly modelled as for bodies of research, if the path to health gains can be 

adequately tracked as a linear process. In theory, if net health gains from implementation or 

optimisation of AAA screening, or increased use of MADs for treatment could be identified, 

they could be compiled using the NMB estimated in P1-P4.  Although potentially not 

straightforward, numbers of individuals benefitting from these changes could be identified 

from public sources to aggregate at the population level (e.g. AAA screening annual reports). 

The 2014 Research Excellence Framework in the UK, displayed that it can be difficult to 

estimate these aggregated health gains. Analysis by Grant, Hinrichs, Gill and colleagues at 

the Kings College London showed that only 14 submissions were able to compile health 

gains and 11 monetised these gains151. For a sense of an appropriate denominator, 426 REF 

case study submissions were tagged “health care services” and 325 submissions referred to 

“clinical guidance”.  

When considering the work of one researcher, major obstacle arises when considering 

attribution, which is no longer being considered at the aggregate. A challenge lies in 

distinguishing the proportion of health gains that are due to the economic evaluations 

presented in P1-P4, as opposed to: 
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• Basic/biomedical research 

• Clinical research, including RCTs 

• Systematic reviews and meta-analysis of evidence 

• Other economic evaluation studies 

 

It may be appropriate in specific circumstances to consider this attribution 100% for some 

health gains, if they have directly come from modelling i.e. if the AAA programme had 

changed surveillance intervals because of P3 (there is no evidence this has occurred although 

it has informed the policy debate). However, this is unlikely to be appropriate. If the 

consideration was on only my contribution to works that has wider clinical and statistical 

components, this would add another layer of complexity, although citation analysis might be 

able to help identify attribution to the economic evaluation component.    

 

3.4 Impact of decision modelling for health technology assessment papers 

The most cited paper in the stream of work concerned with decision modelling in economic 

evaluation was Paper 2 (123), which also had the highest FWCI, suggesting 5 times the 

expected number of citations (Table 4). However, analysis suggest that 17% of these were 

directly related to the economic modelling itself (Table 5). Other citations of P2 were mostly 

related to the meta-analysis of growth and rupture rates of AAA explored in other chapters of 

the work, which also informed the paramterisation of the economic model. This work was the 

first of three concerned with AAA screening; P2 was based on a different application of the 

same conceptual model (cited 73 times) and new modelling in P3 followed from this (and 

both cited P1).  

Of the papers citing these works (P1-P3), over 30% that cited them did so more than once 

and between 17% (P1) and 33% (P3) were deemed to be central (Table 6). However, given 

the small sample size for P3 and self-citations (4 of 13 references), this figure is somewhat 

inflated. However, this may be suggestive of how these works had targeted further research 

and possibly represents the cutting-edge, as Jones and Hanney explain142. These figures also 

appear relatively high compared to the case studies they performed. P3 has subsequently been 

used to assess the cost-effectiveness of AAA screening in women114, revisit optimal 

surveillance intervals152 (first considered in P2) and to assess the implications of surveillance 

affected by the COVID-19 pandemic153. The flexibility of this model design has proven to be 

highly useful is helping address questions regarding provision and optimisation of AAA 
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screening. Most citations of P3 referred to this finding of the work, often to support a chosen 

modelling approach, in diverse healthcare applications outside of AAA screening. P1 and P2 

have also helped inform discussion on AAA screening policy in the UK as well as set 

international research priorities154–156. In the UK this work has contributed to wider public 

health debate, including citation in the Chief Medical Officer’s 2015 Annual report 

discussing the health of the “baby boomer” generation157.  

P1 and P2 were central to similar analyses performed in New Zealand158, Iran159 and 

Sweden160 on assessing the cost-effectiveness of AAA screening for local populations. P1 

also contributed significantly to cost-effectiveness modelling of screening in Estonia161. 

Beyond AAA screening, Rossi and colleagues draw on these works (including using 

compiled cost data) in a recent application to renal ultrasound for kidney cancer screening162. 

Whilst the implications for policy in New Zealand, Iran and Estonia are unclear, and 

potentially unrealised, the impact in Sweden is more immediately traceable. P1 was cited on 

six occasions in a literature review performed by the Swedish Agency for Health Technology 

Assessment of Social Services (Statens beredning för medicinsk och social utvärdering 

[SBU]). The quality and relevance to a Swedish population was summarised as:  
 

• High quality 

• Moderate transferability to Sweden163 

 

It was also cited to support the conclusions regarding the impact of prevalence on cost-

effectiveness and its use in the discussion suggests the modeling presented in P1, amongst 

others, had influenced their conclusions (translated from Swedish using Google Translate): 
 

 “The literature search showed that lower prevalence and a higher degree of detection 

of abdominal aortic aneurysm without screening lead to a significant increase in the 

cost per QALY at screening.”163 

 

In the Discussion of the report, the authors make the final statement suggesting that the 

modeling presented in P1, amongst others, had influenced their conclusions:  
 

“Conclusion: International studies and model analysis with contemporary Swedish 

data shows that abdominal aortic screening among men 65 years is cost-effective, 

with a cost per QALY which is clearly below SEK 500,000.”163 
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Based on the systematic review and cost-effectiveness analyses, the National Board of Health 

and Welfare (Socialstyrelsen) concluded that AAA screening, which has previously been 

independently and disparately organised at county level, should be offered nationally to all 

men aged 65164. Analysis by Wanhainen and colleagues estimated that the national program 

would lead to 577 QALYs gained annually164. In assessing the impact of my work in relation 

to these health gains, and considering any attempt to perform analyses of the kind presented 

in P6 and P7, the issue of attribution is apparent: how much of the health benefit should be 

attributed to the UK cost-effectiveness analysis presented in P1 and P2, or the numerous 

international randomised clinical trials that evaluated AAA screening? Or the other 

international cost-effectiveness analyses cited in the SBU report?  

The authors categorisation of study quality and relevance might act as a proxy for extent 

of influence but this would be hard to quantify in relation to other evidence contributing to 

the decision (of 10 studies, one other was deemed high quality and moderate transferability, 

two other high quality and high transferability). The modelling performed based on the local 

population will no doubt have provided the most compelling evidence. The more granular the 

unit of analysis (i.e. from body of research [by discipline or country] to specific funder 

through to an individual researcher[s]), the less appropriate techniques designed to work at 

aggregate level (like citation analysis of guidelines) become.  

P1 and P2 have also been cited in guidelines and position statements produced by 

professional medical societies in Canada165,166, Germany167, Spain168, Slovenia169, Pan-

European170 and the United States of America171,172. In a 2020 guideline on AAA diagnosis 

and management, NICE extensively referred to the analysis presented in P2 to conclude that 

surveillance intervals for the smallest AAAs could be extended, however the guidance 

deferred to NAAASP protocols (which currently remain unchanged)173. 

Of the four works concerned with economic evaluation of healthcare interventions, P4 was 

proportionately most cited in review or discussion articles (41%). This may partly reflect the 

reporting of RCT effectiveness data on MADs subsequently used in systematic reviews and 

meta analyses. However, 50% of citing articles did directly reference the economic 

component of the work. In 2021 NICE published a clinical guideline on the diagnosis and 

management of OSAH. The analyses presented in P4 were summarised in an economic 

evidence review as “directly applicable” with “minor limitations” and data from the cost-

effectiveness analysis helped inform a de novo model constructed for the guideline 

development174. 
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3.4.1 Benefits to future research case study 

Whilst the impact of the four works appears diverse, influencing the policy sphere and 

informing modelling approaches and paramterisation, P3 might be considered most indicative 

of a collective contribution to knowledge regarding the assessment of health interventions. As 

discussed, the work advances conceptual frameworks beyond those adopted in P1, P2 and P4, 

reflecting on the limitations of state transition models adopted in the other works, and 

potential advantages of DES.  

Published articles used P3 to explain or justify the modelling approach or particular 

aspects of the approach. Weng et al did so in an application of DES for improving nursing 

flow and efficiency of emergency departments175. Marrero and colleagues referenced the 

flexibility, as demonstrated in P3, when choosing a framework to assess treatment plans and 

genetic tests in cardiovascular disease176. Articles detailing original research, discussion 

papers and books appeared to be influenced when considering the current state-of-the-art and 

where these methods fit alongside more complex modelling solutions for addressing 

healthcare assessment and optimisation problems177–179.  

Two articles on the same subject by Tamburis and Esposito180,181 serve to highlight the 

incremental nature of knowledge production and scope of influence of the work. The authors 

extend process mining techniques to DES and use P3 to highlight some of the remaining 

challenges of successfully utilising DES, including simulation run time and performing 

adequate validation. 

 

3.5 Impact of return on investment from health research papers 

Of those works concerned with return on investment modelling of health research funding, 

P6 was both the most highly cited (43) and had highest FWCI (4.87) (Table 4). Citations of 

P6 and P7 related directly to the economic modelling or model results in 60% and 86% of 

citing instances, respectively (Table 5). On the occasions where other aspects of the work 

were cited, papers most often referred to the time lags element of the studies and, more 

rarely, the issue of attribution.  These works have made contributions to several subsequent 

studies and were used to discuss the results of similar exercises in other areas of health 
97,182,183 or to inform reviews of methods or empirical estimates of ROI 184,185.  

P5 was mostly cited in review or discussion papers (71%); the most of any of the works in 

the portfolio and may be suggestive of the influence of this work (Table 5). P5 was also used 

as the basis for two further papers by the same authors, focussed on an accessible summary 

and a synthesis of studies concerned with multi-project programmes of research85,186. These 
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works have subsequently been cited 121 and 22 times respectively. Furthermore, papers 

citing P5 often did so more than once (65%) (Table 6). Four papers cited P5 seven or more 

times, with the most being 27 in a paper that drew heavily on the findings to consider 

“Research Impact made by Universities of Applied Sciences”187. Millar et al used the 

literature review to contextualise their study considering the assessment of HTA 

organisations: 
 

“Another useful resource is Raftery et al. which gives a detailed description of the 

various methodologies which have been deployed to measure the impact of health 

research with a view to evaluating the impact of HTA.”188 

 

Beyond academic citations, P5 has been cited in a policy report published the WHO 

exploring the institutionalisation of HTA189 and a policy briefing of the Overseas 

Development Institute (ODI), concerning evidence-informed-decision making in LMICs190, 

suggesting the work may be helping to shape evaluation processes further afield than the UK. 

P6 and P7 received coverage in blogs and news articles in the medical research field 

including in the British Medical Journal191–193.  These works have extended reach into the 

sphere of policy debate. The findings from P6 were showcased at an event in June 2014 of 

the All-Party Parliamentary Group on Medical Research in London, UK (“A Healthy Future 

for UK Medical Research”) alongside a policy briefing document194,195. Following the 

publication of P7, the findings from the stream of work that started with the 2008 

publication96 were synthesised into another policy briefing document for wider circulation196 

and the Medical Research Council (part of the consortium of funders for P6 and P7) 

highlighted P6 and P7 in its annual report 2017/18197.  

The Belgian Health Care Knowledge Centre (KCE), a semi-governmental institution 

conducting HTA, included a detailed summary of the findings in a report considering the 

value of practice-oriented clinical trials198. P6 and P7 were referenced in a Cancer Research 

UK (CRUK) submission to the Business, Energy and Industrial Strategy Committee of the 

UK Parliament regarding the impact of the coronavirus pandemic on businesses and workers 

in 2020199. P6 was similarly used in a submission by the Alan Turing Institute to the Science 

and Technology Select Committee in 2017200. Both used the findings on the IRR as advocacy 

for funding of medical research or to substantiate the contribution of UK science to society.  
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In the UK, the findings of P6 and P7 have been acknowledged at governmental level, 

although it is less clear how this may have affected government policy.  The Secretary of 

State for Health commented on P6 in 2014: 
 

"Innovation is essential for improving treatments and finding new cures that can make 

a difference to patients, and this report is more evidence that investing in UK medical 

research has wider economic benefits.”201 

 

The UK Department of Health commented on the findings of P7 in 2018:  
 

“The findings from this study demonstrate convincingly the value of research funded 

by government and charities in securing improved quality of life outcomes for 

patients and in delivering wider economic benefits”.202 

 

3.5.1 Benefits to future research case study 

As highlighted above, all three works appear to have informed understanding of approaches 

to research impact assessment. In academic publications, more than one of the works were 

often cited together, suggestive of collective methodological influence of the stream of work 

on assessing returns from health research. In addition to supporting use of particular methods, 

some studies used the works to contextualise alternative economic methodology. 

Meghea and colleagues (citing P6, P7) conducted an input-output analysis of NIH research 

centre, contextualising the results and contrasting methods203.  Similarly, Smith et al (citing 

P5, P6) performed a macroeconomic assessment of NIHR Biomedical Research Centres 

(BRC)182. They aimed to address some of the concerns of macro approaches highlighted in 

P5-P7, contrasting their methods with those in P6. They also suggested P6 as a validation of 

the scale of returns they estimated. Both these studies, primarily focussed on what would be 

considered spillover effects in P5-P7. 

These works have also had a more direct influence on adopted methods. A report 

produced by researchers at the King’s Fund and University of York gave further attention to 

returns from investment in NIHR BRC204. They considered an input-output analysis and net 

present value model combined with ROI methods aligned with the approach advocated in P6 

and P7. The authors revisited the published models to re-estimate the IRR based on different 

assumptions regarding the value of a QALY. They combined it with other components of 
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economic value (private and public) to estimate a net present value to UK economic from 

marginal spend by NIHR BRC. 

A collection of studies appears to have been influenced by all three of the works. A series 

of articles by Hanna and colleagues (including the author’s PhD thesis) refer to the work to 

explore the field and draw on the methods to estimate ROI184,205. They adapted the 

methodology to estimate returns on investment from a single, but major, RCT in colorectal 

cancer that was thought to have made a large impact on clinical practice: 

 

“Acknowledging the strengths and limitations of these analyses, an adaptation and 

combination of the approaches by Glover et al and Brown et al were selected to test the 

impact of the SCOT trial.” 

 

3.5 Conclusion 

The portfolio has achieved impact through contribution to knowledge, targeting of future 

research, influence on policy-making and potential health impacts. The works appear to have 

made contributions through extensions of methods as well as applied estimates of cost-

effectiveness and ROI from health research funding. Impact from P1-P4 was observed in 

influence on policy-making, though these impacts have not been quantified.  

Any final outcomes associated with the ROI work are harder to discern, but the 

acknowledgement of the findings at governmental level suggest potential influence, alongside 

inclusion in discourse of organisations in the policy-making sphere. Consideration of ROI of 

the portfolio illustrates the difficulties of applying these methods at a more granular unit of 

analysis. 
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Table 4: Citations of portfolio of works identified by Scopus (by year of citation) 

 

 

 

 

 

 

 

Paper Year of publication 
Citations* 

FWCI† 
<2017 2017 2018 2019 2020 2021 Total 

NHS NAAASP (P1) 2013 21 10 12 8 7 15 73 5.02 

AAA surveillance intervals (P2) 2014 51 15 23 9 9 16 123 5.25 

Lessons from AAA modelling (P3) 2018 0 0 2 3 4 4 13 1.69 

TOMADO (P4) 2014 8 2 6 5 4 3 28 1.65 

HTA impact review (P5)  2016 1 4 7 7 8 9 36 2.05 

Returns to cancer research (P6) 2014 15 7 6 6 5 4 43 4.87 

Returns to MSK research (P7) 2018 0 0 2 1 4 3 10 1.30 

*Correct as of 27th December 2021; †Field Weighted Citation Impact 
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Table 5: Bibliometric analysis of portfolio of works – type of citing document and use of economic analysis 

Paper 
Citing articles 

available for analysis 
(% of total citations) 

Paper specifically 
cited the economic 

analysis (%) 

Review/ discussion/ 
commentary (%) 

Cited in guidelines 

Number Countries 

NHS NAAASP (P1) 58 (79%) NA 24% 6 5 

AAA surveillance intervals (P2) 93 (76%) 17% 10% 7 6 

Lessons from AAA modelling (P3) 12 (92%) NA 0% 0 0 

TOMADO (P4) 22 (79%) 50% 41% 1 1 

HTA impact review (P5)  34 (94%) 21% 71% NA NA 

Returns to cancer research (P6) 37 (86%) 86% 19% NA NA 

Returns to MSK research (P7) 10 (100%) 60% 40% NA NA 
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Table 6: Bibliometric analysis of portfolio of works – citation occasions and importance of work being cited 

Paper 
Citing papers 

available for analysis 
(% of total citations) 

Papers with > 1 
citation occasion 

Papers where work 
made a significant 

contribution 

Papers where work 
was central/ important 

NHS NAAASP (P1) 58 (79%) 45% 16% 17% 

AAA surveillance intervals (P2) 93 (76%) 40% 17% 17% 

Lessons from AAA modelling (P3) 12 (92%) 33% 0% 33% 

TOMADO (P4) 22 (79%) 41% 27% 9% 

HTA impact review (P5)  34 (94%) 65% 24% 21% 

Returns to cancer research (P6) 37 (86%) 41% 22% 16% 

Returns to MSK research (P7) 10 (100%) 20% 50% 10% 
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Chapter 4: Discussion 

 

4.1 Reflections on the portfolio of works 

This thesis has presented a portfolio of seven works from two complementary streams of 

research with a focus on healthcare resource allocation, which share an underpinning 

theoretical position and shared methods. The methods of decision modelling highlighted in 

P1-P4 have shaped the ROI models presented in P6 and P7. Notably, NMB is used as a 

common measure of health benefit, with lifetime QALYs valued using the cost-effectiveness 

threshold to reflect the opportunity cost of investing in health research over existing 

interventions.  

In HTA, decision models are most often direct aids to allocation of healthcare resources 

and concerned with determining the value of adopting a new intervention ex-ante. P1-P4 

show the usefulness, and methods, of ex-post adaptations to explore factors which influence 

cost-effectiveness (population or intervention characteristics) parametrised using 

observational data, or supplemented by further RCTs and data synthesis. Impact assessment 

was conducted ex-post, to assess bodies of funding which had produced research-led 

interventions known to have been implemented. This also appreciates that the process of 

modelling the ROI from health research also facilitates understanding of mechanisms of 

realised impact rather than only the impact itself85,88.  

All analyses focused on resource allocation in the UK, taking an extra-welfarist approach 

and drawing on methods widely adopted and advocated by bodies such as NICE. This raises 

issues of transferability to other decision-making contexts. Other aspects of value could in 

theory be incorporated into model payoffs (i.e. costs, QALYs), consistent with resource 

allocation decision making in another jurisdiction. Transferability of results from economic 

evaluations has been given attention in the literature. This has included reflections on the 

usefulness of decision models to facilitate this, explanations for variability in cost-

effectiveness estimates and which model inputs need attention to satisfy minimum 

requirements of adaptation 206–209. To an extent, the model development demonstrated in P1-

P4 deals with analogous issues. In the models presented for AAA and OSAH, key parameters 

such as prevalence or uptake of screening in AAA or compliance in MADs can amended, 

which is highly likely to be heterogenous across populations. The direct use of the model 

presented in P1 to conduct analysis in a New Zealand population 158 and models in other 

settings, which referenced model structure and used model inputs, further demonstrates 

this159,160.  
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However, whilst methods adopted in P1, P2 and P4 show that changing key inputs in 

state-transition models is conceptually relatively simple and limited structural adaptations are 

possible, the need to reflect local clinical pathways, procedures (e.g. screening protocols, 

surgical AAA size thresholds) and adequately handle uncertainty give further support to the 

advantages of the DES presented in P3. The usefulness of the DES has been further 

demonstrated to explore other complex decision problems 114,152,153.  In the interests of 

parsimonious model development, these advantages are unlikely to hold across equally all 

disease areas and whilst model structural considerations should not necessarily be made on 

the basis of data availability, the DES does require a richness of data to fully exploit its 

advantages. 

Results presented in P6 and P7 are unlikely to be transferable to other countries, given the 

complexities in research funding, population costs and benefits, time lags and utilisation of 

research led advances. This has been previously acknowledged across disease areas, although 

the results from P6 and P7 alongside previous estimates demonstrate a similar order of 

magnitude for UK research96,210. Despite this, the methods are applicable in other contexts, 

even if other measures of benefits (beyond or instead of QALYs) are sought for inclusion. 

However, challenges may arise where HTA methods are less formalised, as there is likely to 

be more heterogeneity of analytical perspectives and methods applied in the literature than 

those conducted in a UK context. In this sense, building ROI models which have a footing in 

a consistent theoretical position may be more difficult. Where new interventions are not 

routinely subject to any form of HTA, a more fundamental limitation may also present in the 

availability of data from studies that have adequately estimated lifetime costs and effects for 

inclusion in ROI models.  

Specific differences between the two streams relating to paramterisation, uncertainty and 

the metrics used to quantify value are apparent. It could be argued that the methods applied to 

identify data for ROI models fall short of requirements expected of HTA. However, impact 

assessment is a time-consuming and resource intensive process - each of the studies took 

approximately 18-24 months to complete. These issues were highlighted in the review 

presented in P5, and have been recognised in detailed case studies of impact or time lags, 

over more simplified linear characterisation of processes117,210,211. There have been 

difficulties in incorporating probabilistic sensitivity analyses to consider uncertainty, 

primarily due to lack of data in some instances as well as the necessary assumptions which 

break the direct links in uncertainty estimates, as was sometimes necessary in estimating 

NMB against historical comparators. A degree of pragmatism is necessary in producing these 
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estimates and any attempts to provide policymakers with more of these data will likely 

recognise this issue, whilst containing appropriate caveats (as provided in P6 and P7). 

However, these methods could add significant understanding about uncertainty in ROI 

model outputs. In theory, methods akin to those employed in HTA, which sample from 

probability distributions could be applied to four key ROI model input parameters (research 

funding, time lags, attribution, NMB). Funding might be considered deterministic, 

notwithstanding data gaps, as these are closer to a ‘known’ parameter. Time lags and 

attribution are estimated mean values, with measures of precision that could be used to 

inform sampling. The stream of NMB remains the most difficult proposition, where studies 

often do not give adequate information to define sampling distribution properties. 

Furthermore, issues remain around the ability to sample NMB directly, or instances where 

disaggregated cost and QALY data are used to construct estimates of incremental net benefit. 

Methods would ideally need to account for correlation and potentially employ multiple 

conditional probability distributions in some parts of the NMB modeling.  

Reflection on the contribution to knowledge demonstrates that the works have contributed 

to applied questions around cost-effectiveness, as well as methods for both adapting and 

conceptualising decision models in HTA and ROI modelling for impact assessment. The 

review in P5, and further consultation of the literature, including citation analysis, shows the 

ROI modelling remains a small field, although interest in the methods continues to grow. 

Examination of using ROI methods considered P5, P6 and P7 to P1-P4 suggests those 

methods are more suited to aggregate level over individual investigator analyses. It is likely 

that logic model simplifications and assumptions required to conceptualise cause and effect 

work better on average at scale (e.g. a disease area) but less easily at more granular level 

(funders, programmes or individual researchers).   

The assessment of the portfolio’s impact using the Payback Framework87, demonstrates 

disparate impact across knowledge production, targeting future research, influence on policy 

(with P1, P2 and P4 cited in clinical guidelines) and potential impact on health outcomes. 

However, the latter component is harder to evaluate and attribute to an individual 

researchers’ body of work. Novel categorisation of citations building on work by Jones and 

Hanney142 in particular, was able to show impact beyond simple citation counts. In advancing 

knowledge and driving future research, each work builds on previous modelling exercises 

and/or other works in the portfolio, to contribute to methods and application of decision 

analytic models and ROI models. The model redesigned as a DES in P3 allows flexible 
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modelling of AAA screening and the advantage of this approach have already yielded further 

research130,152,153.  

 

4.2 Strengths and limitations 

The preparation of this thesis has allowed in-depth consideration of the two streams of work, 

to explicitly consider the relationship between modelling in HTA and impact assessment. 

Whilst other studies may have reflected on some of these issues, the experience of conducting 

these works across a similar time-frame and attempting to draw on the shared methods 

prospectively, before then retrospectively examining these challenges suggests this is likely 

to be a unique study. However, it was obviously not the intention to do so at the beginning 

and the synthesis may have been approached differently if it were the case.  

 P1-P4 applied rigorous techniques to adapt existing models to synthesise evidence, 

populate decision models and make structural amendments, even re-envisaging existing 

models using an alternative conceptual model. This included structured reviews and 

extensive use of appropriate observational data to provide contemporary results for robust 

decision-making as well as considering factors influencing cost-effectiveness. 

If data is available, decision analytic models can be validated against external data (as in 

P1, P2, P3) but assessing the validity of ROI models could be considered more difficult, 

given the issue of the counterfactual in ex-post analysis. However, P6 and P7 were to some 

extent exercises in assessing validity, by using the bottom-up ROI methods first applied in 

CVD and mental health research funding to cancer and musculoskeletal research. Each of 

these new disease areas required the ROI model to be approached differently and the 

application of novel methods to prioritising interventions, and parameterisation. The results 

of these ROI models imply similar returns across disease areas. 

Whilst assessing impact, the analysis was hindered by a high proportion (6-36%) of the 

literature being unavailable largely due to pay-walls on academic journals or citations in 

books (Table 5 and Table 6). Texts were largely confined to those in the English language, 

although limited clinical guidelines and policy document in other languages were explored. 

The categorisation and hand-counting of citations was resource intensive and potentially 

influenced by the single reviewer. This self-assessed process highlights the potential utility of 

new tools such as Scite, which use deep learning models to specifically consider citation 

context212,213. 
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4.3 Implications and future research 

The writing of this thesis has coincided with potential changes in HTA and broader scientific 

discovery. NICE recently published an updated methods guide, which includes severity 

weighting of QALYs214. This will have implications for health maximisation and models may 

need to characterise the arising uncertainty. It may also lead to ex-post reassessment of 

previous HTA; the implications on results of P1-P4 for example are unclear. Over the last 10 

years, HTA in the European Union (EU) has been increasingly subject to cooperation through 

the European Network of Health Technology Assessment215. This has culminated in recent 

regulation for joint assessment – one HTA for all EU countries216. This process will 

potentially still need to account for important country-specific parameters, and historically 

diverse underlying frameworks for HTA with potential implications for flexibility and model 

selection.  

The issue of time lags is important in ROI models however there may be routes to speed-

up basic science to clinical application217. Although an emergency/crisis situation, time-lags 

have been reconsidered in relation to development of COVID-19 vaccines218. If lessons from 

this process can be successfully leveraged, it has possible implications for return from future 

health research.  

The ROI methods presented in P6 and P7 are only able to address historical average 

returns and do not help to understand how marginal changes in research funding impact 

outcomes. Future research should give more attention to whether these models can be 

adapted to consider the margin.  They focus on ex-post assessment of the magnitude of 

returns and understanding impact. Some previous attempts to assess ex-ante have been 

conducted more focussed on prioritisation of specific research, though have received limited 

attention78,219. Reconsideration should be given to the use ROI models might have in ex-ante 

assessment and more explicit prioritisation. 

The use of stochastic methods for characterising uncertainty should be given more 

attention in ROI models, potentially with smaller sub samples of data requirements, to 

investigate feasibility and ways to handle issues such as correlation.   

 

4.4 Conclusion 

The analysis conducted in this critical review has shown the extensive role that the modelling 

methods used in HTA can play in informing health research impact assessment, both 

conceptually and by sharing technical approaches. This work may be relevant to (a) multi-

disciplinary researchers interested in these overarching methods; (b) healthcare decision-
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makers and wider stakeholders who consider the application of these methods; and (c) 

funders involved in commissioning research to reflect on how best to demonstrate impact. 
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Background: Implementation of the National Health Service abdominal aortic aneurysm (AAA)
screening programme (NAAASP) for men aged 65 years began in England in 2009. An important
element of the evidence base supporting its introduction was the economic modelling of the long-term
cost-effectiveness of screening, which was based mainly on 4-year follow-up data from the Multicentre
Aneurysm Screening Study (MASS) randomized trial. Concern has been expressed about whether this
conclusion of cost-effectiveness still holds, given the early performance parameters, particularly the
lower prevalence of AAA observed in NAAASP.
Methods: The existing published model was adjusted and updated to reflect the current best evidence.
It was recalibrated to mirror the 10-year follow-up data from MASS; the main cost parameters were
re-estimated to reflect current practice; and more robust estimates of AAA growth and rupture rates from
recent meta-analyses were incorporated, as were key parameters as observed in NAAASP (attendance
rates, AAA prevalence and size distributions).
Results: The revised and updated model produced estimates of the long-term incremental cost-
effectiveness of £5758 (95 per cent confidence interval £4285 to £7410) per life-year gained, or £7370
(£5467 to £9443) per quality-adjusted life-year (QALY) gained.
Conclusion: Although the updated parameters, particularly the increased costs and lower AAA
prevalence, have increased the cost per QALY, the latest modelling provides evidence that AAA
screening as now being implemented in England is still highly cost-effective.

Paper accepted 7 March 2014
Published online 27 May 2014 in Wiley Online Library (www.bjs.co.uk). DOI: 10.1002/bjs.9528

Introduction

The UK Multicentre Aneurysm Screening Study (MASS)
investigated the effects of offering population screening
for abdominal aortic aneurysm (AAA) to men aged
65–74 years. The results of this randomized trial1, first
reported at 4 years of follow-up in 2002, demonstrated that
invitation to a one-time ultrasound screen and follow-up of
identified aneurysms was effective in reducing AAA-related
mortality. This clinical finding has been confirmed by
longer-term follow-up from MASS2–4, and reinforced by
systematic reviews5,6 of evidence including other relevant
trials. Based on the initial MASS results it was evident
that screening in the context of the UK was likely to
be cost-effective in the long-term7. This expectation was
confirmed by a formal model that extrapolated from the 4-
year follow-up data to estimate the long-term incremental

cost per quality-adjusted life-year (QALY) for a screening
programme of 65-year-old men, using the same screening
methods and rescanning intervals for detected aneurysms
as in MASS8. This estimated the incremental cost per
QALY gained for those invited to screening compared
with those not invited as £2970 (95 per cent uncertainty
interval £2030 to £5430).

In the light of this clinical and cost-effectiveness evi-
dence, and a positive review of all its criteria for a
new screening programme, the UK National Screening
Committee recommended that a National Health Service
(NHS) AAA screening programme (NAAASP) be intro-
duced. Phased implementation began in March 2009 with
the aim to cover the whole of England by March 20139,10.
Implementation is also under way in Wales, Scotland and
Northern Ireland.

 2014 The Authors. BJS published by John Wiley & Sons Ltd on behalf of BJS Society Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

D
ow

nloaded from
 https://academ

ic.oup.com
/bjs/article/101/8/976/6138147 by guest on 16 January 2022



Cost-effectiveness of abdominal aortic aneurysm screening programme 977

Early information from the NAAASP is now available,
and it has been noted particularly that the prevalence of
AAA at screening is considerably lower than that found
in MASS (1·5 per cent compared with 4·9 per cent for
MASS)1,10. This paper re-estimates the cost-effectiveness
of AAA screening as operationalized in England using the
most up-to-date available data. The changes to the model
reflect: a recalibration to take account of the 10-year follow-
up of MASS, using individual patient data; incorporation
of updated cost parameters reflecting the current costs of
screening, rescans and procedures, including allowance for
the introduction of elective endovascular aneurysm repair
(EVAR); the use of more robust estimates of AAA growth
and rupture rates based on recent meta-analyses11,12 of
individual patient data; and key parameters observed in
NAAASP to date (attendance rates, AAA prevalence and
aortic size distribution).

Methods

Original model

This re-estimation of the long-term cost-effectiveness
of offering AAA screening used the cost-effectiveness
model reported in 20078. The underlying Markov model
structure is shown in Fig. 1 and remained unchanged in
this reanalysis. The two populations (those invited to AAA
screening and those not invited) are modelled using 3-
month cycles; each arrow in Fig. 1 represents a possible
transition. The original model incorporated information
from a range of sources to chart the detection, growth
and treatment of AAAs over time for these populations,
using the 4-year follow-up data from MASS as its prime
source. It allowed estimation of 30-year costs and benefits
of a programme offering a one-off screen to men aged
65 years with repeat scanning annually for aneurysms with
a diameter of 3·0–4·4 cm (small AAA) and every 3 months
for those with a diameter of 4·5–5·4 cm (medium AAA).
Men with aneurysms over 5·4 cm (large AAA) would be
referred for consideration for elective surgery. The model
adopted an NHS perspective of costs.

Revalidation and recalibration

The original model had been validated against the 4-
year MASS data and shown to perform satisfactorily13.
Using the longer 10-year follow-up data reported for
MASS3, a revalidation exercise was undertaken to assess
how well the model predicted the longer-term observed
data and to inform recalibration where necessary. Numbers
of key events and cost-effectiveness (at 2008–2009 prices)

Non-AAA
death

Opportunistic
detection

Drop-out from
follow-up

Small AAA Small AAA

Medium
AAA

Medium
AAA

Large AAA Large AAA

No AAA

Screen invite

No screen invite

Contra-
indicated Consultation

Rupture

Emergency
operation

Elective operation

AAA death Survived
surgery

Undetected Detected

Elective
operation
pending

Fig. 1 Markov model structure. AAA, abdominal aortic aneurysm.
Reproduced from Kim et al.8, with permission from Journal of
Medical Screening

observed in the trial were compared with results from the
model.

To account for any emerging time trends in observed
parameters, regression methods were used to derive time-
dependent transition probabilities. Based on MASS, 10-
year data probabilities were estimated for each 3-monthly
cycle, determining transitions between states in the model.
Recalibrations of parameter estimates for the rate of
opportunistic detection and the rupture rate in large
undetected AAAs were also carried out. These parameters
cannot be estimated directly from MASS data; hence
estimates were chosen to fit the observed data, with a
focus on calibration to reflect best the incremental cost-
effectiveness ratio (ICER) at 10 years based on observed
follow-up. Rates were adjusted to minimize disparity in

 2014 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2014; 101: 976–982
on behalf of BJS Society Ltd.
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Table 1 Unit costs: original estimates from the Multicentre Aneurysm Screening Study, costs inflated to 2010–2011 prices,
re-estimated unit costs, cost distributions applied in probabilistic sensitivity analysis, and source

Cost component
Original cost

2000–2001 (£)
MASS cost

inflated to 2010–2011 (£)
Re-estimated
unit cost (£) Distribution* Source

Invitation to screen 1·31 1·84 1·70 Normal(1·7, 0·17)† NAAASP
Cost of first scan 19·08 26·80 32·20 Normal(32·2, 3·22)† NAAASP
Surveillance scan 46·04 64·67 68·00 Normal(68·0, 6·80)† NAAASP
Presurgical assessment 309·88 435·25 435·25 Normal(435·25, 87·05)‡ MASS
Elective repair 6909·00 9704·24 12 806·21 Normal(12 806, 2561)‡ Thompson et al.14

Emergency repair 11 176·00 15 697·59 19 984·75 Normal(19 985, 3996)‡ Thompson et al.14

*Normal(µ, σ); standard deviation (σ) †10 per cent and ‡20 per cent of point estimate. MASS, Multicentre Aneurysm Screening Study; NAAASP,
National Health Service abdominal aortic aneurysm screening programme.

the modelled and observed differences between arms
in key events. A previously published Health Technology
Assessment monograph14 deals with this process more
comprehensively.

Re-estimation of unit costs

Following the model calibration, input parameters were
updated to reflect contemporary costs. The unit cost
estimates used in the original modelling related to the
costs of screening as undertaken in MASS, and to
contemporaneous estimates of the costs of elective and
emergency procedures7. They were originally estimated at
2000–2001 prices, and in subsequent analyses were simply
uplifted to account for general health service inflation. In
this updated analysis, costs have been re-estimated and
are presented at 2010–2011 price levels. Unit cost data
for the screening itself were obtained from NAAASP14.
Data from MASS7, the EVAR-1 trial15 and the National
Vascular Database16 were used to re-estimate the cost of
surgical procedures. Table 1 shows the original aneurysm
repair costs, together with the updated unit costs. A
fuller account of this re-estimation has been published
elsewhere14.

Clinical data

The majority of probabilistic parameters that determine
transitions between states in the Markov model have been
updated using the 10-year follow-up data from MASS3

(Table 2). The postcalibration model was also updated to
reflect available data from the current NAAASP. Data for
attendance rates at screening (75 per cent versus 80 per
cent in MASS), AAA prevalence (1·5 per cent versus 4·9
per cent in MASS) and the size distribution of aneurysms
at initial screening (similar in NAAASP and MASS)10

were incorporated (Table 2). Sensitivity analysis around the
30-day surgical mortality rate was also conducted. The

mortality rate after elective intervention for a screen-
detected AAA observed in the NAAASP was lower (1·6
per cent versus 3·0 per cent in MASS), but based on few
deaths, so it was deemed inappropriate to use it in the base
case. Given the trend of an observed fall in the prevalence
rate, a threshold analysis was also conducted to estimate
the rate at which the modelling suggests the ICER would
rise above £20 000 per QALY.

Growth and rupture rate estimates

The postcalibration model also included improved
estimates of aneurysm growth and rupture rates which
were derived from the meta-analyses of individual patient
data from 18 longitudinal studies of AAA screening
surveillance programmes, undertaken as part of the
RESCAN Collaboration11. The statistical methods used
in these meta-analyses have been described elsewhere11,19,
as has their incorporation into the modelling14.

Implementation of the model

As before, the model was implemented in Microsoft
Excel (Microsoft, San Diego, California, USA), and a
30-year time horizon was adopted (essentially constituting
a lifetime for the 65-year-old men considered). Long-term
cost and life-years accrued in populations invited to, and
not invited to, screening are the outcomes of interest, both
discounted at 3·5 per cent per annum. As in previous ver-
sions of the modelling, QALYs are estimated by adjusting
life-year estimates by EQ-5D (EuroQol Group, Rot-
terdam, The Netherlands) utility values for UK-relevant
population age norms20. No further adjustment was made,
based on the lack of differences in quality of life of those
with an AAA1. Age-specific death rates from causes other
than AAA were taken from UK national statistics18.

The results are presented as an ICER of invitation to
the screening programme compared with no invitation to
screening. Probabilistic sensitivity analysis was undertaken

 2014 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2014; 101: 976–982
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Table 2 Clinical parameters: point estimate used in the model, distribution applied in probabilistic sensitivity analysis, and source

ecruoS*noitubirtsiDetamitsE

0gnineercsotdetivniernoitroporP · SSAM)73292,2064(ateB0631
Prevalence of AAA at first screen

0srednettA ·0151 Beta(1619, 105 432) NAAASP
0srednetta-noN ·0151 Beta(1619, 105 432) NAAASP
0AAAdezilausiv-noN ·0151 Beta(1619, 105 432) NAAASP
0dezilausiv-nonsnacsfonoitroporP · SSAM)81862,923(ateB1210
0gnidnettadetivni-neercsfonoitroporP ·750 Beta(93 170, 31 022) NAAASP
0neercstsrfitasAAAllamsfonoitroporP · PSAAAN987
0neercstsrfitasAAAmuidemfonoitroporP ·119 Dirichlet(1278, 193, 148) NAAASP
0neercstsrfitasAAAegralfonoitroporP · PSAAAN190

Transition probabilities (3-monthly)
0AAAllamsotAAAonmorfworG ·00207 Gamma(27, 7·66 × 10−5) Scott et al.17

PTDTAAAmuidemotllamsmorfworG ‡ RESCAN
Multiplier ∼ Normal(1, 0·1)

PTDTAAAegralotmuidemmorfworG § RESCAN
0ecnallievrusmorftuo-pordfoytilibaborP ·0142 Gamma(330, 4·34 × 10−5) MASS

Rupture
noitpmussA.a.n0AAAoN

PTDTAAAllamS ¶ RESCAN
Multiplier ∼ Normal(1, 0·35)

NACSER#PTDTAAAmuideM
0AAAegraldetceteD ·0125 Gamma(23, 0·00055) MASS

Undetected large AAA† 0· detarbilaC.a.n2820
0yregrusrofdetacidniartnoC ·0282 Gamma(19, 0·0015) MASS
0noitcetedcitsinutroppO · detarbilaC.a.n4110
0erutpurretfayregrusycnegremE · SSAM)133,391(ateB863
0yregrusycnegremeretfahtaeD · SSAM)721,66(ateB243
0yregrusgnivahsAAAegralfonoitroporP · SSAM186
0gnineercsotdenrutersAAAegralfonoitroporP ·221 Dirichlet(481, 156, 69) MASS

Proportion of large AAAs contraindicated for elective surgery 0· SSAM7790
Death after elective surgery

0AAAdetceted-neercS · SSAM)305,51(ateB8920
0AAAdetcetedyllacitsinutroppO · SSAM)152,81(ateB7170

All-cause mortality
0yregrusrofdetacidniartnoC ·0599 Gamma(41, 0·0015) MASS

scitsitatSlanoitaNrofecfifO.a.ncfiiceps-egAcfiiceps-egA 18

*Beta(α, β); Gamma(α, β); Dirichlet(α1 . . . αk); Normal(µ, σ). †Cannot be observed directly; value chosen during recalibration exercise. ‡Mean 0·016;
§mean 0·077; ¶mean 0·00076; #mean 0·0064. MASS, Multicentre Aneurysm Screening Study; AAA, abdominal aortic aneurysm; NAAASP, National
Health Service abdominal aortic aneurysm screening programme; TDTP, time-dependent transition probability; RESCAN, RESCAN Collaboration;
n.a., not available.

to allow for parameter uncertainty, providing 1000
simulated ICER values. The distributions used for the
uncertainty around the point estimate of each variable are
detailed in Tables 1 and 2. For the updated time-dependent
growth and rupture rates, a normally distributed multiplier
(with mean 1 and based on a conservative approximation
of the standard deviation from the mean of the pooled
rates) was defined and sampled from, in order to increase
or decrease all growth or rupture rates over time by a
constant factor.

Results

The revalidation process showed that the original model
did not perform particularly well in predicting the observed

MASS 10-year data. There were a number of discrepancies
that together led to a substantial difference in the estimate
of the 10-year ICER (Table 3). Recalibration attempted
to minimize the discrepancy in the estimated ICER. The
recalibrated model predicted a 10-year ICER of £8900,
compared with an ICER based on the 10-year observed
data of £7600 per life-year.

The updated 2010–2011 costs for screening and rescans
were considerably higher than the 2000–2001 figures
originally derived from MASS (Table 1). Although this
increase reflects general health service inflation, most
of these specific costs have increased more rapidly. For
example, the cost of elective repair now reflects the
proportion of cases in which EVAR is used, leading to
a cost that was 32 per cent higher than the inflated value

 2014 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2014; 101: 976–982
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Table 3 Abdominal aortic aneurysm screening model: validation
and recalibration of results using original cost estimates inflated
to 2008–2009 prices for consistency

Observed in
MASS*

Original
model†

Model after
recalibration to
MASS 10-year
follow-up data‡

Control group
Elective operations 226 256 213
Emergency operations 141 140 168
AAA deaths 296 305 385
Non-AAA deaths 10 185 10 139 10 148
Life-years (mean) 7·509 7·291 7·282
Mean cost (£) 108 118 124

Invited group
Elective operations 552 607 539
Emergency operations 62 88 97
AAA deaths 155 202 248
Non-AAA deaths 10 119 10 185 10 189
Mean life-years 7·523 7·297 7·293
Mean cost (£) 208 233 225

Difference between arms
Elective operations 326 351 326
Emergency operations −79 −52 −71
AAA deaths −141 −103 −137
Non-AAA deaths −66 46 41

Mean difference in life-years 0·013 0·006 0·011
Mean difference in cost (£) 100 115 101
ICER (£)

Life-years 7600 18 000 8900
QALYs 9700 23 000 11 400

*Key events and cost-effectiveness observed in Multicentre Aneurysm
Screening Study (MASS) at 10-year follow-up. †Key events and
cost-effectiveness results of modelling, using time-constant parameter
estimates from MASS 10-year follow-up. ‡Key events and
cost-effectiveness results of modelling, with time-dependent parameter
estimates from MASS 10-year follow-up and after recalibration exercise.
AAA, abdominal aortic aneurysm; ICER, incremental cost-effectiveness
ratio; QALY, quality-adjusted life-year (adjusted using population norms).

of the original estimate. The estimate for an emergency
repair was also 27 per cent higher.

The new estimates of life-years, costs and cost-
effectiveness results, over a 30-year time horizon, for an
AAA screening programme are shown in Table 4. The
ICER is now £5758 (95 per cent confidence interval £4285
to £7410) per life-year gained and £7370 (£5467 to £9443)
per QALY gained.

When presented on the cost-effectiveness plane (Fig. 2),
the 1000 iterations of the probabilistic sensitivity analysis
show that, in all cases, the intervention provides additional
QALYs but costs more. The figure demonstrates the low
level of remaining uncertainty and that all estimates fall
below the £20 000 threshold, as used by the National
Institute for Health and Care Excellence (NICE)21.
Furthermore, for any threshold value of a QALY over

Table 4 Abdominal aortic aneurysm screening model: 30-year
cost-effectiveness results at 2010–2011 prices for the current
National Health Service abdominal aortic aneurysm screening
programme

Control group Invited group Difference

Life-years† 12·719 12·727 0·0084
QALYs† 9·921 9·928 0·0067
Costs (£) 269 316 47
ICER (£)‡

Life-years 5758 (4285, 7410)
QALYs 7370 (5467, 9443)

Values in parentheses are 95 per cent confidence intervals. Modelling
after recalibration, incorporating Multicentre Aneurysm Screening Study
(MASS) 10-year follow-up data, growth and rupture rates from
meta-analysis of patient-level data, National Health Service abdominal
aortic aneurysm screening programme (NAAASP) data on attendance,
prevalence and abdominal aortic aneurysm size at initial screen and
updated costs. †Life-years and costs discounted at 3·5 per cent.
‡Estimated from the mean of incremental cost-effectiveness ratios
(ICERs) produced by 1000 probabilistic sensitivity analysis iterations.
QALY, quality-adjusted life-year.
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Fig. 2 National Health Service abdominal aortic aneurysm
screening programme (NAAASP) cost-effectiveness estimates
(30 years); 1000 probabilistic sensitivity analysis iterations.
QALY, quality-adjusted life-year

£10 000, there is at least a 99 per cent probability that the
programme is cost-effective.

The probabilistic sensitivity analysis incorporated the
uncertainty around the postsurgical mortality observed
in MASS; a one-way sensitivity analysis using the lower
mortality rate observed in NAAASP, based on limited
data, reduced the latter ICER by approximately £300. One-
way sensitivity analysis suggests that the cost-effectiveness
ratio would rise above the NICE £20 000 threshold at a
prevalence of AAA in 65-year-old men of 0·35 per cent,
compared with the observed 1·5 per cent.
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Discussion

To assess the cost-effectiveness of many interventions,
particularly screening where the bulk of costs are upfront,
but benefits are accrued over time, long-term modelling is
essential. It is rare to be able to revisit a model originally
constructed using short-term (4-year) trial evidence and
compare modelled results with more robust mid-term
(10-year) trial data. Such models may not, however, as
here, predict well over the medium term. The efforts to
recalibrate the model confirmed that the cost-effectiveness
estimates are more sensitive to the modelled differences
between arms in costs and outcomes (incremental costs
and QALYs) than the absolute values in each arm.
For that reason, the focus of calibration should be on
these differences that drive the cost-effectiveness ratio.
The revalidation exercise undertaken demonstrates that
economists should be cautious in the use of models based
on relatively short-term data13, given that they may not
extrapolate well to medium- or long-term outcomes.

These new analyses have not simply been updated to
reflect longer-term trial data. Data from recent meta-
analyses of aneurysm rupture and growth rates were used
to estimate the growth and rupture rates over the long term.
New unit cost estimates for the screening procedure and
for AAA surgery that reflect current practice in the UK
were incorporated. The new cost estimates demonstrate
that, although simple adjustment using relevant price
indices may be adequate for some unit costs, for some
the procedure costs need to be re-estimated to reflect
changes in the costs of particular resources, and changes in
the process of care.

Most importantly from a policy perspective, the
model incorporates key parameters from the first years
of NAAASP: attendance, AAA prevalence and size
distribution at first screen. The combined changes do
mean that the estimated 30-year ICER of £7370 per QALY
gained has increased; the original model estimated an ICER
of £2970 per QALY gained8. The increase in the estimated
ICER reflects the incorporation into the modelling of the
much lower AAA prevalence found by NAAASP (1·5 per
cent) compared with MASS (4·9 per cent). It also reflects,
as might be expected, the fact that the cost of screening
has increased since the first costing exercise was conducted
in 2001. The costs of elective and emergency AAA repair
have increased well above general health service inflation,
in part due to the use of more expensive EVAR procedures.

Despite the increase in the estimated ICER, the
new modelling demonstrates with confidence that AAA
screening remains highly cost-effective, with an ICER
well below the lower limit of NICE’s acceptable cost-
effectiveness range of £20 000–30 000 per QALY gained.

The probabilistic sensitivity analysis suggests that, even at a
level of £10 000 per QALY, the probability that NAAASP is
cost-effective is 99 per cent, thus providing strong support
for cost-effectiveness of the current screening programme
in the UK.

Although early estimates of the cost-effectiveness of
AAA screening predating the publication of results
from randomized trials were very variable22, and precise
estimates of cost-effectiveness are necessarily country-
specific, there is now a growing international consensus
that one-off ultrasound screening in men at around age
65 years is cost-effective. This conclusion for the UK is
paralleled by studies relating to Canada23, Denmark24,25,
The Netherlands26, Norway26, Northern Ireland27 and
Italy28, with only one recent contrary estimate, also from
Denmark29.
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Chapter 7 Methods for cost-effectiveness analysis
of alternative surveillance policies

In this chapter we describe the methods and preparatory work involved in assessing the cost-effectiveness
of different surveillance policies. This includes how the information on small AAA growth rates and

rupture rates from the IPD meta-analyses (see Chapters 5 and 6) is used to provide inputs for this health
economic modelling. The results of the cost-effectiveness analyses are given in Chapter 8.

Introduction

Previous studies have estimated the cost-effectiveness of the screening strategy that was evaluated in the
MASS trial. Estimates of the cost-effectiveness of this strategy have been adjusted over time, principally to
reflect the emerging long-term data from the trial. The original cost-effectiveness estimates were based
simply on 4 years of follow-up and estimated a mean cost per life-year gained within that truncated period of
£28,400 (95% CI £15,000 to £146,000)56 at 2000–1 prices. Using the observed data at 10 years of
follow-up, the estimate had fallen to £7600 (95% CI £5100 to £13,000) despite revaluing costs to 2008–9
prices.4 Based on informal modelling, the original cost-effectiveness paper had suggested that the
cost-effectiveness over 10 years would indeed be around £8000 per life-year saved.56

However, it is clearly recognised that an investment in a screening programme needs to be assessed over a
longer period that does not cut short the benefits from avoided aneurysm-related mortality and will
require a formal model. Such a model, taking a 30-year perspective but initially based on the 4-year MASS
results, was developed and this estimated the cost per life-year gained over a 30-year period as £2320
(with a 95% uncertainty interval of £1600 to £4240).8 As the period of follow-up of the MASS trial
has extended, the uncertainty associated with the longer-term effects of screening has been reduced, and
scope now exists to compare the model results at 10 years and as necessary to recalibrate the model to
more accurately reflect the longer-term observed data.

All these estimates have assumed a screening programme in elderly men with a surveillance pattern of: no
recall for patients with an aortic diameter of < 3.0 cm; yearly rescanning of patients with an aortic diameter
of 3.0–4.4 cm; 3-monthly rescans for patients with an aortic diameter of 4.5–5.4 cm; and consideration for
surgery if an aortic diameter of ≥ 5.5 cm. This surveillance strategy adopted in MASS was based on the data
available and expert clinical opinion at the time of the planning of the trial in 1995–6. The same pattern was
subsequently adopted by the NAAASP. The analysis of growth and rupture rates in this RESCAN project
provides an evidence base and opportunity to investigate whether or not a different surveillance strategy
might be better than that used in MASS and subsequently by NAAASP.

Other economic models of AAA screening have of course been published. A systematic review of the models
to 2006 emphasised the variability in their estimates of cost-effectiveness.57 Since that review, a number of
further modelling studies have been published drawing on data from a variety of sources: for example studies
relating to Italy,15 to the Netherlands and Norway,58 to Canada59,60 and to Denmark.61 These have all
concluded that screening is acceptably cost-effective, with the exception of a study using data from Denmark
and other sources, which concluded that screening did not seem to be cost-effective.62 A recent modelling
study, again using Danish data, contradicts that previous conclusion, suggesting that screening men at
age 65 years is highly cost-effective compared with no screening and, additionally, that rescreening after
5 years may be a cost-effective extension to the programme.63 However, no models of cost-effectiveness of
AAA screening have been published that have specific relevance to NAAASP, other than those already
cited relating to and derived from the MASS study, which is the largest randomised trial of AAA screening
and contributes most to the international evidence.7
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The focus of the cost-effectiveness element of the current study is to analyse the implications of the
RESCAN analyses, relating to the international evidence on growth rates and rupture rates, for the most
cost-effective surveillance strategy following AAA screening. Cost-effectiveness is of course a function not
only of these clinical parameters but also the behavioural, resource-use, and cost data relevant to a
particular screening programme. Hence, we have chosen to use such country-specific data relevant to the
current UK programme.

The work specifically undertaken on the model for this study consisted of the following elements:

1. Validation and recalibration of the previously published model8 to best reflect the accumulated 10-year
follow-up data from MASS, including incorporation of time-dependent parameter values.

2. Adaption of the model structure to fully incorporate unobserved ‘tunnel’ states to reflect the growth and
rupture probabilities for all aneurysms, whether or not reobserved and remeasured at a recall scan.

3. Re-estimation of current unit costs for screening interventions and elective and emergency surgery.
4. Incorporation of data from NAAASP, including attendance rates, prevalence of identified aneurysms, and

distribution of aneurysm sizes at initial screening.
5. Incorporation of size-specific growth and rupture rates from the analysis of the IPD surveillance data sets

reported in Chapters 5 and 6.

Each of these aspects of our development of the model is to enable us to address the issue of the
cost-effectiveness of alternative surveillance strategies, in the context of the NAAASP, and each aspect is
addressed in turn in this chapter.

The initial model

The starting point for the economic analysis in this project was the economic model that had previously been
developed by members of the research team, to estimate the long-term cost-effectiveness of a screening
programme using the MASS trial screening and surveillance protocol. Details of this model have
previously been published.8 In summary, it used a Markov model, with 3-monthly cycles, to compare the
introduction of a formal screening programme of an invitation for a one-off US scan for men aged 65 years,
and the MASS surveillance strategy described above if an aneurysm is identified, with the policy of no
systematic screening. The original model is represented in Figure 18.

The model used a 30-year time horizon (so approximating lifetime results). The methods were consistent with
those recommended for the National Institute for Health and Care Excellence (NICE)'s Technology Appraisal
Programme.64 The cost perspective was that of the NHS and the model estimated life-years gained and
adjusted these for age-specific utility values relating to the UK population to provide ICERs in terms of QALYs.

For this model, parameter values were estimated from patient-level data from the 4-year analysis of the
MASS study and the model structure was internally validated by comparing its results against observed event
and cost-effectiveness data over the 4-year time period. In addition, it was externally validated against key
outcomes from the Cochrane review of AAA screening and surveillance.7

Validation and recalibration of the previously published model
to better reflect the 10-year follow-up data from the
Multi-centre Aneurysm Screening Study

The first step in the current study was to revalidate the model comparing the 10-year model outcomes
against the 10-year observed data from the follow-up of MASS, and, where necessary, to adjust or
‘recalibrate’ the model parameters to better reflect that observed data. We used the 8.9–11.2 years of
observed follow-up (mean 10.1 years) to better estimate the values for the parameterisation of the economic
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model. Outputs of the model were compared against those observed in the trial, by considering the numbers
of key observed events and cost-effectiveness results at the end of this follow-up period.

Given the staggered recruitment of participants into the trial and the range of follow-up periods for
individual patients, for the purpose of comparing numbers of key events the model replicated censoring
patterns by removing equal proportions as observed in the trial of numbers in each state for every 3-month
cycle, so that the total person-years of follow-up were comparable. The model was then run over 11.25 years
to provide comparability. To produce estimates of costs and life-years at 10 years comparable with those
observed in MASS, the model was run for 10 years with costs based on 2008–9 prices and survival based on
all-cause mortality. Given the characteristics of the MASS trial population, it might be expected that mortality
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FIGURE 18 Original health economic model structure. Reproduced with permission from figure 1 of Kim LG,
Thompson SG, Briggs AH, Buxton MJ, Campbell HE. How cost-effective is screening for abdominal aortic aneurysms?
J Med Screen 2007;14:46–52. http://dx.doi.org/10.1258/096914107780154477.8
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rates would not be comparable with the national statistics, and so for the internal validation exercise
MASS-specific mortality data were used to estimate the probability of mortality in each 3-month cycle, rather
than using national mortality statistics that were incorporated into the model to give it greater external
validity or generalisability.

Initially the model did not appear to perform particularly well against observed data in terms of key events or
cost-effectiveness results over the longer follow-up period. As the length of follow-up had increased, trends
may have emerged in key parameter values and differences between modelling and observed outputs could
be partly attributed to the use of time-constant parameters. Time-dependent transition probabilities were
therefore estimated using ‘logistic’ and ‘Poisson’ regressions, to improve the fit of the model. The differences
between the observed and modelled data may also have been in part due to parameters used to inform
the modelling that could not be observed in MASS. In particular, two parameters, the probability of
opportunistic detection among those not in active screening and the rupture rate of undetected large
aneurysms, were seen as potentially unreliable. The first had been based on calculations utilising data from
the control arm of the trial, to give a crude estimate of the detection rate. The latter had been estimated to fit
the 4-year data, assuming it lay between the rupture rate in detected large aneurysms and the rupture
rate among aneurysms contraindicated for elective surgery. A recalibration exercise was conducted using a
range of figures for both these parameters, to obtain model results that gave more similar numbers of key
events (i.e. elective operations, emergency operations and AAA deaths) to those observed in MASS.

It was not easy to achieve complete consistency between the observed and modelled clinical outcomes.
Given that the long-term ICER was the primary outcome for the cost-effectiveness modelling, the
recalibration focused on eliminating disparities in the modelled and observed differences between the arms.

Table 13 shows key event rates as observed in MASS, as estimated by the original model and as estimated by
the model following recalibration. The pattern of events over time from the observed data, the initial model
estimates and the recalibrated estimates are shown in Figure 19a–h.

This recalibration process achieved similarity between the modelled and observed differences in key events
between the arms, as well as in the resultant ICERs (Table 14). The ICER was £7600 per life-year based on
observed 10-year data: the original model estimated an ICER at 10 years of £18,000, the recalibrated model
estimated the ICER at £8900, closer to that from the observed data. This suggested that, though imperfect,
the model would be suitable for extrapolation of cost-effectiveness results over the long term.

Adapting the model structure to fully incorporate unobserved
‘tunnel’ states

The previously constructed Markov model8 needed adaption to account more explicitly for the incidence of
rescans. The original model, with 3-monthly cycles, was built with a view to considering one surveillance
policy (that pertaining to the MASS data of yearly recall for AAAs measuring 3.0–4.4 cm and 3-monthly recall
for medium AAAs measuring 4.5–5.4 cm). The model averaged out the surveillance for the smaller
aneurysms, effectively assuming that surveillance scans were being conducted every cycle but assigning only
one-quarter of the rescan costs to each cycle. This meant that individuals were able to transition to larger
aneurysmal states in each 3-month cycle and on reaching the large state they could be considered for
elective surgery or returned to screening. However, in reality, those in a small AAA state (3.0–4.4 cm) are not
rescanned every cycle and cannot move into the surveillance pattern for a larger aneurysm until the increased
size of their aneurysm has been identified through a scan. In the original model, costs associated with
rescanning were averaged across the cycles, 0.25 of a rescan cost per cycle for the small aneurysmal state
and assigned as one per cycle for the medium-sized AAA. Although this approximation was adequate when
considering the one surveillance strategy, the model needed to be adapted for the purposes of answering
questions around different surveillance policies.

METHODS FOR COST-EFFECTIVENESS ANALYSIS OF ALTERNATIVE SURVEILLANCE POLICIES

54

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



This adaption was achieved through the inclusion of ‘tunnel’ states for aneurysm growth, accounting for
patients in whom aneurysm growth occurred but was not observed or acted on. The structure of the
extended model is represented diagrammatically in Figure 20. These tunnel states allow aneurysms to grow
in between scans, where the individual is subject to the relevant rupture rate. An individual can stay in the
tunnel state that they have entered in subsequent cycles, or transition to larger AAA tunnel states. Only
when a scheduled surveillance scan occurs are individuals then able to be move out of these unobserved
tunnel states into observed states. On this they can then be subject to more frequent scanning, or events that
occur as a result of entering the large AAA state (i.e. consideration for elective surgery). This provides a more
accurate representation of reality and most importantly can allow for the effects of differing policies by
adjusting the number of cycles that individuals spend in these states before a rescan and a return to observed
states. Aneurysms that are detected opportunistically are assumed to enter an observed state before moving
into tunnel states. However, given that this opportunistic detection can occur in every cycle, an
approximation in the cycles immediately following opportunistic detection is used to bring these individuals
into the same rescanning schedule as the rest of the detected aneurysm cohort. This retains programming
efficiency and has the effect that some opportunistically detected patients will be assumed to receive their
first 1-year scans after a shorter period than a full year.

TABLE 13 Comparison of key events observed in MASS
and economic model

10-year cumulative key events

Observed
in MASSa

Original
modelb

Model after
recalibrationc

Control group

Elective
operations

226 256 213

Emergency
operations

141 140 168

AAA deaths 296 305 385

Non-AAA deaths 10,185 10,139 10,148

Invited group

Elective
operations

552 607 539

Emergency
operations

62 88 97

AAA deaths 155 202 248

Non-AAA deaths 10,119 10,185 10,189

Difference between invited and control groups

Elective
operations

326 351 326

Emergency
operations

–79 –52 –71

AAA deaths –141 –103 –137

Non-AAA deaths –66 46 41

a Key events observed in MASS at 10-year follow-up.

b Economic model using time-constant parameter
estimates from MASS 10-year follow-up.

c Economic model, with time-dependent parameter estimates
from MASS 10-year follow-up and post-calibration exercise.
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FIGURE 19a Number of elective operations in control group over 10 years' (mean) follow-up.
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FIGURE 19b Number of emergency operations in control group over 10 years' (mean) follow-up.
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FIGURE 19c Number of AAA-related deaths in control group over 10 years' (mean) follow-up.
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FIGURE 19d Number of non-AAA deaths in control group over 10 years' (mean) follow-up.
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FIGURE 19e Number of elective operations in invited group over 10 years' (mean) follow-up.
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FIGURE 19f Number of emergency operations in invited group over 10 years' (mean) follow-up.
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It may be useful to consider the current screening policy of 1 year and 3 months for small and medium AAAs,
respectively, as an example of the way the new structure works. An individual invited to and having
attended screening, with a small aneurysm observed at baseline, would be invited to return for another scan
in 1 year, equivalent to four cycles in the model. Assuming the AAA had not grown, nor ruptured and the
individual had not dropped out of surveillance or died, they would move into the small (unobserved)
tunnel state in cycle 2. If no transition had occurred in cycles 3 and 4, the individual would then move out of
the small unobserved ‘tunnel’ state back into the small observed state where a rescan takes place.
They would then move into tunnel states again following this scan. Alternatively, the aneurysm could have
grown and the patient transitions into the tunnel state for medium aneurysms in cycle 2 and possibly
into the tunnel state for large aneurysms in cycle 3. The tunnel states mean that this individual will not
be treated as having a large aneurysm as regards the surveillance policy until this growth has been observed
at the next scan in cycle 4.
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FIGURE 19g Number of AAA-related deaths in invited group over 10 years' (mean) follow-up.
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FIGURE 19h Number of non-AAA deaths in control group over 10 years' (mean) follow-up.
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These techniques for modelling growth also mean that the accrual of costs due to rescanning should be
more accurate. Costs will accrue as rescans occur over time, as opposed to averaging costs over a number of
cycles. By implementing these changes the model can be used to investigate a range of potential new
surveillance policies and compare their cost-effectiveness.

Re-estimation of current unit costs for screening interventions,
and elective and emergency surgery

The various estimates of cost-effectiveness based on MASS, referred to earlier, have so far all used original
unit cost estimates at 2000–1 prices, updated as necessary only for general health service inflation.
There was a clear need for a more thorough update of costs to reflect a range of changes in practice. All
costs were re-estimated at 2010–11 price levels.

Screening intervention costs
The original costs for the elements of screening came directly from the costs of the services in the trial.
These have now been superseded by costs directly provided by the NAAASP. Table 15 shows the original
figures, those figures updated to 2010–11 price levels, and the current unit costs, again at 2010–11 price
levels from the NAAASP.

Costs for elective and emergency aneurysm repair
The MASS estimates for the cost of elective and emergency procedures were calculated using very detailed
bottom-up costing using patient notes and other detailed hospital records of 577 patients from the four
surgery centres involved in the MASS study.56 It was not feasible to re-estimate the costs using the same
resource-intensive methods for this study. Rather we chose to estimate unit costs for surgery using more
recent published studies where available and where more recent, relevant studies were not available by
making explicit adjustments to the mean per patient costs previously calculated to reflect more recent routine
data on resource use.

The most recent and largest (sample size) costing exercise was completed as part of the analysis of the
endovascular aneurysm repair (EVAR)-1 trial, which we have used to estimate the costs of open repair and

TABLE 14 Comparison of discounted mean costs and effects observed in MASS and estimated in economic model

Cost-effectiveness at 10 yearsa

Observed in MASS Original model Model after recalibration

Control group

Life-years (mean) 7.509 7.291 7.282

Cost, £ (mean) 108 118 124

Invited group

Life-years (mean) 7.523 7.297 7.293

Cost, £ (mean) 208 233 225

Difference between invited and control groups

Difference in life-years, £ (mean) 0.014 0.006 0.011

Difference in costs, £ (mean) 100 115 101

ICER (life-years), £ 7600 18,000 8900

ICER (QALYs), £b 9700 23,000 11,400

a Costs based on 2008–9 prices; costs and mortality discounted at 3.5%. Survival based on all-cause mortality.

b Life-years adjusted using population norms.
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endovascular repair in an elective setting.65 As per NICE guidance,66 we assumed that emergency EVAR
operations are only being performed in a research environment and, so, we have only included costs for
open emergency repair in our estimates. For emergency open repair an estimate of per patient costs was
updated from the MASS trial, in the following way:

(a) First, the major costs components were removed from the total mean per patient estimates for elective
open repair and elective EVAR (from EVAR 1 trial65 estimates) and emergency OR (from MASS trial56 cost
estimates). In each case, this constituted the removal of costs attributable to hospital stay and operation
time. For EVAR this also included the cost of the stent. This cost was updated using more recent data
from centres involved in the screening programme and correspondence with manufacturers.
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FIGURE 20 Extension of original model structure to include unobserved ‘tunnel’ states.
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(b) The residual cost, made up of more minor resource-use items, such as blood products used and
consumables, was inflated to 2010–11 prices according to Personal Social Services Research
Unit indices.67

(c) The resource-use data were then updated for operation length and total hospital stay (apportioned
using the same proportions for intensive care unit (ICU) and normal ward as had been observed in
EVAR 1 trial or MASS, respectively) using recent data provided for us from the National Vascular
Database (January 9 March 2012).68 New unit costs for ICU, high-dependency unit (HDU) and vascular
ward stay were all obtained from NHS reference costs for 2010–11.69 A new unit cost estimate per
hour of time in operating theatre was obtained.70 These updated estimates were applied to the new
resource-use estimates.

(d) The elective cost has been weighted according to the proportion of cases that are EVAR and OR in the
National Vascular Database sample (approximately 70/30 for EVAR and OR, respectively).

Tables 16–18 illustrate this process for updated components of resource use and unit costs, for elective open,
elective EVAR, and for emergency procedures, respectively. Tables 19–21 show the magnitude of the residual
component of each of these three costs, which was simply inflated to 2010–11 prices. Table 22 summarises

TABLE 15 Costs for elements of screening

Element
Original MASS56

cost 2000–1 (£)
MASS56 cost inflated
to 2010–11 (£)

Updated unit
costa (£)

Invitation to screen 1.31 1.84 1.70

Cost of first scan 19.08 26.80 32.20

Surveillance scan 46.04 64.67 68.00

a Source: UK NAAASP, personal communication, 2012.

TABLE 16 Components of resource use and unit costs for elective open repair

Component EVAR 165 resource use EVAR 165 unit cost (£) Updated resource use Updated unit cost (£)

Theatre time 215 minutes 17.58 181.97 minutes 20.67

HDU 1.88 days 832.00 1.65 days 883.00

ITU 2.47 days 1165.00 2.16 days 1226.00

Vascular ward 11.41 days 268.00 9.98 days 266.00

Total days 15.76 days 13.79 days

TABLE 17 Components of resource use and unit costs for elective EVAR

Component EVAR 165 resource use EVAR 165 unit cost (£) Updated resource use Updated unit cost (£)

Theatre time 191 minutes 17.58 147.04 minutes 20.67

HDU 0.83 days 832.00 0.63 days 883.00

ITU 0.59 days 1165.00 0.44 days 1226.00

Vascular ward 8.34 days 268.00 6.29 days 266.00

Total days 9.76 days 7.36 days

Stent cost 5219.00 6500.00
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TABLE 19 Calculation of residual costs component inflated to 2010–11 prices for elective open repair

Component Residual cost (£)

Total open repair cost as per EVAR 1 trial65 11,842

Length of stay component 7214

Operation time component 3647

Total of components 10,861

Residual costs to inflate 981

Residual costs inflated to 2010–11 prices 1014

TABLE 20 Calculation of residual costs component inflated to 2010–11 prices for elective EVAR

Component Residual cost (£)

Total EVAR cost as per EVAR 165 13,019

EVAR stent and parts component 5219

Length of stay component 3543

Operation time component 3255

Total of components 12,017

Residual costs to inflate 1002

Residual cost inflated to 2010–11 prices 1036

TABLE 18 Components of resource use and unit costs for emergency open repair

Component
MASS trial56

resource use
Updated
resource use

Updated unit
cost (£)

Theatre time 182 minutes 161.94 minutes 20.67

ITU 4.74 days 7.12 days 1226.00

Vascular ward 7.66 days 11.51 days 266.00

Total days 12.4 days 18.63 days

TABLE 21 Calculation of residual costs component inflated to 2010–11 prices for emergency open repair

Component Residual cost (£)

Total open repair cost as per MASS56 11,176

Length of stay component 6932

Operation time component 794

Total of components 7726

Residual costs to inflate 3450

Residual cost inflated to 2010–11 prices 4846
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the new cost estimates and compares them with the original estimates, and the original estimates inflated to
2010–11 prices.

Costs of pre-surgical consultations
No newer estimates were available for the costs of consultations when referred to surgery which included
costs of associated tests. The original MASS56 estimates for these costs were simply inflated from 2000–1 to
2010–11 prices (£309.88 inflated to £435.25).

Incorporating data from the NHS Abdominal Aortic Aneurysm
Screening Programme

To reflect current AAA screening in the UK, data from the NAAASP were utilised in the economic
modelling. The attendance rate from those invited to screening in the NAAASP has been lower than that
of the MASS trial (which was 83%); a figure of 73% from the NAAASP has been used in the modelling.71

A lower prevalence of AAAs has also been noted in data from the NAAASP, which might have some effect
on cost-effectiveness results. In the MASS trial the prevalence was 4.9%, but the current prevalence
observed in the NAAASP is 1.6% and this rate was used in the modelling. Data were provided to us from
the NAAASP on the distribution of aneurysm sizes detected in the screening programme, to reflect
possible changes in aneurysm sizes observed at baseline compared with the MASS data used in the
original model.

In addition, non-AAA mortality rates were estimated using data from Hospital Episodes Statistics72 and
the Office for National Statistics (ONS) for 2010,73 incorporated into the modelling as age-specific
3-month probabilities.

Incorporating size-specific growth and rupture rates from the
RESCAN analyses

Growth rates
From the reanalysis of existing surveillance data (see Chapter 6) we have developed random-effects models
to describe AAA growth in each of the studies. These models are utilised to calculate how individuals pass
through the size states of the Markov model used for the cost-effectiveness modelling. The methods are
described fully in Appendix 4, with a summary given here.

Firstly, 3-month transition probabilities were calculated between 5-mm-wide size states (3.0–3.4 cm,
3.5–3.9 cm, 4.0–4.4 cm, 4.5–4.9 cm, 5.0–5.4 cm and 5.5+ cm). To achieve this, a cohort is envisaged with
screening distribution of small aneurysm sizes taken from the Chichester screening study (shown to have an
almost identical distribution to the NAAASP small diameters, as shown in Figure 21). This distribution is
skewed towards small aneurysms with the mode close to 3.0 cm. The aneurysms in this envisaged cohort are

TABLE 22 Summary of updated unit costs for surgical procedures

Type of
surgery

Updated
cost per
patient (£)

Cost per
patient
(EVAR 165) (£)

Cost per patient
inflated to 2010–11
prices (EVAR 165) (£)

Cost per
patient
(MASS56) (£)

Cost per patient
inflated to 2010–11
prices (MASS56) (£)

Elective OR 11,532.69 11,842.00 12,241.17 6909.00 9704.24

Elective EVAR 13,345.66 13,019.00 13,457.84

Elective weighted 12,806.21

Emergency OR 19,984.75 11,176.00 15,697.59
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then allowed to grow over time using the baseline size-specific growth rates estimated from each study
separately. For any 3-month period following screening, the estimated occupancy probabilities in each
5-mm-wide size state were calculated using the predictive distribution of aneurysm sizes. Those screened as
normal are assumed to account for 98.3% of the screened population9 and are also allowed to grow, with
an estimated 0.207% reaching 3.0 cm every 3 months and, thereafter, growing at a rate equivalent to a
screen detected patient with baseline diameter 3.0 cm. The occupancy probabilities from the cohort are then
used to calculate 3-month transition probabilities between size states using the Chapman–Kolmogorov
equations and assuming a progressive only Markov model.74 The log-odds of the transition probabilities for
each 3 months over a 30-year time period after screening are obtained together with their SEs, and these
study-specific estimates are then pooled in a second stage using random-effects meta-analysis.

‘Equivalence’ probabilities
Different choices of small aneurysm states are considered in the Markov transition models to allow
comparisons of different screening strategies. It is therefore necessary to calculate 3-month transition
probabilities between any size states of interest. Given the 3-month transition probabilities calculated above
for the 5-mm-wide size states we can obtain ‘equivalent’ transition probabilities for any concatenation of
these states (e.g. 3.0–4.4 cm, 4.5–5.4 cm, 5.5+ cm). These ‘equivalence’ probabilities are defined by the
requirement that two Markov models with different small aneurysm size states produce the same proportion
of large aneurysms (> 5.5 cm) over time if no external intervention, deaths or censoring takes place. Hence,
this facilitates a fair comparison of the different surveillance strategies since the rate of growth to large AAAs
without intervention will be the same across all models. The method used to calculate these ‘equivalence’
probabilities is described in Appendix 4.

Rupture rates
To obtain 3-month transition probabilities of rupture over a 30-year time period, as required by the health
economic model, we fit a parametric survival model to the data in each study. Only men are considered for
this analysis (since men are the focus of the screening policy). Specifically, a Weibull proportional hazards
model with time-updated covariate (AAA diameter) is used. Events other than rupture that terminate
follow-up (lost to follow-up, non-rupture-related death or surgery) are classified as censored observations.
The (transition) probability of rupturing over any 3-month time period given AAA diameter at the beginning
of the period is then approximated from the survival distribution. The log-odds of these probabilities are
obtained together with their SEs, and these study-specific estimates are pooled in a second stage using
random-effects meta-analysis.
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Analysis of cost-effectiveness using the adapted and
updated model

These developments enable us to use the model to estimate the life-years, QALYs, costs and net monetary
benefits for a series of strategies with different recall frequencies, compared initially with the base case of
the existing strategy, and by looking at differences in net benefit to extend to comparisons between any
two strategies.

In this particular context, a probabilistic sensitivity analysis (PSA), as might typically be provided as a
representation of the overall uncertainty in the estimates of cost-effectiveness, would not adequately
characterise that overall uncertainty. In particular, it is not readily feasible to estimate the correlated
uncertainty around the very many (480) age- and size-related aneurysm growth and rupture rates derived
from the IPD meta-analysis incorporated into the model, or to provide evidence-based estimates of
uncertainty distributions around other parameters, or to characterise the underlying structural uncertainty in
this complex model. Therefore, rather than provide a potentially misleading PSA, we have chosen to employ
simple one-way sensitivity analyses to characterise the effects on net benefit of uncertainty around growth
rate and rupture rate estimates, and to check whether or not the conclusions regarding the preferred
strategy are sensitive to this uncertainty. For comparison we illustrate the effects of uncertainty around other
important parameters in the model.
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Chapter 8 Results of cost-effectiveness analysis of
alternative surveillance policies

The current surveillance strategy used in the NAAASP follows that of the MASS trial. The strategy was
based on the expert judgement informed by the limited data available at the planning stage of the trial.

The analysis in this study of growth rates and rupture rates enable us now to analyse the cost-effectiveness of
alternative surveillance in terms of the frequency of recall for men screened as having an aneurysm
between 3.0 and 5.4 cm.

In this chapter we present the comparative cost-effectiveness of a number of alternative surveillance
strategies using the revalidated, and extended model with updated unit costs and key characteristics from
the NAAASP (uptake rates and distribution of aneurysm sizes at screening).

Alternative surveillance strategies

We used the adapted and updated model described in Chapter 7 to examine the health benefits (in terms of
life-years) and overall costs, modelled over a 30-year period, for a range of alternative surveillance strategies
as compared with the current strategy which we refer to as strategy A. Table 23 summarises the values
and sources of clinical and cost parameters used. The alternative strategies included both lengthening and
shortening the current time intervals between rescans for those identified with aneurysms between 3.0 and
4.4 cm (base case 1 year) and 4.5 and 5.4 cm (base case 3 months). We assumed that a recall more
frequent than 3 months would be unworkable, so did not consider any such options. In analysing any of the
different surveillance strategies we assume that the same strategy would also apply to all opportunistically
identified aneurysms in both arms. This assumption explains the very small difference in the control
arm life-years and cost between strategies.

Table 24 sets out the key comparison, which is illustrated on the cost-effectiveness plane in Figure 22.
Strategy A represents the base case of the current screening strategy, with an ICER against no formal
screening of £5572 per life-year gained and £7143 per QALY gained. To identify whether or not an
alternative strategy was an improvement, and which was best, we focused on the ICERs (for both life-years
and QALYS) and the net monetary benefit calculated as (Net QALYs×£20,000)–Net costs. We used the
threshold value of £20,000 per QALY to be consistent with the opportunity cost of interventions within the
NHS as articulated by NICE.75

Each of the alternative strategies demonstrated appropriate directional changes in the life-years gained from
screening and the QALYs gained from screening. The strategies, which extend one or more intervals, slightly
reduce the QALY gain (by missing a small proportion of aneurysms that would go on to rupture) and slightly
reduce the cost (by avoiding additional scans), whereas strategies that decrease intervals increase the QALY
gain and increase the costs. This effect is shown in Figure 22, where the strategies that increase intervals
(strategies B, C, D and G) fall in the south-west quadrant of the cost-effectiveness plane (where both costs
and QALYs are reduced), whereas a strategy that decrease intervals (strategy E) falls in the north-east
quadrant (where both QALYs and costs increase). Strategy F, in which all aneurysms between 3.0 and 5.5 cm
are recalled at 6-monthly intervals, can be eliminated from further consideration in that it reduces QALYs and
increases costs, so is dominated by existing strategy A which is clinically more effective and cheaper.

The economic question for strategy E is whether or not the increase in QALYs is sufficient to justify the
increase in costs, while for each of strategies B, C, D and G it is whether or not the reductions in cost are
sufficient to compensate for the QALY losses. This is assessed against a view of the acceptable cost per QALY
or threshold. Using the threshold of £20,000 per QALY, we can see that strategy E far exceeds the
acceptable threshold and is not cost-effective. Given the only other practical strategy, to increase frequency
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TABLE 23 Parameter estimates for adapted economic model

Clinical parameters Estimate Source

Proportion reinvited to screening 0.1360 MASS8

AAAs at first screen – attenders 0.0166 NAAASP71

AAAs at first screen – non-attenders 0.0166 NAAASP71

Non visualised AAAs 0.0166 NAAASP71

Proportion of scans non-visualised 0.0121 MASS8

Proportion of screen invited attending 0.730 NAAASP71

Proportion of AAAs at first screen – small 0.809 NAAASP71

Proportion of AAAs at first screen – medium 0.106 NAAASP71

Proportion of AAAs at first screen – large 0.0854 NAAASP71

Transition probabilities (3-monthly)

Grow from no AAA to small AAA 0.00207 Chichester53

Grow from small AAA to medium AAA TDTPa RESCAN

Grow from medium AAA to large AAA TDTP RESCAN

Probability of dropout 0.0142 MASS

Rupture probability – no AAA 0 Assumption

Rupture probability – small AAA TDTP RESCAN

Rupture probability – medium AAA TDTP RESCAN

Rupture probability – detected large AAA 0.0125 MASS

Rupture probability – undetected large AAA 0.0282 Calibration

Rupture probability – contraindicated for surgery 0.0282 MASS

Probability of opportunistic detection 0.0114 Calibration

Probability of emergency surgery following rupture 0.368 MASS

Probability of death following emergency surgery 0.342 MASS

Proportion of large AAAs receiving surgery 0.681 MASS

Proportion of large AAAs returned to screening 0.221 MASS

Proportion of large AAAs contraindicated for elective surgery 0.0977 MASS

Probability of death following elective surgery – screen detected 0.0298 MASS

Probability of death following elective surgery – opportunistically detected 0.0717 MASS

All-cause mortality – contraindicated for surgery 0.0599 MASS

Age-specific all-cause mortality Age specific ONS73

Cost parameters

Invitation to screen (£) 1.70 See Chapter 7

Cost of first scan (£) 32.20 See Chapter 7

Surveillance scan (£) 68.00 See Chapter 7

Pre-surgical consultation (£) 435.25 See Chapter 7

Elective repair (£) 12,806.21 See Chapter 7

Emergency repair (£) 19,984.75 See Chapter 7

TDTP, time-dependent transition probabilities.
a Time-dependent transition probabilities, applied to each 3-month cycle.
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of scans, strategy F, was dominated by the present screening strategy, we can conclude that decreasing recall
intervals is unlikely to be cost-effective. Looking at the strategies (B, C, D and G) that increase screening
intervals, we are seeking a strategy that releases at least £20,000 in cost savings per QALY lost. All options
meet that test, and of these we need to choose the one with the highest net benefit (highest excess in
value of cost savings minus value of lost QALYs). Strategy C, with a recall pattern of 2 years for aneurysms
between 3.0 and 4.4 cm and 3 months for aneurysms between 4.5 and 5.4 cm, has the highest net benefit,
and is the most cost-effective strategy. Increasing intervals beyond this does not provide sufficient
additional cost savings to justify the additional QALY losses.

To summarise these figures as clearly as possible, our analysis suggests that the effect of changing from the
current surveillance strategy to surveillance strategy C, the best of the options considered, would mean
that the loss of value from the QALY gain per man invited would be equivalent to a loss of £1.24, but that
the cost would be reduced by £2.57 per man invited, giving a net monetary benefit gain of £1.33.

Uncertainty and sensitivity

As was indicated in Chapter 7, in this particular case it is not feasible, given available data and analytical
possibilities, to provide a robust, meaningful PSA that encompasses all the parameter and structural
uncertainty. We have therefore focused on a more appropriate series of one-way sensitivity analyses. These
are summarised in Table 25.

The first of these applies growth and rupture rates drawn from the three UK population-based screening
studies that used internal aortic diameter measurements (as does the NAAASP), namely MASS, Gloucester
and Chichester (see Chapter 6), and which could therefore be seen as most applicable to the UK
programme. Strategy C clearly remains the preferred option and, although it is slightly less cost-effective than
in the base case, the net benefit is still positive and substantial. As an alternative way to address the
uncertainty around growth and rupture rates, the next sensitivity analyses reduce or increase growth rates by
10% and rupture rates by 30%. These ranges approximate one SD in the estimates of the value of the
relevant parameter. Again, in each case, the preference for strategy C, over all other strategies, remains
unchanged. Using an estimate of operative mortality rates from the NAAASP, similarly does not change the
choice of strategy. Further sensitivity analyses consider the possibility that dropout rates (from recall) might be
affected by different recall strategies but again the preference for strategy C is unaltered. Finally, we consider
the effect of (arbitrarily) different relative costs for elective and emergency surgery and for the cost of
rescanning. In no case does the choice of strategy change, although, not surprisingly, the magnitude of the
cost savings from less frequent recall in strategy C (and hence its net benefit) are somewhat affected
by the unit cost of rescans.

Discussion and conclusions

Long-term modelling of the implications of screening programmes is always difficult and typically involves
unverifiable assumptions and estimates that have long-term implications. Screening for AAA is an
unusual case in that we have been able to compare results from a long-term model initially based on 4-year
data with 10 years of observation. The resultant problem was to identify a set of model parameters that
would replicate the observed results at 10 years. We were able to do this imperfectly, but nevertheless can
have more confidence in the recalibrated model than would otherwise have been appropriate with the
original model. Then, with the systematic reviews and the RESCAN analyses of growth and rupture rates,
we were able to go further in estimating the cost-effectiveness implications of alternative
surveillance strategies.
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TABLE 24 Adapted economic model cost-effectiveness results (30-year results) for alternative recall strategies

Strategy A
(1 year,
3 months)

Strategy B
(2 years,
6 months)

ICER B
compared
with A

Strategy C
(2 years,
3 months)

ICER C compared
with A

Strategy D
(1 year,
6 months)

Control arm

Life-years 12.7157 12.7155 12.7157 12.7156

Cost (£) 271.65 260.23 265.87 265.46

Invited arm

Life-years 12.7244 12.7240 12.7242 12.7241

Cost (£) 319.89 305.03 311.54 312.20

Difference

Life-years 0.008659 0.008502 −0.0001578 0.008580 −0.00007983 0.008569

QALYS 0.006754 0.006631 −0.0001231 0.006692 −0.00006226 0.006683

Cost (£) 48.25 44.80 −3.45 45.68 −2.57 46.74

ICER £ per LY 5572 5270 21,853 5324 32,236 5454

ICER £ per QALY 7143 6756 28,016 6825 41,329 6993

Net benefit (λ=£20,000
per QALY)

0.99 1.33

Costs based on 2010–11 prices – costs and mortality discounted at 3.5%. Survival based on deaths related to AAA
deaths, accounting for other causes of death.

Cost-effectiveness
threshold = £20,000 
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FIGURE 22 Cost-effectiveness plane for new screening interval strategies.

RESULTS OF COST-EFFECTIVENESS ANALYSIS OF ALTERNATIVE SURVEILLANCE POLICIES

70

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



ICER D
compared
with A

Strategy E
(6 months,
3 months)

ICER E
compared
with A

Strategy F
(6 months,
6 months)

ICER F
compared
with A

Strategy G
(3 years,
3 months)

ICER G
compared
with A

12.7158 12.7156 12.7155

279.92 273.40 262.17

12.7244 12.7241 12.7240

331.49 323.35 306.64

−0.00009086 0.008674 0.00001455 0.008576 −0.00008350 0.008449 −0.0002103

−0.00007087 0.006766 0.00001135 0.006689 −0.00006513 0.006590 −0.0001640

−1.51 51.57 3.32 49.95 1.70 44.47 −3.78

16,650 5945 228,111 5824 −20,365 5263 17,972

21,346 7622 292,450 7467 −26,109 6748 23,041

0.10 −3.09 −3.00 0.50

These show that from a cost-effectiveness perspective lengthening the surveillance interval for aneurysms
of 4.5–5.4 cm reduces net monetary benefit and we have argued that decreasing that interval would
not be practical. However, increasing the interval for recall of men with aneurysms between 3.0 and
4.4 cm from 1 year to 2 years improves cost-effectiveness, but increasing it further to 3 years worsens
cost-effectiveness compared with 2 years and (marginally) compared with the current 1-year interval.

It is important to recognise that the absolute differences in outcomes and costs between the surveillance
options we have considered are small, as are the absolute values of the net monetary benefit per man
invited. They can be put into perspective by multiplying them up to reflect the impact on a large-scale
screening programme. With a programme inviting around 260,000 men per year as will broadly be the
situation when the NHS programme covers the whole of England,73 the (present value of the) cost difference
for the preferred option would be of the order of £660,000 per year, but the QALY loss would be
equivalent to around 16 QALYs. Given the remaining uncertainties there has to be a question of whether or
not the differences involved justify a change from the existing surveillance programme particularly as it
would have to be explicit that this strategy was expected to be slightly inferior in terms of
clinical effectiveness.
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TABLE 25 Adapted economic model cost-effectiveness results (30-year results): sensitivity analyses of growth and
ruptures rates, operative mortality rates, dropout rates, costs of surgery and cost of rescans. Incremental net benefit
(INB) of each strategy is given compared with strategy A (1 year, 3 months)

Strategy C
(2 years,
3 months),
INB (£)

Strategy B
(2 years,
6 months),
INB (£)

Strategy G
(3 years,
3 months),
INB (£)

Strategy D
(1 year,
6 months),
INB (£)

Strategy F
(6 months,
6 months),
INB (£)

Strategy E
(6 months,
3 months),
INB (£)

Base case 1.33 0.99 0.50 0.10 −3.00 −3.09

Growth and rupture rates from three UK population screening studies10,37,53 that used internal aortic
diameter measurements

Three UK screening
studies

1.09 0.61 −0.11 −0.04 −3.01 −2.96

Growth rates

Growth rates ↓10% 1.52 1.29 0.94 0.23 −2.95 −3.19

Growth rates ↑10% 1.13 0.68 0.03 −0.04 −3.05 −3.00

Rupture rates

Rupture rates ↓30% 1.33 0.96 0.47 0.08 −3.02 −3.10

Rupture rates ↑30% 1.33 1.01 0.53 0.11 −2.99 −3.09

Operative mortality rate – base casea 0.029 and 0.074

0.024 (NAAASP) 1.36 1.16 0.58 0.25 −2.85 −3.10

Dropout rate from rescanning – base case 1.4%

Dropout rate ↓20% 1.47 1.20 0.73 0.20 −3.06 −3.26

Dropout rate ↑20% 1.20 0.80 0.30 0.01 −2.95 −2.94

Costs of elective and emergency surgery – base case £19,985 and £12,806

Elective ↑10%
Emergency ↓10%

1.38 1.07 0.63 0.14 −2.96 −3.10

Elective ↑30%
Emergency ↓30%

1.47 1.25 0.88 0.24 −2.87 −3.12

Elective ↓10%
Emergency ↑10%

1.28 0.90 0.37 0.05 −3.05 −3.08

Elective ↓30%
Emergency ↑30%

1.18 0.72 0.11 −0.05 −3.13 −3.07

Cost of rescanning – base case £68

Cost of rescan ↓10% 1.10 0.69 0.20 −0.03 −2.81 −2.77

Cost of rescan ↓30% 0.64 0.11 −0.41 −0.28 −2.42 −2.11

Cost of rescan ↑10% 1.56 1.28 0.80 0.22 −3.20 −3.42

Cost of rescan ↑30% 2.02 1.87 1.41 0.47 −3.59 −4.07

↓, decreased by; ↑, increased by.
a In the base case, 0.029 relates to the mortality following surgery for screen-detected individuals, whereas 0.074 relates

to those opportunistically detected. The data available from the NAAASP do not make a distinction.
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Discrete Event Simulation for Decision

Modeling in Health Care: Lessons from
Abdominal Aortic Aneurysm Screening
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Abstract

Markov models are often used to evaluate the cost-effectiveness of new healthcare interventions but they are some-
times not flexible enough to allow accurate modeling or investigation of alternative scenarios and policies. A Markov
model previously demonstrated that a one-off invitation to screening for abdominal aortic aneurysm (AAA) for men
aged 65 y in the UK and subsequent follow-up of identified AAAs was likely to be highly cost-effective at thresholds
commonly adopted in the UK (£20,000 to £30,000 per quality adjusted life-year). However, new evidence has
emerged and the decision problem has evolved to include exploration of the circumstances under which AAA screen-
ing may be cost-effective, which the Markov model is not easily able to address. A new model to handle this more
complex decision problem was needed, and the case of AAA screening thus provides an illustration of the relative
merits of Markov models and discrete event simulation (DES) models. An individual-level DES model was built
using the R programming language to reflect possible events and pathways of individuals invited to screening v. those
not invited. The model was validated against key events and cost-effectiveness, as observed in a large, randomized
trial. Different screening protocol scenarios were investigated to demonstrate the flexibility of the DES. The case of
AAA screening highlights the benefits of DES, particularly in the context of screening studies.
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Modeling will almost always constitute an essential com-
ponent of an economic evaluation to inform decision
making, to overcome the limitations of available rando-
mized trial data.1 In screening studies, where much of
the cost is upfront and benefits accrue over a long period
of time, there is a need for modeling approaches that can
contribute to long-term economic evaluations. The
choice of modeling technique is at the discretion of the
analyst and often reflects an implied trade-off between
simplicity and realism in reflecting a disease’s natural
history, treatment, and patient outcomes.2,3 Markov
models have been widely used, as they provide a simple
mechanism to estimate the long-term costs and effects of
healthcare interventions.4 Discrete event simulation
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(DES) is a less common alternative that avoids the use of
states and fixed cycle lengths and instead models events
at the individual level. Some have suggested that DES
should always be preferred, whereas others have high-
lighted particular circumstances where DES should be
favoured.5,6 The case of abdominal aortic aneurysm
(AAA) screening offers an illustration of the relative
merits of these techniques.

An AAA is commonly defined as an aortic diameter
�3.0 cm. A long-term Markov model demonstrated that
offering population screening for AAA to men aged 65 y
in the UK was likely to be highly cost-effective.7 This
model was largely populated using data from the 4-y
follow-up of the randomized Multicentre Aneurysm
Screening Study (MASS),8 and adopted the same screen-
ing methods, surveillance intervals (for 3.0 to 5.4 cm
AAAs) and AAA diameter threshold (5.5 cm) for refer-
ral for elective surgical intervention as in MASS. The
MASS trial of 67,800 men aged 65 to 74 showed that an
invitation to a one-off ultrasound scan and surveillance
or referral for elective surgical intervention of identified
AAAs was effective in reducing AAA-related mortality,
initially at the 4-y follow-up,8 and subsequently at
longer-term follow-up.9 The results from the modeling
and the MASS trial formed a large part of the evidence
base supporting the phased implementation from 2009
of the NHS AAA Screening Programme (NAAASP) in
England, with full coverage across the UK by the end of
2013.

Research into the clinical and cost-effectiveness of
AAA screening has evolved since the first Markov mod-
eling was performed, with the emergence of new data
and evidence. Initial observational data from NAAASP
suggested that the current prevalence of AAAs is sub-
stantially lower than that observed in MASS (1.6% v.
4.9%). The Markov model (MM) was updated to reflect
this lower prevalence as well as changes in costs, the
increased use of endovascular surgical techniques, meta-
analyzed data on growth and rupture rates,10,11,11 and
longer-term MASS follow-up.12 The results suggested
screening is still likely to be highly cost-effective, with a
long-term incremental cost-effectiveness ratio of £7,370
(95%CI, £5,467 to £9,443) per quality-adjusted life year
(QALY). Other studies based on populations in
Denmark13 and Sweden,14 with similar AAA prevalence,
support this conclusion.

However, different programs and randomized trials
have adopted diverse surveillance intervals, with little
consensus on optimal intervals.15 More substantial sur-
veillance data from the RESCAN project was incorpo-
rated into an adapted MM to investigate different

surveillance intervals, and the results suggested that
lengthening the time between rescans for men with the
smallest aneurysms could be done at acceptable clinical
risk10 and would be a cost-effective strategy.11 Some of
the protocols around screening have also come under
scrutiny. For example, the definition of an AAA as an
aortic diameter �3.0 cm is somewhat arbitrary: there is
evidence that many individuals with screen-detectable
sub-aneurysmal aortic dilation (2.5 to 2.9 cm) will prog-
ress to AAA within 10 y.16 The implications for screening
remain unclear. There have also been some suggestions
that the surgical threshold itself should be altered.17

In light of these findings, the decision problem no lon-
ger relates only to ‘‘screening’’ v. ‘‘no screening’’ for older
men but has evolved to include the circumstances under
which screening may be cost-effective.18-21 Modeling
allows these questions to be addressed without conduct-
ing costly primary research and could extend to varying
a number of fixed parameters (e.g., surveillance intervals,
the AAA diameter threshold for referral for elective sur-
gery, screening of women, targeted screening based on
patient characteristics). However, MMs can be inflexible.
This inflexibility was demonstrated by the extensive re-
programming needed to build tunnel states in the MM
when the model was adapted to assess different surveil-
lance intervals.11 Such analyses are important for existing
programs aiming to improve their performance or extend
population coverage, as well as for other countries con-
sidering implementation. Therefore, a model better able
to handle this decision problem is required. This paper
describes: 1) the development and validation of a DES
model to estimate the clinical and cost-effectiveness of
AAA screening; and 2) the use of the DES to explore the
cost-effectiveness of screening under various scenarios,
which was not possible with the original MM.

Methods

Development of a Simulation Model

A DES was implemented using the freely available statis-
tical programming language R and based on the original
MM.7 The original MM defined several health states that
related to AAA identification, aortic diameter (\3.0 cm,
3.0 to 4.4 cm, 4.5 to 5.4 cm, �5.5 cm) and associated
events (rupture, surgical consultations, elective and emer-
gency AAA repair, death). A set of transition probabil-
ities determined movements between health states for the
two populations (invited to screening and not invited).
The MM operates at the cohort level: events, mean costs,
and QALYs are calculated from the proportions of the
cohort that inhabit the different health states in each 3-
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mo cycle. In contrast, the DES functions at an individual
level, simulating sequences of events that occur as a con-
tinuous process over time and calculating the associated
mean costs and QALYs. It allows individual patient het-
erogeneity to be characterized and accounts for events as
they occur, removing the need for any assumptions relat-
ing to averaging costs or outcomes across cycles.

An Event Scheduling Approach

Full details of the DES are available in the SWAN proj-
ect National Institute for Health Research Health
Technology Assessment monograph. The DES adopts
an event-scheduling approach by generating a sequence
of events for each individual, using a list of events that
are ‘‘scheduled’’ for the future (future events list; FEL).
The DES has an explicit simulation clock, chooses the
event that has the earliest sampled time, and records it in
the individual’s sequence of events. It then schedules,
reschedules, or cancels other scheduled events as neces-
sary, updating the FEL (for example, if a surveillance
rescan finds that an individual’s aortic diameter is above
the threshold for elective surgery, then a consultation is
scheduled). This process is repeated until death or cen-
soring (dependent on model time horizon). The possible
sequences of events are shown in Figure 1.

Individuals are assigned an aortic diameter, drawn
from a population distribution, and a latent parameter
describing the growth rate of their aorta over time.
Details of the aortic growth model are given in the
Supplementary Material. Non-AAA death and AAA
rupture events are scheduled in the future, and if the indi-
vidual is in the ‘‘invited’’ group, then an invitation is also
scheduled. If the individual is in the ‘‘non-invited’’ group,
then an ‘‘incidental detection’’ event is scheduled. The
time to AAA rupture is dependent on the individual’s ini-
tial aortic diameter and their latent growth rate. In most
instances, the scheduled AAA rupture time will be so far
in the future that there is no chance of the event occur-
ring. The ‘‘incidental detection’’ event is scheduled to
occur only after the time at which an individual’s aortic
diameter reaches the diagnosis threshold (e.g., 3.0 cm).

The DES simulates people in pairs, like identical
twins, one of whom is in the invited group and one in
the non-invited group. The twins have certain character-
istics in common: they have the same times of non-AAA
death and AAA rupture in their FELs, the same initial
aortic diameter and growth rate, and the same values of
certain parameters, such as indicators (binary variables)
for whether they would be contraindicated for surgery
and whether they would survive emergency surgery.

Differences in costs and outcomes result from the differ-
ent events that are scheduled due to involvement or oth-
erwise in the screening programme.

Joint Continuous AAA Growth and Rupture
Model

A major difference between the DES and the MM is that
the DES uses a joint continuous-time model for aortic
growth and rupture11 rather than defining 4 AAA size
states. Additionally, when an individual’s aorta is
scanned, the measurement is generated by calculating the
diameter according to this model and adding measure-
ment error, which is specific to the type of scan used
(i.e., ultrasound or computed tomography [CT]). Further
alterations related to the move from fixed cycles to a
continuous process were made. For example, surgical
waiting time was previously separated into two periods:
the time from discovery to consultation (71 d) and from
consultation to surgery (59 d).22 In the MM, it was
assumed that this total waiting time could be considered
as a 3-mo cycle. The DES would enable these periods to
be easily changed if appropriate.

A Hierarchy of Functions

The R program for the DES is made up of a hierarchy of
functions or routines: 1) a probabilistic sensitivity analy-
sis (PSA), which consists of running the main analysis
multiple times; 2) the main individual patient simulation
analysis, which consists of simulating and analyzing mul-
tiple pairs of individuals; 3) the function to process one
pair; and 4) the function to generate a sequence of events
for an individual. These functions are shown in Figure 2.

The R code developed for this project is available on
request from the authors.

The DES involves a large number of parameters.
These can be classified into several sets: global fixed
parameters, global uncertain parameters, and parameters
that are specific to an individual or a pair of twins (‘‘glo-
bal’’ refers to population parameters and ‘‘uncertain’’
means that a parameter follows a random distribution).
Like the functions, these sets form a hierarchy. For
example, in a PSA, a beta distribution is used to generate
the probability that an individual will die following
emergency surgery, if they have emergency surgery. The
parameters of the beta distribution are global fixed para-
meters, and the probability is a global uncertain para-
meter. In the main analysis, when a pair of twins is
created, the probability is used as the parameter in a
Bernoulli distribution to generate the indicator for the
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twins’ emergency surgery outcomes. The indicator is a
variable specific to the pair of twins.

The hierarchy extends downward by two more levels.
When the DES generates an individual’s sequence of
events, it needs to record the intervention group (i.e.,
invited or not), which can be regarded as an individual-
specific parameter, and when an aorta measurement is
generated, a new and unique value of the measurement
error is created, which can be regarded as an event-
specific parameter. Figure 2 shows how the sets of para-
meters are passed from one function to another. The
definitions of the parameters require judgement and
depend on the nature of the input data. For instance,
the costs of the scans and other events could be defined
as global fixed parameters, if their values are known

with great certainty, or global uncertain parameters if
they are not.

Cost-effectiveness Analysis

The cost-effectiveness analysis consists of simulating a
large number of individuals, calculating their life-years
and costs, and calculating the mean life-years and costs
over all the patients in the groups invited to screening
and not invited. Given that the model outputs are driven
by those individuals who have an AAA, these individuals
were oversampled (and later calculations were adjusted
to account for this), which reduces considerably the
Monte Carlo error when estimating incremental effects
and costs. PSA is conducted to account for uncertainty in

Figure 1 Possible sequences of events in the abdominal aortic aneurysm (AAA) screening discrete event simulation model.
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Figure 2 Abdominal aortic aneurysm (AAA) screening discrete event simulation model: Hierarchy of functions.
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the model parameters; repeated sets of values for the glo-
bal uncertain parameters are generated, and the main
analysis is run for each set of values. The mean incremen-
tal cost and effectiveness (i.e., QALYs), together with the
incremental cost-effectiveness ratio (ICER) and incremen-
tal net monetary benefit (INMB), are calculated for each
set, and the distribution of values is used to estimate the
probability that the screening program is cost-effective.

Programming Practice

The DES is a moderately complicated computer program,
and it was therefore necessary to follow basic principles of
good programming to ensure that it would run correctly
and be maintainable and usable in the future. For exam-
ple, each function has a clearly defined single purpose that
can easily be understood from its name, and priority was
given to making the source-code simple, clear, and read-
able (by other people) rather than computationally fast.
The DES was written using a mostly ‘‘functional’’ pro-
gramming style: the basic building-blocks are functions,
and functions do not modify things outside themselves but
simply perform actions and then either display output or
return relevant quantities (e.g., parameters, event-times).
R is convenient for statistical and scientific programming,
and it allows loops (or iterative processes) to be written to
run in parallel (which is not the case with all programming
languages). The DES is eminently suited to parallelization,
which speeds it up considerably.

Model Validation

The original MM was validated against the MASS trial
4-y follow-up to check the appropriateness of model out-
puts. The validation involved comparing the numbers of
key events (e.g., AAA ruptures, number of elective oper-
ations) and mean costs and life-years, as observed in the
trial, with model outputs based on a simulated popula-
tion of the same size. The MM was able to replicate the
observed data reasonably.7,23 For the DES, a similar pro-
cess was carried out, again using the 4-y MASS follow-
up data. Costs and life-years were discounted at 6% and
1.5% per y, respectively, to be consistent with the origi-
nal rates used in the 4-y follow-up analysis.

Input parameters for the DES were derived from the
MASS 4-y follow-up, where possible, including non-
AAA death rates, to enable validation. Other adapta-
tions were made to improve the DES model fit to the
observed MASS outputs. The parameters for the aorta
growth model were chosen such that, at baseline, there
were the same proportions of individuals with aortic size

\3.0 cm, 3.0 to 4.4 cm, 4.5 to 5.4 cm and �5.5 cm as in
MASS. Growth rates were based directly on those
observed in the screen-detected MASS population, with
growth rates for those 2.0 to 2.9 cm extrapolated from a
fitted mixed model, and growth rates set to zero for
those \2.0 cm at baseline (see Supplementary Material
for more details). All aorta measurements that were per-
formed by CT scan (at consultation only) were, on aver-
age, 0.24 cm larger than an ultrasound scan, to account
for CT scanning measuring outer-to-outer rather than
inner-to-inner diameters.11 Individuals were censored at
uniformly random times between 3 and 5.25 y, because
the ‘‘4-y’’ follow-up of the MASS data had censoring
times similar to this uniform distribution. Full details of
the input parameters and characterization of uncertainty
is detailed in Supplementary Table 1.

New Model Scenarios

After validation against the MASS trial 4-y follow-up,
parameter values in the DES were updated to reflect more
contemporaneous estimates, the full details of which are
provided in Supplementary Table 2. National mortality sta-
tistics24 were used for non-AAA death rates. The NAAASP
baseline aortic diameter distribution was used in the aorta
growth and rupture model, with growth and rupture rates
based on RESCAN data.25 As before, growth rates \3.0
cm were extrapolated from a model or were set to zero.
Costs, attendance rate, and other parameters were updated
as described by Glover and others,12 with QALYs esti-
mated by applying population norm utility weights to life-
years accrued. The model structure was further altered to
allow for endovascular aneurysm repair (EVAR) as well as
open repair, with a proportion of surgery by EVAR, which
incurred a different cost and post-operative mortality rate
compared to open surgery.11 The base case was run over a
30-y time horizon for 65-y-old men invited or not invited to
screening, for 10 million pairs of individuals. PSA, based on
1,000 runs with 500,000 pairs of individuals, was used to
characterize uncertainty in input parameters. Costs and
QALYs were discounted at 3.5% per y.

Two modeling scenarios were explored, showing the
flexibility of the DES to estimate the cost-effectiveness of
screening under various protocols. The first built on an
analysis previously performed using the MM, to identify
more cost-effective surveillance intervals for men in the
screening program.11 The second allowed the inclusion
of surveillance for men with sub-aneurysmal aortic dia-
meters (2.5 to 2.9 cm at first screen). Each of these differ-
ent scenarios was compared to the existing program in
terms of costs and QALYs.
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Scenario 1: Different Surveillance Intervals. Analysis
performed using the MM suggested that lengthening sur-
veillance intervals for the smallest identified AAAs
would be cost-effective according to thresholds com-
monly adopted in the UK (£20,000 to £30,000 per
QALY).11 However, the different surveillance strategies
considered were limited to varying the time between
monitoring for two AAA size groups (3.0 to 4.4 cm, and
4.5 to 5.4 cm). Unlike the MM, the DES can be easily
adapted to use any number of plausible AAA size cut-
offs, or to consider differing surveillance intervals. Here,
the current NAAASP surveillance strategy of 1-year (3.0
to 4.4 cm AAAs) and 3-month (4.5 to 5.4 cm AAAs)
intervals is compared to a strategy of 2-year (3.0 to 3.9
cm AAAs), 1-year (4.0 to 4.4 cm AAAs), and 3-month
(4.5 to 5.4 cm AAAs) intervals.

Scenario 2: Inclusion of Sub-aneurysmal (2.5 to 2.9 cm)
Aortas. The threshold definition of an AAA used in the
DES was lowered from 3.0 cm to 2.5 cm. Individuals
identified with an aortic diameter of 2.5 to 2.9 cm had
surveillance scans scheduled at intervals of 5 years, with
the intervals currently adopted by NAAASP maintained
for AAAs between 3.0 cm and 5.4 cm.

Results

DES Model Validation

The DES validated reasonably against the MASS 4-y
data. The DES broadly agreed with both the observed
MASS 4-y follow-up and the original MM in terms of

differences in life-years and costs (Table 1). However,
like the MM, the 4-y ICER for the DES was higher than
in the MASS data. Table 2 shows the total numbers of
events as observed in MASS and estimated by the origi-
nal MM and the DES. For most events, the numbers of
events were similar, as were the ratios of events in the
DES to events in MASS show. The numbers of non-
AAA deaths matched very closely, primarily because the
MM and DES used non-AAA death rates from MASS
and most individuals do not experience AAA rupture.
As examples of cumulative events over time, Figure 3
shows the numbers of emergency operations in the non-
invited group and AAA deaths in the invited group esti-
mated by the DES, compared to the observed numbers
in the MASS 4-y follow-up.

New Model Scenarios

The updated model after validation, using contempora-
neous data sources, estimated a 30-y ICER of £6,352
(95%CI, £5,059 to £8,808) per QALY (Table 3). This
compares to a 30-y ICER of £7,370 produced by the
MM.12 The 1,000 iterations on the cost-effectiveness
plane and cost-effectiveness acceptability curve shown in
Figure 4 demonstrate that a one-off invitation to AAA
screening and subsequent follow-up of identified AAAs
is highly likely to be cost-effective, with no iterations
outside the cost-effective region.

The estimated INMBs for both new scenarios were
positive when compared with the existing screening pro-
gram at a willingness-to-pay threshold of £20,000 per
QALY (Table 4). The longer surveillance interval for the

Table 1 Life-years and Costs According to the 4-y MASS Follow-up, Markov Model (Kim and others7) and the DESa

MASS Observed Markov Model DES Model

Non-invited group
Life-years 3.816 3.905 3.753
Cost £35.03 £32.74 £39.11

Invited group
Life-years 3.819 3.907 3.754
Cost £98.42 £98.32 £101.97

Difference
Life-years 0.0022 0.0017 0.0015
Cost £63.39 £65.58 £62.86

ICER £28,400 £37,700 £42,137
(95% CI) (£15,000, £146,000) (£19,700, £147,000) (£19,935, £3,277,596)b

DES, discrete event simulation; ICER, incremental cost-effectiveness ratio; MASS, Multicentre Aneurysm Screening Study.
aLife-years discounted at 1.5% per y and costs at 6% per y.
bReported as uncertainty interval produced by 1,000 probabilistic sensitivity analysis (PSA) iterations (after assigning ICERs with negative

incremental effects and positive costs to be infinite). Mean estimates from 1,000 PSA iterations for the difference in life-years, costs, and the

ICER were 0.0015, £62.91 and £46,032, respectively.
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smallest AAAs (scenario 1) resulted in a small cost sav-
ing, as those with 3.0 to 3.9cm AAAs are screened less
often than in the existing program. The longer surveil-
lance interval was also associated with almost no change
in QALYs. Extending the surveillance program to those
with 2.5 to 2.9 cm aortic diameters (scenario 2) was asso-
ciated with additional benefits but greater costs.
However, the model suggests that rescanning these indi-
viduals at 5-y intervals could be cost-effective, with an
INMB of £10 per individual invited to screening. The
estimate of the INMB for scenario 1 was positive; how-
ever, the CI from the PSA included zero; the probability
of it being cost-effective compared with the current strat-
egy was 0.68. The INMB for scenario 2, with a CI that
excludes zero, suggests that a surveillance for those with
an aortic diameter between 2.5 and 2.9 cm is a cost-
effective strategy as compared with the current strategy.

Discussion

In assessing screening programs, modeling techniques
are particularly relevant given that most of the costs are
upfront, but benefits continue to accrue over time. The
validated MM built by Kim and others7 demonstrated
that AAA screening for men aged 65 y in the UK was
likely to be cost-effective, but the model was inflexible
when trying to address questions around configuration

and optimization of screening. The creation of the DES
has overcome these problems and the case of AAA screen-
ing highlights situations where DES may provide the most
appropriate method to perform an economic evaluation,
particularly when surveillance or rescreening is based on
patient characteristics or risk markers (in this instance,
AAA size). However, it cannot be asserted that the deci-
sion around the conceptual model should have been differ-
ent at the onset of the research. The evolution of the
decision problem has necessitated the re-conceptualization.
Indeed, the MM served a valuable and timely purpose in
showing the long-term cost-effectiveness of a one-off invi-
tation to screening in the UK for men aged 65 y.

The DES built was based on the original MM, which
itself was largely based on the MASS trial. This allowed
the validation of the DES against observed MASS follow-
up events and cost-effectiveness results. Overall, the DES
validation process was similar to that for the MM, and no
major changes were necessary to produce a comparison of
key outputs. Given that some of the parameters in the
model were not based on data directly observed in MASS
(e.g., incidental detection rate), further calibration to fit
MASS-observed data could have been undertaken to bet-
ter replicate the number of events or the cost-effectiveness
results based on trial data. This type of calibration was per-
formed to produce a better fit using the MM.24 However,
when trying to validate a model against data from a study

Table 2 Key Events Observed in the MASS 4-y Follow-up, and as Estimated by the Markov Model (Kim and others7) and the
DES

MASS Observed Markov Model
a

DES Model
a

DES Model (% of MASS)

No invitation group
Elective operation 100 83 98 98
Emergency operation 62 62 68 110
Rupture 138 141 154 112
Contraindicated for elective surgery NA 14 16 NA
AAA death 113 109 120 106
Non-AAA death 3,750 3,724 3,696 99

Invited group
Elective operation

Resulting from screen detection 295 282 330 112
Resulting from incidental detection 31 25 27 86

Emergency operation 28 34 30 106
Rupture 66 78 67 102
Contraindicated for elective surgery

Resulting from screen detection 41 46 54 131
Resulting for incidental detection NA 5 5 NA

AAA death 65 69 63 98
Non-AAA death 3,694 3,724 3,700 100
Loss to recall follow-up 290 289 278 96

AAA, abdominal aortic aneurysm; DES, discrete event simulation; MASS, Multicentre Aneurysm Screening Study; NA, not available.
aEstimated for a sample size of 33,961 participants in the control group and 33,839 in the invited group, as in MASS.
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in this way, there is a risk of creating a cyclical process. If
too much information from the study is used, then the
model output might match the data very well but the
model may not predict well over a longer time horizon,
rather like the issue of overfitting in statistical modeling.
The differences between the DES and MM may be partly
explained by the approach developed to handle aortic
growth of those AAA \3.0 cm at first screen. The perfor-
mance of the DES in the validation gives some confidence
in using the model to extrapolate over a longer term.12,23

The general advantages of DES in health economic
modeling have been extolled previously.2,6,26–28 They

offer a decision modeler greater flexibility to adequately
reflect clinical pathways, characterize baseline patient
heterogeneity, allow event rates that change over time or
depend on patient characteristics, and avoid the con-
straints of state transitions and fixed cycles imposed by
the MM. In the case of AAA screening, there are 3 par-
ticular characteristics that mean that a DES is superior:
firstly being able to define the size of a AAA as a contin-
uous variable, which also allows measurement error in
the ultrasound observations; secondly, allowing hetero-
geneity in the AAA growth rates between different indi-
viduals, with uncertainty easily characterised, something

Figure 3 Cumulative numbers of events in the 4-y MASS data and the DES for: (a) emergency operations in the non-invited
group and (b) AAA deaths in the invited group. AAA, abdominal aortic aneurysm; DES, discrete event simulation; MASS,
Multicentre Aneurysm Screening Study.
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that is difficult to recreate in an aggregate discrete-state
MM, even by varying the transition probabilities over
time; and thirdly the ease with which time-varying sur-
veillance intervals and other changes to the screening
programme can be defined and evaluated. There are gen-
erally perceived trade-offs between the simplicity of an
MM and the complexity of a DES, particularly related
to model build time, potential data requirements, and

model run times; the latter will always be a consider-
ation. However, the advantages of DES models start to
outweigh other factors as the complexity of the decision
problem and modeled pathway increases, especially if
structural modifications and further data analysis are
necessary to deal with different scenarios.

The results of the scenarios presented here would be
difficult to replicate in an MM, constrained by the state

Figure 4 Long-term (30-y) cost-effectiveness of one-off invitation to AAA screening: (a) 1,000 probabilistic sensitivity analysis
iterations (current NAAASP program), (b) cost-effectiveness acceptability curve. AAA, abdominal aortic aneurysm; NAAASP,
National Health Service AAA screening programme .
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transition approach. The problem of modeling different
surveillance intervals was encountered in previous work
on AAA screening and required the re-programming of 6
different incarnations of the MM,11 each containing a
different number of 3-mo tunnel states. For each surveil-
lance interval that was different from the original screen-
ing strategy, tunnel states that allowed unobserved aortic

growth and a related rupture rate in each cycle were nec-
essary. Members of the cohort in these unobserved tun-
nel states were then able to move back into observed
states at each rescan. It would have been desirable to
explore more combinations of screening intervals and
associated AAA size cut-offs. However, the structural
changes that are a necessity in an MM would have made
this a time-consuming process, thus limiting the number
of analyses that could be considered. Conversely, the
DES can easily assess any combination of surveillance
intervals. To change the interval for patients with a 3.0 to
3.9 cm AAA from one to two years is trivial, because the
DES is programmed to allow the input of any chosen
partition of the aortic size range with an associated
screening interval for each part. This is only possible
because an individual’s AAA size is measured on a con-
tinuous scale. The problems of state transition are further
demonstrated when trying to assess the cost-effectiveness
of including sub-aneurysmal AAAs in a screening pro-
gram. In the MM, a new AAA state (2.5 to 2.9 cm with
5-y surveillance intervals) would need to be incorporated,
with extensive reprogramming. In the DES, all that is
necessary is to insert ‘‘2.5’’ in the list of surveillance
thresholds and ‘‘5’’ in the list of intervals. In addition, the
DES parameters can also be easily made to depend on
individual-level covariates (e.g., age-dependent mortality
rates after surgery).

The DES can be used to assess the cost-effectiveness of
other policy-relevant protocol changes, including the surgi-
cal threshold, the age at first screen, and recalling all those
screened normal at first screen after a period of time. The
model has been parametrized as part of the SWAN29 study

Table 3 Discrete Event Simulation: Long Term (30-y) Cost-
effectiveness of One-off Invitation to AAA Screening for 65-y-
old Mena

DES Model

No invitation group
Life-years 12.601
QALYs 9.681
Cost £164

Invited group
Life-years 12.611
QALYs 9.689
Cost £213

Difference
Life-years 0.01031
QALYs 0.00781
Cost £50

ICER (QALYs) £6,352
(95%CI)b (£5,059 to £8,808)

DES, discrete event simulation; ICER, incremental cost-effectiveness

ratio; QALY, quality-adjusted life year.
aLife-years, QALYs, and costs discounted at 3.5% per y.
bReported as uncertainty interval produced by 1,000 probabilistic

sensitivity analysis iterations. Mean estimates from 1,000 PSA

iterations for the difference in life-years, QALYs, costs, and the ICER

were 0.01050, 0.00796, £50 and £6,388, respectively.

Table 4 Long-term (30-y) Cost-effectiveness. Scenario 1: Surveillance Intervals of 2 Y (3.0–3.9 cm AAAs), 1 Y (4.0–4.4 cm
AAAs) and 3 Mo (4.5–5.4 cm AAAs). Scenario 2: Inclusion of Sub-aneurysmal (2.5–2.9 cm) AAAs in Screening Programmea

Current Strategy Scenario 1 Scenario 2

Mean incremental QALYs 0.00781 0.00781 0.00860
Mean incremental cost £49.61 £48.54 £55.17

Compared to current strategy:
Mean incremental QALYs NA 0.00000 0.00080
Mean incremental cost NA -£1.07 £5.56

ICER (QALYs)
(95%CI)b

NA Dominant £7,002
(4,615 to 12,233)

INMBc

(95%CI)b
NA £0.99

(-2.03 to 3.35)
£10.33

(2.99 to 21.52)

ICER, incremental cost-effectiveness ratio; INMB, incremental net monetary benefit; QALY, quality-adjusted life year.
aLife-years, QALYs and costs discounted at 3.5% per y.
bAt a willingness-to-pay of £20,000 per QALY.
cReported as uncertainty interval produced by 1000 probabilistic sensitivity analysis iterations Mean estimates from 1000 PSA iterations for the

difference in QALYs, costs, and the ICER for scenario 1 were 0.00000, £21.08, and NA; and for scenario 2 were 0.00080, £5.58 and £7,233,

respectively.
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and used to assess the likelihood of screening (with various
protocols) women being cost-effective.

The restructuring of the model as a DES was, as might
be expected, a relatively complex undertaking. Nevertheless,
coding in a language such as R enables greater clarity and
transparency compared to software designed for simulation
modeling. However, the computational requirements of the
DES were extensive, given the number of individuals needed
to reduce sampling variation to an acceptable level and
characterizing uncertainty through PSA. Run time was in
the region of 24 h to run the model with 500,000 patients
and 1,000 PSA iterations, even with parallelization and the
use of a high-powered computer.

Acknowledgments

SWAN collaborative group: Simon G. Thompson (Chief
Investigator), Michael J. Sweeting, Edmund Jones, Katya L.
Masconi (University of Cambridge); Janet T. Powell, Pinar Ulug
(Imperial College London); Matthew J. Bown (University of
Leicester); Matthew J. Glover (Brunel University London). The
authors thank colleagues at Brunel University London and in par-
ticular Professor Doug Coyle and Professor Martin Buxton for
comments on versions of this manuscript. Any remaining deficien-
cies or inaccuracies are solely the responsibility of the authors.

Supplementary Material

Supplementary material for this article is available on the
Medical Decision Making Web site at http://journals.sagepub
.com/home/mdm.

ORCID iD

Matthew J. Glover http://orcid.org/0000-0001-9454-2668

References

1. Buxton MJ, Drummond MF, Van Hout BA, et al. Model-

ling in economic evaluation: An unavoidable fact of life.

Health Econ. 1997;6:217–27.
2. Brennan A, Chick SE, Davies R. A taxonomy of model

structures for economic evaluation of health technologies.

Health Econ. 2006;15:1295–310.
3. Halpern MT, Luce BR, Brown RE, Geneste B. Health and

economic outcomes modeling practices: A suggested

framework. Value Health. 1998;1:131–47.
4. Briggs A, Sculpher M. An introduction to Markov

modelling for economic evaluation. Pharmacoeconomics.

1998;13:397–409.
5. Karnon J, Haji Ali, Afzali H. When to use discrete event

simulation (DES) for the economic evaluation of health

technologies? A review and critique of the costs and bene-

fits of DES. Pharmacoeconomics. 2014;32:547–58.
6. Caro JJ, Moller J, Getsios D. Discrete event simulation:

The preferred technique for health economic evaluations?

Value Health. 2010;13:1056–60.

7. Kim LG, Thompson SG, Briggs AH, Buxton MJ, Camp-

bell HE. How cost-effective is screening for abdominal

aortic aneurysms? J Med Screen. 2007;14:46–52.
8. Ashton HA, Buxton MJ, Day NE, et al. The multicentre

aneurysm screening study (MASS) into the effect of

abdominal aortic aneurysm screening on mortality in men:

A randomised controlled trial. Lancet. 2002;360:1531–9.
9. Thompson SG, Ashton HA, Gao L, Buxton MJ, Scott

RA, Multicentre Aneurysm Screening Study (MASS)

Group. Final follow-up of the multicentre aneurysm

screening study (MASS) randomized trial of abdominal

aortic aneurysm screening. Br J Surg. 2012;99:1649–56.
10. RESCAN Collaborators, Bown MJ, Sweeting MJ, Brown

LC, Powell JT, Thompson SG. Surveillance intervals for

small abdominal aortic aneurysms: A meta-analysis.

JAMA. 2013;309:806–13.
11. Thompson SG, Brown LC, Sweeting MJ, et al. Systematic

review and meta-analysis of the growth and rupture rates

of small abdominal aortic aneurysms: Implications for sur-

veillance intervals and their cost-effectiveness. Health Tech-

nol Assess. 2013;17:1–118.
12. Glover MJ, Kim LG, Sweeting MJ, Thompson SG, Bux-

ton MJ. Cost-effectiveness of the national health service

abdominal aortic aneurysm screening programme in Eng-

land. Br J Surg. 2014;101:976–82.
13. Lindholt JS, Juul S, Fasting H, Henneberg EW. Prelimi-

nary ten year results from a randomised single centre mass

screening trial for abdominal aortic aneurysm. Eur J Vasc

Endovasc Surg. 2006;32:608–14.
14. Svensjo S, Bjorck M, Wanhainen A. Current prevalence of

abdominal aortic aneurysm in 70-year-old women. Br J

Surg. 2013;100:367–72.
15. Stather PW, Dattani N, Bown MJ, Earnshaw JJ, Lees TA.

International variations in AAA screening. Eur J Vasc

Endovasc Surg. 2013;45:231–4.
16. Wild JB, Stather PW, Biancari F, et al. A multicentre

observational study of the outcomes of screening detected

sub-aneurysmal aortic dilatation. Eur J Vasc Endovasc

Surg. 2013;45:128–34.
17. Paraskevas KI, Mikhailidis DP, Andrikopoulos V, Bessias

N, Bell SP. Should the size threshold for elective abdominal

aortic aneurysm repair be lowered in the endovascular era?

Yes. Angiology. 2010;61(7):617–9.
18. Powell JT, Thompson SG. Should the frequency of surveil-

lance for small abdominal aortic aneurysms be reduced?

Eur J Vasc Endovasc Surg. 2013;46:171–2.
19. Earnshaw JJ. Should the frequency of surveillance of a

small abdominal aortic aneurysm be reduced? Eur J Vasc

Endovasc Surg. 2013;46:174.
20. The International AAA Screening Group, Bjorck M, Bown

MJ, et al. International update on screening for abdominal

aortic aneurysms: Issues and opportunities. Eur J Vasc

Endovasc Surg. 2015;49:113–5.
21. Davis M, Harris M, Earnshaw JJ. Implementation of

the national health service abdominal aortic aneurysm

450 Medical Decision Making 38(4)



screening program in england. J Vasc Surg. 2013;57(5):
1440-1445.

22. Kim LG. A markov model for long-term cost-effectiveness
modelling of screening for abdominal aortic aneurysms:
Version 2. http://www.mrc-bsu.cam.ac.uk/wp-content/
uploads/A_Markov_model_for_MASS.pdf. Updated 2006.
Accessed 9th July, 2016.

23. Kim LG, Thompson SG. Uncertainty and validation of
health economic decision models. Health Econ. 2010;19(1):
43-55.

24. Office for National Statistics. Interim life tables, england
and wales, 2009-2011. Available from URL: http://
webarchive.nationalarchives.gov.uk/20160105160709/http://
www.ons.gov.uk/ons/publications/re-reference-tables.html?
edition=tcm%3A77-274529. Accessed 18 May 2016.

25. Sweeting MJ, Thompson SG, Brown LC, Powell JT,
RESCAN collaborators. Meta-analysis of individual

patient data to examine factors affecting growth and rup-
ture of small abdominal aortic aneurysms. Br J Surg.
2012;99:655–65.

26. Karnon J. Alternative decision modelling techniques for
the evaluation of health care technologies: Markov pro-
cesses versus discrete event simulation. Health Econ.
2003;12:837–48.

27. Barton P, Bryan S, Robinson S. Modelling in the economic
evaluation of health care: Selecting the appropriate
approach. J Health Serv Res Policy. 2004;9:110–8.

28. Karnon J, Stahl J, Brennan A, et al. Modeling using dis-
crete event simulation: A report of the ISPOR-SMDM
modeling good research practices task force-4. Value

Health. 2012;15:821–7.
29. Screening women for abdominal aortic aneurysms

(SWAN). https://www.journalslibrary.nihr.ac.uk/program
mes/hta/1417901/#/ Accessed December 10 2016.

Glover*, Jones* et al. 451



124

APPENDIX D: Paper 4 

Paper 4: TOMADO 

Sharples L, Glover M, Clutterbuck-James A, Bennett M, Jordan J, Chadwick R, Pittman M, 

East C, Cameron M, Davies M, Oscroft N. Clinical effectiveness and cost-effectiveness 

results from the randomised controlled Trial of Oral Mandibular Advancement Devices for 

Obstructive sleep apnoea-hypopnoea (TOMADO) and Health Technol Assess. 

2014;18(67):1. https://doi.org/10.3310/hta18670 

Extract presented here is: ‘Chapter 4: Long-term cost-effectiveness of oral mandibular 

devices compared with continuous positive airway pressure and conservative management’ 

© Queen’s Printer and Controller of HMSO 2014. This work was produced by Sharples et al. 

under the terms of a commissioning contract issued by the Secretary of State for Health. This 

issue may be freely reproduced for the purposes of private research and study and extracts (or 

indeed, the full report) may be included in professional journals provided that suitable 

acknowledgement is made and the reproduction is not associated with any form of 

advertising. 

https://doi.org/10.3310/hta18670


Chapter 4 Long-term cost-effectiveness of oral
mandibular devices compared with continuous positive
airway pressure and conservative management

Introduction

The results of the within-trial economic analyses based on the TOMADO study data presented in Chapter 2
showed that that all three of the MADs trialled are cost-effective compared with no treatment for
mild to moderate OSAH. The within-trial cost-effectiveness analysis suggests that the SP2, or a similar
semi-bespoke device, should be offered as first-line treatment and that dentally fitted bespoke devices
should be reserved for those who cannot produce the mould for, or tolerate, a semi-bespoke device.
However, there were no statistically significant differences in treatment effects between devices in the
base case and results reflect only the observed 4-week follow-up period, comparing each device with no
treatment as well as between devices. This chapter presents a cost-effectiveness analysis incorporating
long-term effects, to address uncertainties regarding the long-term use of MADs for the treatment of
mild to moderate OSAH.

Obstructive sleep apnoea–hypopnoea is a chronic condition and is associated with considerable long-term
morbidities, which cannot be fully reflected by a within-trial cost-effectiveness analysis with a short
follow-up. For example, large cohort studies have shown that OSAH is associated with hypertension,133

which will have long-term cardiovascular implications including stroke.134 The morbidities associated with
OSAH are likely to manifest themselves after long-term disease. Excessive daytime sleepiness caused
by OSAH also increases the risk of RTAs.135 These relatively rare events are unlikely to be reflected
adequately in short-term trial data.

The long-term and rare events associated with OSAH have survival, QoL and health-care resource use
implications, which are important to incorporate in a cost-effectiveness analysis to inform decision-making.
While TOMADO’s follow-up period was restricted to 4 weeks, partly because of the crossover nature of
the trial and the length of follow-up required for gathering data on the primary clinical outcome (AHI),
this length of follow-up is common among other studies of interventions to treat OSAH (see Chapter 3).
To address longer-term cost-effectiveness, several economic models have been developed.136–142

Decision-makers also need to be able to compare MADs with other relevant interventions not included in
TOMADO. Therefore, an economic model that is able to bring together a range of data sources to chart
the long-term morbidities associated with OSAH, as well as symptomatic relief and changes in HRQoL
provided by different treatments, is required. The NICE Technology Appraisal 139 defined the potentially
suitable treatment options for mild to moderate sleep apnoea as CPAP, MAD or CM.37 CPAP therapy was
recommended in the first instance and oral devices were shown to be cost-effective against CM as an
alternative. However, uncertainties remain about the role MADs may play in the treatment of sleep apnoea.

Following a literature search of economic models for OSAH, McDaid et al.8 found a number of key
limitations with existing economic evaluations:

l studies did not use the full range of clinical evidence available to estimate the impact of treatment
on sleepiness

l a lack of trial-based evidence to compare utility values associated with different treatment options
l limited data on long-term impact of OSAH in terms of cardiovascular risk, RTAs and HRQoL
l the existing evaluations did not examine all the relevant comparators.
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To address these limitations, McDaid et al.8 developed a new model to investigate the cost-effectiveness
of CPAP compared with MADs and conservative care. To adequately characterise OSAH and its treatment,
and ensure that the model was clinically representative, the structure was established from a systematic
review used to inform clinical effectiveness, consultation of existing cost-effectiveness literature and
opinion of clinical experts involved in the technology assessment process. It made good use of available
trial data through a systematic review and meta-analysis of RCTs. The modelling process also followed
NICE methodological guidance and used the reference case37 to increase generalisability.

The perspective, structure, capabilities and treatment options which had been incorporated into the
McDaid et al.8 model corresponded to the aims of this evaluation and, therefore, their peer-reviewed
model formed the starting point of the long-term economic evaluation. Their conclusion that key
uncertainties included the cost-effectiveness of MADs and, hence, the role they should play in the
treatment of OSAH, also serves to highlight the importance of the new research in this chapter: ‘It remains
unclear precisely what type of devices may be effective and in which populations with OSAH. The
effectiveness of dental devices compared with CPAP in mild and severe disease populations
remains unclear’.8

The objectives of the economic analysis presented in this chapter were therefore to update and adapt the
York model where necessary to (i) reflect emerging data since the model was built and (ii) focus on
the mild/moderate severity patient population. This updated model was then used to assess the
cost-effectiveness of MADs, compared with CM and CPAP therapy.

This chapter begins with a summary of the McDaid et al.8 model. It is followed by a description of how
parameterisation was completed on the basis of literature searches undertaken to identify potential new
sources of data and the incorporation of the TOMADO results into modelling. Results of the analysis of the
long-term cost-effectiveness of MADs compared with CPAP and CM for mild/moderate OSAH sufferers are
then presented, as incremental cost per QALY. The discussion of these results with the main policy
interpretation is left to Chapter 5.

The McDaid et al. model
McDaid et al.8 developed a state-transition Markov model to assess the long-term cost-effectiveness of CPAP
therapy compared with MAD and CM as part of a NICE technology appraisal.37 The model charted the
movement of a hypothetical cohort of 50-year-old men, with characteristics pooled from a meta-analysis of
clinical trials of OSAH interventions. Patients were typically overweight (mean BMI= 30 kg/m2) and had high
BP (SBP= 130mmHg). Baseline EDS, measured by mean ESS score, was 12. Various CPAP devices provided by
different manufacturers were treated as one class of intervention. The large numbers of differing MADs used
in trials were pooled for an overall treatment effect. CM involved a one-off consultation with a GP, with some
level of lifestyle advice on how to reduce or cope with symptoms better. Outcomes were summarised as an
incremental cost per QALY for each intervention. The model structure is explained briefly below.

Given the chronic nature of OSAH, the McDaid et al.8 model adopted a lifetime horizon and incorporated
the possibility of CVEs, strokes and involvement in RTAs, as well as accounting for symptomatic effects of
OSAH on QoL. Patients started in an OSAH state and were able to move into a number of different health
states [OSAH post coronary heart disease (CHD), OSAH post stroke and death], reflecting morbidities
linked to long-term OSAH suffering. The model ran on a yearly cycle to chart a hypothetical cohort of
10,000 patients over time.

Figure 30 provides a diagrammatic representation of the model. Elliptical boxes represent health states and
square boxes represent events. Arrows show the direction of transitions between health states and the
occurrence of events. All members of the cohort started in the OSAH state and could stay in that state,
unless a transition occurred, until death. They could move into the post-CHD state if they experienced an
acute CVE and survived. This state allowed for the increased morbidity and mortality associated with
having had a first CHD event. If they did not survive, they moved to the absorbing death state. If they did
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survive, they could remain in this post-CHD state until death, or experience a RTA (fatal or non-fatal) or
suffer a stroke. If they survived a RTA, they remained in the same health state post event. If they survived a
stroke, they moved to the OSAH post-stroke state, where they were again able to remain until death or
experience a RTA. They were not able to move back to a CHD state once they had suffered a stroke.
Patients who had a disabling stroke were assumed to no longer be able to drive and, hence, a proportion
of those in the post-stroke state were not able to have a RTA event.

Patients could suffer a stroke while in the initial OSAH state, in which case, if they survived, they would
move to the post-stroke health state. Here they would be subject to the increased risk of mortality and
morbidity following the first event. Provided the stroke was not disabling they could experience a RTA
(fatal or non-fatal). Patients in the initial OSAH state may at some point have experienced a RTA and,
provided it was not fatal, would stay in the OSAH state until another transition or death.

Movements between states were determined by a set of transition probabilities, derived from various
sources. In the base case, transitions that relate to CVEs and risk of stroke were informed by the
Framingham risk equation, utilising information on baseline characteristics of an OSAH population to
calculate the probability of a CVE (Table 40). Differences in SBP observed under the treatment options
(from a meta-analysis of RCTs) were used in the Framingham equation to differentiate the risk of CVEs and
strokes under each intervention. The equation is based on Weibull models, meaning that predicted risk is
non-linear with respect to each risk factor. McDaid et al.8 tested whether or not use of mean BPs would

Health state

Health event

Transition

Stroke
OSAH

post stroke
RTA

Death
OSAH

CHD

RTA

OSAH
post CHD

RTA

FIGURE 30 Long-term model structure developed by McDaid et al.8

TABLE 40 Model cohort characteristics for use in the Framingham equation

Parameter Mean Source

Age (years) 51 TOMADO mean

SBP 130 TOMADO mean

Smoking (0= no; 1= yes) 0 Assumption (TOMADO 25% smokers)

Total cholesterol (mg/dl) 224 Coughlin et al.143

HDL cholesterol (mg/dl) 43 Coughlin et al.143

Diabetes (0= no; 1= yes) 0 Assumption (TOMADO 7% diabetic)

ECG-LVH (0= no; 1= yes) 0 Assumption

Baseline ESS score 11.9 TOMADO mean

ECG, electrocardiogram; HDL, high-density lipoprotein; LVH, left ventricular hypertrophy.
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bias the results using a set of individual patient data. From the equation, the risk of CVEs and stroke were
predicted using BP for each patient, and the mean taken. This was compared with risk calculated based on
the mean of group BPs. The risk calculated by the two different methods was the same to two decimal
places and, so, use of aggregate-level data did not significantly bias results. The equation was used to
calculate the 4-year probability of an event, with a piece-wise exponential used to convert this into a yearly
probability to correspond to the cycle length.

Long-term observational studies were consulted for estimates of the increased risk of mortality following
events relating to stroke and CHD once an initial event had occurred.144,145 The underlying risk of RTAs (fatal
and non-fatal) was estimated from Department of Transport146 data and was adjusted based on the OR of
RTAs given treatment with CPAP compared with no treatment, taken from an updated meta-analysis by
Ayas et al.136 Given a lack of data on the likelihood of a RTA when using MADs, the ratio of ESS scores
for MAD treatment compared with CM was applied to the OR for RTAs of CPAP compared with CM.
Symptomatic relief provided by different interventions was accounted for using evidence from a
meta-analysis of ESS scores, which were mapped to a QoL scale, in the absence of good HRQoL data.
Regression techniques were used to estimate an algorithm for expressing utility changes, as measured by
EQ-5D-3L and SF-6D pre-scored preference questionnaires to changes in ESS score. Utilities and costs were
assigned to each of the health states and differed depending on the intervention being received. Each
health event had an associated utility loss and acute cost attached to the event.

Costs of interventions were estimated in 2005 prices (£), incorporating the cost of devices and any
on-going resource usage associated with maintenance and replacement, including equipment, staff time
and overheads. CPAP device costs were acquired from McDaid et al.8 Estimation of resource use during the
titration process was taken from a manufacturer’s submission to NICE, which included data elicited from a
group of clinicians regarding proportion titrated by different methods in clinical practice to ascertain
appropriate costs. The machine was assumed to have a lifespan of 7 years (clinical opinion) and masks
replaced annually. It was assumed that the MADs being used was a Thornton Adjustable Positioner®

(Airway Management Inc., Dallas, TX, USA), commonly in use at the time and this was costed according to
NHS Dental contract costs, given the lack of an appropriate NHS cost of the device. The lifespan of a MAD
was assumed to be 2 years (clinical opinion) compared with 12–18 months in the TOMADO study. Unit
costs for NHS resource use (sleep specialist consultations, nurse appointment and GP consultations) were
taken from nationally available NHS reference costs, as well as unit costs published by the Personal Social
Services Research Unit (PSSRU).58,147 Published sources were consulted for estimates of the cost of other
morbidities (CHD, stroke and RTAs) associated with OSAH. Two economic evaluations which had
estimated costs of an acute CHD (and on-going treatment costs of chronic conditions) and stroke events
in a NHS setting were used.148,149 RTA costs were taken from UK Department of Transport estimates.146

Cost and effects were discounted at 3.5% per annum.

The modelling was implemented in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and
results presented as ICERs representing the long-term mean cost per QALY gained for the different
interventions. Uncertainty was explored using probabilistic techniques, by attaching distributions to input
parameters and randomly sampling from them, performing 10,000 iterations to produce estimates of the
distributions of the outcome. This uncertainty was summarised using CEACs, showing the likelihood that
any given device is cost-effective at a given WTP threshold.

Results from McDaid et al.8 indicated a 78% probability that CPAP was cost-effective for the hypothetical
cohort at a threshold of £20,000 per QALY. At this WTP, MADs and CM had a probability of being
cost-effective of 21% and 1%, respectively. Sensitivity analysis suggested that CPAP had the highest
probability of being cost-effective over a wide range of WTP thresholds, even for mild and moderate
subgroups, though the probability of MADs being cost-effective increased for milder subgroups.
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Updating model parameter values
For this cost-effectiveness analysis, the parameters used to populate the economic model were revisited, to
update where necessary and possible. Treatment effects were restricted to a mild/moderate severity group
of OSAH sufferers and taken from the meta-analyses presented in Chapter 3, which incorporated both
TOMADO and other RCT data. Within-trial effects were used in a sensitivity analysis to investigate potential
between device differences in long-term cost-effectiveness. Other data from TOMADO used in the model
included costs and HRQoL. The remaining data for the economic model were produced following
replication of searches first performed by McDaid et al.8 on cardiovascular risk and sleep apnoea,
HRQoL data, and RTA risk and sleep apnoea. A new review on compliance of CPAP and MADs was also
conducted. The decision about whether or not new evidence was chosen in preference to that already
parameterising the model was based on the following criteria:

l evidence was specific to a mild to moderate OSAH population
l estimates were UK specific or more relevant to the NHS
l data were more robust (based on characteristics such as sample size and study design)
l evidence was contemporary compared with previous estimates or
l new evidence facilitated improved modelling (for instance longer-term data or enabling structural

improvements) of OSAH and its treatment.

Cardiovascular risk and obstructive sleep apnoea–hypopnoea syndrome
McDaid et al.8 recognised CVEs as a major source of morbidity associated with OSAH and modelled
accordingly. Based on literature searches, the evidence established a link between OSAH and CVD, the
strongest with regards to OSAH being a risk factor in hypertension,150,152 though there remained some
doubt about whether or not it is an independent risk factor. For this reason, and given a lack of data on
long-term outcomes for treatment of OSAH, CVEs were linked to OSAH using a risk score which accounts
for the increased risk from raised BP.

In order to account for uncertainties around OSAH and cardiovascular risk, assess the current
understanding of the link between OSAH and CVD, and allow for any long-term evaluation of
interventions, the literature search of CVD and its role in OSAH was updated. Although some of the RCTs
identified by the systematic review in Chapter 3 had investigated longer-term CVD outcomes under
treatment, the majority did not and instead focused on intermediate outcomes, mainly BP. Follow-up was
often not sufficiently long to capture these rare events.

Literature search
A search of MEDLINE for 2007–2013 to find articles that referenced OSAH and CVD used a subset of
terms that could be encompassed into CVD (e.g. stroke, heart disease, hypertension) which was very
similar to that performed by McDaid et al.8 (see details in Appendix 14). The original search had also
looked for RTA literature, but this was left to an additional search. The search yielded over 500 papers,
which were screened by title and abstract. The focus was on identifying new analyses of primary data,
including observational studies not identified as part of the systematic review of Chapter 3 and previous
reviews. The majority were excluded as they were not related to OSAH, and 82 were shortlisted, of which
24 were examined in more detail. The 57 excluded were guidelines, commentaries, editorials, letters or
case reviews (n= 18); duplicates or duplicating clinical trial data already identified in the systematic review
(see Chapter 3) (n= 2) [e.g. referring to a different patient population (e.g. focused on central apnoeas or
a younger population) (n= 16)]; did not consider the association between OSAH and CVD risk (n= 10);
were not in the English language; or had only abstracts available (n= 11). Owing to the heterogeneity
between studies in methodology and markers of hypertension used, a narrative review is provided rather
than a formal meta-analysis.

Several studies explored the link between OSAH and CVD. Two studies showed the high prevalence
of cerebrovascular lesions153 and hypertension154 among an OSAH population. In the former,153

the prevalence of silent lacunar infarction among 192 patients with moderate and severe OSAH
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(AHI ≥ 15 events/hour) was higher than among the controls and the patients with mild OSAH (p< 0.0001).
In a population of 125 hypertension sufferers, OSAH was present in 64%, a much higher prevalence than
in the general population.154 A small case–control study (n= 50) found that nearly 60% of patients who
had had a stroke and ischaemic attacks displayed OSAH.155 In a case–control study (63 cases and
63 matched controls), patients with resistant hypertension (inclusion criteria: BP > 140/90mmHg, using at
least three BP-lowering drugs, including a diuretic), 45 of the case subjects were found to be OSAH
sufferers compared with 24 of the controls (p< 0.001).156 Logistic regression gave those with OSAH an OR
for suffering from resistant hypertension of 4.8 (95% CI 2.0 to 11.7). A case-matched study of 227 OSAH
patients used multiple variable regression to estimate an OR for coronary heart failure of 5.47 (95% CI
1.06 to 28.31) for OSAH sufferers compared with controls.157

Several articles analysed data from large cohort studies, with mixed results indicating OSAH as an
independent risk factor for hypertension:

l Young et al.,133 in a subset of data from the Wisconsin Sleep Cohort (n= 1549), found an OR for
4-year incidence of hypertension (defined as BP > 140/90mmHg or treatment with antihypertensives)
of 2.0 (95% CI 1.2 to 3.2) for patients with an AHI of 5–15 events/hour compared with patients with
an AHI < 5 at baseline; patients with an AHI > 15 had an OR for 4-year incidence of hypertension of
2.9 (95% CI 1.5 to 5.6) compared with patients with an AHI < 5 at baseline.

l Marin et al.158 looked at a cohort of control subjects (AHI < 5 events/hour) and OSAH sufferers
(n= 1889) treated with CPAP therapy. They estimated an adjusted HR for incident hypertension
compared with controls which was greater among patients with untreated OSAH; among those
ineligible for CPAP therapy, HR was 1.33 (95% CI 1.01 to 1.75), compared with 1.96 (95% CI 1.44
to 2.66) among those who declined CPAP therapy and 1.78 (95% CI 1.23 to 2.58) among those
non-adherent to CPAP therapy. All displayed higher rates of hypertension than control subjects.

l O’Connor et al.159 using data from the Sleep Heart Health Study (n= 2470 men) after a mean of 2 years
of follow-up and based on the same definition of hypertension, observed an OR (adjusted for age, sex,
race and time since baseline) of 2.19 (95% CI 1.39 to 3.44) for people with an AHI of > 30 events/hour
compared with an AHI of 0.0–4.9 events/hour, though this relationship became weaker (and not
significant) for lower AHI. When adjusted for further baseline characteristics (BMI, waist-to-hip ratio and
neck circumference) the OR was 1.50 (95% CI 0.91 to 2.46) suggesting a moderate but not significant
association, which was again further weakened for lower AHI.

l Kapur et al.160 used the same dataset and demonstrated that the relationship is stronger if patients are
stratified by AHI and sleepiness. They estimated an adjusted OR of 3.04 (95% CI 1.33 to 6.04) for an
AHI > 30 and experiencing frequent sleepiness (≥ 5 days).

l Using the same definition of hypertension (based on BP or taking hypertensive medication), the Vitoria
Sleep Cohort161 of 1180 patients showed similar results. The crude OR suggested an association, with
respiratory disturbance index (RDI) of > 14 compared with 0.0–2.9 giving an OR of 2.61 (95% CI 1.75
to 3.89). An OR greater than 1 held for lower strata of RDI, which were all significant. However, when
adjusted for age, sex, BMI, neck circumference, alcohol, coffee and tobacco consumption, and fitness
level the OR for RDI > 14 compared with an RDI of 0.0–2.9 was 0.98 (95% CI 0.62 to 1.57), which
suggests obstructive sleep apnoea (OSA) is not an independent risk factor.

Other data from the Sleep Heart Health Study (n= 5422) suggest that OSAH is associated with a higher
chance of suffering a stroke (OR 2.86, 95% CI 1.10 to 7.39, at an AHI of > 19 events/hour).4 The point
estimate of the OR was similar in lower severity OSAH, but the difference was not statistically significant.
Martínez-Garcia et al.162 undertook a prospective observational study offering CPAP to OSAH patients, with
7 years’ mean follow-up (n= 223) of non-fatal CVEs. For a group of patients with an AHI> 20 who had
not been able to tolerate CPAP, they estimated a HR, using Cox-adjusted proportional regression, of 2.87
(95% CI 1.11 to 7.71).

Several of the articles (n= 9) were review papers combining existing prospective evidence on the
association between hypertension, CVD (including stroke), mortality and OSAH.
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Several reviews examined the mechanisms involved in OSAH’s role in hypertension.

In a 2009 review, Bradley and Floras5 state: ‘Data from animal models, epidemiological studies, and RCTs
provide strong evidence that OSAH can cause hypertension, and that its treatment can lower BP. Indeed,
OSAH might well be the commonest treatable cause of secondary hypertension.’ The same authors were
involved in a subsequent review in which Kasai et al.163 noted the higher prevalence of OSAH among a
CVD population (47–83%). They suggest that repetitive apnoeas expose the heart and circulatory system
to ‘noxious stimuli’ which can lead to CVD through OSAH’s causal role in negative intrathoracic pressure,
autonomic dysregulation, oxidative stress, inflammation, endothelial dysfunction, platelet activation and
hypercoagulability. Although no quantitative synthesis of data was undertaken, Kasai et al.163 asserted that
‘data from epidemiological studies and randomised clinical trials strongly suggest that OSA is a common
and treatable risk factor for development of hypertension, heart failure, arrhythmias, and stroke, especially
in men’. However, they also proposed that the relationship may be bidirectional. Kato et al.164 also
conclude that the pool of evidence relating OSAH to CVD is growing, and state that this is strongest in
relation to the role of OSAH in hypertension. Monahan and Redline165 corroborate assertions around
improved understanding of pathophysiological basis of the association of OSA and CVD and note the
‘modest improvements in BP associated with continuous positive airway pressure (CPAP) use’.

Two reviews note that BP is lowered by treatment of OSAH. Calhoun166 explores the mechanism of
OSA-induced hypertension and presents results of four meta-analyses suggesting that BP is lowered by
CPAP treatment [SBP lowered by 1.38mmHg (not significant), 2.46mmHg, 1.64mmHg and 0.95mmHg
(not significant)] and data included in Monahan and Redline166 corroborate this. No cohort studies that
show long-term treatment effects (with estimates of ORs or relative risks) for interventions used to treat
OSAH were identified.

Several reviews also highlighted the role of OSAH in stroke.

Loke et al.134 conducted a meta-analysis which included nine prospective studies (n= 8400) investigating
OSAH and CVD outcomes and suggested an association between OSAH and strokes (OR 2.24, 95% CI
1.57 to 3.19) and heart disease (OR 1.56, 95% CI 0.83 to 2.91), though the relationship was not
statistically significant for the latter. Wallace et al.167 conducted a qualitative review of sleep-related
disorders and stroke. The authors comment on the established association between OSAH and stroke,
citing evidence from the Sleep Heart Health Study and the Wisconsin Sleep Cohort referred to earlier, and
state the case for screening stroke patients for OSAH. In another review, Dyken and Im168 conclude that
OSAH is independently associated with a range of stroke factors but note that, while there is some
evidence that treatment can reduce BP, there is a lack of definitive RCT data on overall stroke risk.
Portela et al.169 and Caples170 echo the findings of both these reviews.

However, recognition of a lack of good trial data was a recurrent theme. Monahan and Redline165

allude to the need for well-powered clinical trials investigating long-term CVD outcomes in OSAH
under treatment. Kohli et al.171 and Parati et al.172 make similar conclusions regarding the gaps in
current evidence.

While the role of OSAH in CVEs is still somewhat unclear, new evidence does suggest an association.
However, there is still a lack of good-quality evidence on the long-term cardiovascular and stroke
outcomes of treatment of OSAH, for patients using both CPAP and MADs. There is greater understanding
since McDaid et al.8 addressed the literature, of the potential causal factors relating to OSAH and CVD and
stroke,164,165 but they are probably multifactorial and may be bidirectional.163

As McDaid et al.8 found, evidence still seems to be strongest in supporting the role of OSAH in
hypertension. Analysis of data from large cohort studies (the Wisconsin Sleep Cohort)133 showed an
association, especially among men, but there remains conflicting evidence (The Sleep Heart Health
Study;159 Vitoria Sleep Study161). Based on these findings and the BP data found in randomised trials,
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the use of the Framingham risk equation was not modified on the basis of data published since the
McDaid et al. modelling exercise. The characterisation of risk through an algorithm such as the
Framingham equation, which uses differences in BP to differentiate CVE risk between baseline and post
intervention, seems appropriate given the lack of good data on long-term outcomes. Baseline risk is
defined by characteristics taken from TOMADO and a study investigating the role of OSA and metabolic
syndrome by Coughlin et al.143 Other cardiovascular inputs to the model are given in Table 41.

While the Framingham equation was used in the base case, an additional source of the relative risk
associated with a reduction in SBP was identified. Lewington et al.174 pooled data from 61 cohort studies to
estimate the relationship between BP and vascular mortality. Adjusting for regression dilution, at ages 60–69
years the relative risk of a stroke for a 20mmHg reduction in SBP is 0.43 and the relative risk of CHD is 0.54.
Given the linear relationship, a proportional change for a 1mmHg reduction was taken. This analysis also
suggests that the reduction in risk is proportional, independent of pre-treatment BP. The baseline risk from
the Framingham equation was taken. The proportion of disabling strokes was taken from a large RCT of over
6000 patients comparing interventions for secondary prevention of vascular events.

Road traffic accident risk
To incorporate the change in risk of RTAs following treatment for OSAH, McDaid et al.8 updated a
meta-analysis first undertaken by Ayas et al.136 with one additional study by Barbé et al.175 with the eight
studies in the Ayas et al.136 review. All of these studies had before-and-after designs, based on actual RTA
events pre- and post-CPAP therapy. Barbé et al.175 collected 2 years of collision information retrospectively
from participants prior to the study and then prospectively recorded events for 2 years while using CPAP.
This study reported a relative risk, but gave event numbers which were used to calculate an OR compatible
with the Ayas et al.136 data. Results from the nine studies were pooled to give an OR of 0.168 (95% CI
0.100 to 0.230) after treatment with CPAP. This suggests that the odds of a RTA are reduced by nearly six
times when CPAP treatment is initiated. While this effect size is quite large, the underlying rate of a RTA176

was extremely low (non-fatal: male= 0.0089 per year, female= 0.0082 per year; fatal: male= 0.00014 per
year, female= 0.00006 per year).

The rates of RTAs in the model were updated using data derived from the National Travel Survey for
2010177 and UK Data Archive data from 2010 on RTAs,178 which presented equivalent contemporary data
to those used by McDaid et al.8 The risk was calculated based on the number of UK driving licences held
and the numbers of fatal traffic accidents and traffic accidents involving serious and slight injury for 2010.
These rates are given in Table 42.

TABLE 41 Coronary heart disease and stroke parameters

Parameter Mean SD Source

Relative risk of death following CHD 3.2 0.30 Rosengren et al.144

Relative risk of death following stroke 2.3 0.18 Dennis et al.145

Proportion of strokes that are disabling 0.309 – Diener et al.173

TABLE 42 Underlying risk of RTAs

Parameter Mean SD Source

Rate of non-fatal RTAs for males 0.0062 popn Department of Transport146

Rate of fatal RTAs for males 7.11 × 105 popn Department of Transport146

Rate of non-fatal RTAs for females 0.0053 popn Department of Transport146

Rate of fatal RTAs for females 2.91 × 105 popn Department of Transport146
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The search used by McDaid et al.8 was rerun to identify new studies conducted between 2007 and 2013
relating to OSAH and the risk of RTAs.

Literature search
The search (see terms used in Appendix 14) identified 32 articles, which were screened for relevance.
Nineteen were excluded on the basis that they were commentaries or editorials (n= 3); duplicates (n= 1),
referred to the wrong patient population (e.g. non-OSAH patients, elderly population) (n= 5); did not
consider RTA risk (n= 6); were not in the English language; or only had abstracts available (n= 4). Of the
13 studies reviewed in greater detail only two related to observed RTA risk post treatment.179,180 These two
articles were meta-analyses of RTA risk post OSAH treatment. One additional study considered simulated
driver performance before and after CPAP treatment.181 The other nine included clinical effectiveness and
cost-effectiveness studies and case–control studies comparing OSAH risk with healthy populations.

The two new meta-analyses pooling data on the impact of CPAP on RTAs were:

l Tregear et al.180 analysed nine studies, including one additional study by Scharf et al.182 that did not
appear in the Ayas et al.136 and McDaid et al.8 meta-analyses. However, the Tregear et al.180 analysis
also omitted one study by Suratt and Findley183 that Ayas et al.136 and subsequently McDaid et al. had
included. The Suratt and Findley183 article is available only in abstract form and may have been excluded
by Tregear et al.180 given their criteria that all studies must be published in full. It is not clear why the
study by Scharf et al.182 was not included in the Ayas et al.136 review, which McDaid et al.8

subsequently updated. Tregear et al.180 estimated an OR of 0.278 (95% CI 0.220 to 0.350) for the risk
of a RTA post CPAP treatment compared with pre-intervention. This is higher than, but comparable to,
the OR of 0.168 estimated by McDaid et al.8

l Antonopoulos et al.179 performed an analysis of real accidents, accident near misses and simulated
driving performance. Ten studies of real accidents (including the Suratt and Findley183 data) were
included. As in the review by Ayas et al.,136 the Scharf et al.182 study was absent, but this review did
include another study by Minemura184 that was not in the McDaid et al.8 or Tregear et al.180 analyses.
While the study by Minemura184 may have been excluded by Tregear et al.180 because of their
inclusion criterion that studies should involve more than 20 patients, the reason for omission from the
Ayas et al.136 review is unknown. An OR of post-CPAP compared with pre-CPAP RTA risk of 0.21 (95%
CI 0.12 to 0.35) was estimated and pooled data on driving simulator performance showed a significant
improvement in performance post treatment.

An additional study, by Hoekema et al.,181 based on a prospective simulator-based investigation of
driving performance of 20 OSAH patients and 16 controls, was also found. OSAH patient simulator
performance was compared with the control group before and after 8 weeks of CPAP (n= 10) and MAD
(n= 10) treatment. Patients randomised to each group were subject to 25 minutes of driving simulation
and lapses of attention were observed. The results suggested significant differences in performance
post treatment, similar for both CPAP and MADs.

Given the difficulty in ascertaining the reason for inclusion of studies and the effect it leads to in differences
of ORs pooled by the two new meta-analyses and the McDaid et al.8 analysis, the OR of experiencing a RTA
of 0.17 from McDaid et al.8 was retained. The two newly identified estimates of the reduction in RTA risk
post treatment are of similar magnitude, but the Tregear et al.180 estimate was used in a scenario analysis,
as it suggested the smallest effect size. Given that this estimate is specific to CPAP, the approach to the
comparison of MADs with CM followed the method of McDaid et al.8 That is, a multiplier based on
the relative treatment effects on ESS score of CPAP versus CM and MADs versus CM was applied to the OR
of RTA for CPAP versus CM. These rates are presented along with other treatment effects in Table 42.

Health-related quality of life
During their systematic review, McDaid et al.8 highlighted the paucity of data regarding HRQoL and OSAH.
To characterise cost per QALY using the NICE reference case, utility scores are needed for each treatment.
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As these were lacking, and a large number (n= 27) of the trials in the systematic review of treatment
effects had reported ESS scores, McDaid et al.8 used the surrogate end point of ESS score as a proxy for
differences in utility. Three sets of individual patient-level data (two measuring ESS and SF-36 profile in the
same patients and one that measured ESS, SF-36 profile and EQ-5D-3L data in the same set of patients)
were used to map ESS scores to EQ-5D-3L and SF-6D values (based on tariffs published by Brazier et al.63

and Dolan61) using regression analyses. The results of this process indicated that a unit fall in ESS score is
associated with an increase in utility, based on a SF-6D (n= 294) value of 0.0095 (95% CI 0.0070 to
0.0123) and based on an EQ-5D-3L (n= 94) value of 0.0097 (95% CI 0.0019 to 0.0175).

The systematic review presented in Chapter 3 highlights the remaining dearth of RCT data on OSAH
and HRQoL. In trials that did include some measurement of QoL, it was predominantly limited to
disease-specific measures (SAQLI and FOSQ). However, one study did use generic instruments to measure
HRQoL. In a double-blind randomised trial of 102 men who received a real or sham CPAP device,
Siccoli et al.18 used the SF-36 and SF-12 4 weeks after treatment to measure impact of CPAP therapy on
HRQoL. This population was defined as having moderate/severe OSAH. In the intervention group, scores
on several domains of the SF-36 (Emotional Well-being, Vitality, Role Emotional and Social Function) were
significantly higher than those in the sham group. Using the SF-12, the mean PCS difference was 58.8
compared with 72.4 and the mean MCS was 63.5 compared with 77.9, both differences being
‘significant’. However, a utility score based on these short-form surveys was not presented.

While TOMADO included the EQ-5D-3L and SF-36, these data were relatively short term and specific only
to MAD. Therefore, further searches were undertaken to identify other potential sources of HRQoL utility
data from generic instruments, for use in the modelling.

Literature search
A search first performed by McDaid et al.8 was replicated for 2007–13, using MEDLINE, to identify data
not included in the systematic review reported in Chapter 3, i.e. including observational trials that might
offer a robust data source.

The search yielded over 700 potentially relevant articles, which were screened by title and abstract for
relevance. The aim was to identify studies of OSAH which included a treatment (either CPAP or MADs) and
measured QoL using the EQ-5D-3L or SF-36/SF-12 pre-scored preference questionnaires. Seventy-one
papers were examined in greater detail (see list in Appendix 15, along with the search terms).

Of the 72 papers examined further, only two captured generic QoL data. A prospective study by
Tsara et al.185 reported SF-36 profiles for 135 patients (120 with severe and 15 with mild/moderate OSAH
based on AHI) before and after CPAP therapy in a sleep unit at a general hospital in Greece. These data
suggested improvements in QoL post CPAP treatment, though this was not expressed as a utility score.
Improvements for men were observed in all domains except Pain (Physical Role, Physical Function,
Emotional Well-being and Vitality: p< 0.01; General Health, Role Emotional and Social Function: p< 0.05),
with the greatest change in General Health. Women displayed a significant improvement only in Role
Physical (p< 0.01). Antic et al.186 collected data as part of a randomised trial of nurse-led care for
moderate to severe OSAH patients. One hundred and thirty-five OSA patients were included, with SF-36
measurement 3 months after treatment with CPAP in three sleep centres in Australia. SF-36 domains were
not presented, but the authors reported that the vitality component was significantly correlated with
objective adherence.

Neither of the additional studies185,186 considered MADs and the focus was in a more severe disease group
than TOMADO is primarily focused on. The study by Siccoli et al.18 does offer some robust trial data
regarding CPAP treatment effects that could have been converted to SF-6D but, again, these are in
a group of patients with moderate to severe disease. TOMADO collected data for a mild to moderate
group using MADs, which suggested there may be some improvements in HRQoL after treatment, but
these results were not significant for generic instruments.
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Bearing in mind these limitations and the desire to utilise the synthesised systematic review of treatment
effects, the clinical end point of ESS was again mapped to utility. As TOMADO provided more data points
than had been available to McDaid et al.,8 these data were used to estimate a relationship, mapping
observed ESS scores to utility measures. The resulting algorithm then converted ESS score treatment
differences into post-treatment utility changes.

Mapping Epworth Sleepiness Scale score to European Quality of Life-5
Dimensions three-Level version and Short Form questionnaire-6 Dimensions
TOMADO presented a large dataset of both SF-36 and EQ-5D-3L data for people with mild to moderate
OSAH. Given repeated measurements, it yielded 402 data points of ESS score and SF-6D and 404 data
points of ESS score and EQ-5D-3L that could be used in a regression-based mapping exercise to estimate
an algorithm mapping ESS to utility scores. The algorithms for SF-6D and EQ-5D-3L were estimated using a
linear mixed-effects regression model. The ESS score was an explanatory variable; a dummy variable was
used to control for differences in baseline utility and participants were included as a random effect. These
models rely on an assumption that the residuals are Normally distributed, though this may not always
hold.187 The models are shown in Table 43 for SF-6D and Table 44 for EQ-5D-3L.

Figure 31 shows that the residuals appear to be reasonably close to normality for SF-6D, but less so for the
EQ-5D-3L. This is consistent with our a priori knowledge of the discrete nature of the EQ-5D-3L, the ceiling
effect often observed in relatively healthy groups of patients188 and the findings of the McDaid et al.8

mapping exercise. Other studies of utility indices derived from EQ-5D-3L in OSAH sufferers confirm this
phenomenon and suggest that SF-6D may display a distribution closer to normality.189

The results of this regression analysis indicate that a 1-unit decrease in the ESS is associated with a 0.0061
(p< 0.001) rise in utility based on EQ-5D-3L and a 0.0067 (p< 0.001) rise in utility based on the SF-6D
instrument. For probabilistic sensitivity analysis the estimated variance matrix from the linear mixed models
was used when sampling from the parameter distributions. The baseline utility of the population in the
economic model was estimated based on the mean baseline ESS score of patients in TOMADO. The
coefficients in the mapping equations estimated from the TOMADO data were similar to, but slightly lower
than, those estimated by McDaid et al.8 This should be expected as the population of patients recruited to
TOMADO had mild to moderate OSAH and so represented a subsection of the range of disease severity.

Treatment effects of the use of MADs and CPAP from the meta-analyses of ESS scores in Chapter 3 were
converted into utility increments using the algorithm. The baseline utility was estimated based on the mean
ESS score of the trial participants in the TOMADO. The utilities used in the model are shown in Table 45.

TABLE 43 Mixed-effects model for mapping ESS scores and utility based on SF-6D (n= 402)

Variable Coefficient SE p-value 95% CI

ESS −0.0067 0.0011 0.000 −0.0087 to −0.0046

Baseline −0.0020 0.0079 0.799 −0.0175 to 0.0134

Constant 0.7529 0.0116 0.000 0.7302 to 0.7756

TABLE 44 Mixed-effects model for mapping ESS scores and utility based on EQ-5D-3L (n= 404)

Variable Coefficient SE p-value 95% CI

ESS −0.0061 0.0020 0.003 −0.0101 to −0.0020

Baseline 0.0139 0.0145 0.340 −0.0146 to 0.0423

Constant 0.9094 0.0220 0.000 0.8664 to 0.9525
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FIGURE 31 Residuals from linear model mapping ESS to (a) SF-6D; and (b) EQ-5D-3L utility scores.

TABLE 45 Utilities for CVEs and RTAs

Utility Mean SD Source

OSAH untreated (baseline) Baseline ESS score ×−0.006+ 0.91 – TOMADO EQ-5D-3L mapping algorithm

OSAH treated with MAD ΔESSMAD-CM × −0.006 – TOMADO EQ-5D-3L mapping algorithm

OSAH treated with CPAP ΔESSCPAP-CM ×−0.006 – TOMADO EQ-5D-3L mapping algorithm

Stroke (decrement) −0.0524 0.0002 Sullivan and Gushchyan190

CHD (decrement) −0.0635 0.0001 Sullivan and Gushchyan190

RTA 0.6200 0.2700 Currie et al.191

Age (decrement per year) −0.0007 0.0000 Sullivan and Gushchyan190
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McDaid et al.8 relied on data from a study conducted by Sullivan and Ghushcyan,190 which used EQ-5D-3L
data from a panel of 38,678 patients to estimate decrements associated with a range of chronic diseases.
The utility associated with a RTA was based on EQ-5D-3L data from a data repository 6 weeks after an
inpatient episode for injuries sustained from a RTA in the UK. No additional robust sources of utility data
were identified and these values were retained.

Compliance
McDaid et al.8 used a study by McArdle et al.45 of long-term (median follow-up= 1.8 years) CPAP use in
Scotland (n= 1155) to inform compliance in the model. This prospective observational study collected data
on patients offered CPAP therapy. The mean ESS score of patients starting CPAP at baseline was 12 and
AHI was 30 events/hour. Patients who refused CPAP therapy had a lower mean AHI of 22, though this
was not shown to be a significant predictor of CPAP acceptance. Continued CPAP usage was significantly
associated with AHI, with a HR estimate (relative risk of stopping CPAP) using Cox proportional regression
of 2.48 (95% CI 1.79 to 3.40) for AHI < 15 relative to AHI ≥ 15. The study also reported a HR for stopping
CPAP of 1.92 (95% CI 1.41 to 2.61) for an ESS score < 10 relative to an ESS score > 10. A Kaplan–Meier
curve of CPAP use over 5 years was used to calculate yearly probabilities of patients stopping CPAP.
The proportion still using CPAP was 0.84 at year 1, 0.74 at year 2, 0.73 at year 3 and 0.68 at year 4.
After 4 years, a plateau was observed and, so, it was assumed that all patients who had not stopped
using CPAP would continue to use the device indefinitely. In the absence of equivalent data for MADs,
McDaid et al.8 assumed compliance was equal to that of CPAP.

A search was conducted to identify new compliance data for both MADs and CPAP.

Literature search
The search of MEDLINE yielded 111 articles that were screened by title and abstract. The terms used are in
Appendix 14 and selection focused on long-term estimates. Studies were considered relevant if they
included the use of MADs or CPAP for treatment of OSA and had at least 1 year mean follow-up,
indicating a measure of compliance over time. Studies were limited to those with at least 50 patients.
Thirty-eight were reviewed in more detail. Of these, many did not have at least a year of follow-up
(n= 11), others did not present compliance data on continuation of treatment (n= 10), did not include
more than 50 patients (n= 3) or (n= 5) were concerned with a different patient group (e.g. snorers).
One was not available in full form.

Brette et al.192 assessed long-term MAD use in a French cohort (n= 140) with mean AHI of 27 events/hour
at baseline. The device assessed, ‘uses thermoformed splints custom-fitted to the patient’s dental arches
based on moulds [sic]’. Compliance was determined by a one-off questionnaire at a mean of 2.75 years
from treatment initiation, when 76% of patients were still using the device regularly. Vezina et al.193

conducted a retrospective study (n= 81) of the use of two different MADs, a traction- and
compression-based device, with mean follow-up of 3.6 years. Both devices were custom made from hard
copolyester (outer layer) and soft polyurethane (inner layer), following dental impressions. They found that
59% of patients were still using the MADs. Ghazal et al.194 conducted a long-term (mean follow-up of
3.5 years) randomised study of two MADs (n= 103). At follow-up, 62% and 46% of patients were still
using the two different devices, the first being an IST (hard methylmethacrylate) and the latter a Thornton
Anterior Positioner® (made of a laminated, hard–soft polymer with an inner soft polyurethane and an
external hard polycarbonate component). In a prospective study with mean follow-up of 1.4 years, which
included telephone survey follow-up, Gindre et al.195 reported that 82% of patients (n= 66) were still using
the device, on average 6 days a week. The majority of this group (n= 50) had moderate to severe sleep
apnoea (mean AHI= 38.6), but had not been able to tolerate CPAP.
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In a real-life study of CPAP compliance (n= 303), Galetke et al.196 observed, after a median follow-up of
13 months, that 67% of participants were still regularly using the CPAP machine, while 27% had definitively
discontinued use. Mean AHI in this group was 33 events/hour and mean ESS score was 9. A prospective
study (n= 158) investigating titration methods for CPAP also collected some data on long-term compliance
(median follow-up 1.9 years) and found that 77% were still using CPAP at 3 years.197 Kohler et al.198

conducted a long-term study of usage of CPAP in Oxford with median follow-up of 3.9 years. After 5
and 10 years, 81% and 70% of patients were still using CPAP. They also investigated covariates associated
with adherence and found that only ODI was a significant factor, suggesting that more severe apnoea is
associated with greater compliance, as McArdle et al.8 demonstrated. However, subjective daytime
sleepiness was not a significant factor.

Hoffstein199 pooled data from 21 studies of MAD compliance, to produce an estimate of 56–68% of
patients still wearing the device at 33 months, though some of these patients had very limited symptoms.

Estimates of CPAP compliance from Kohler et al.,198 who conducted a large hospital record-based study of
600 patients in England, were used in our updated modelling. This gave 10-year data compared with
the 4-year data from McAardle et al.45 Based on mean AHI of 30 events/hour in the McAardle et al.45

population and mean ODI of 28 events/hour, these groups can be considered to be of broadly similar
severity, although mean ESS score is higher in the Kohler et al.198 population. Though some compliance
data regarding MADs were identified, the picture is unclear. The assumption that compliance for
MADs was the same as for CPAP therefore remained unchanged. There is evidence to suggest that
CPAP compliance is lower in milder severity groups, but there is no corresponding evidence that MAD
compliance would necessarily be higher. Scenario analyses were therefore conducted to investigate the
effect of different compliance rates for CPAP and MADs. Kohler et al.198 estimated a HR of 0.97 for ODI.
This means that a fall in ODI of 10 events/hour would represent an increase in risk of discontinuing CPAP
therapy of 26%. There are no similar data on the relationship in MADs. Therefore, a one-way conservative
adjustment to CPAP compliance was made, reducing it by 5% and 10% to observe the effect.

Mortality rates
Non-cardiovascular disease mortality, originally based on data from 2004 in McDaid et al.,8 was updated
using interim life tables (2009–11) and mortality statistics for 2010 from the Office for National
Statistics.200,201 The interim life tables gave age- and gender-specific mortality rates, from which the
all-cause hazard was reduced according to the proportion of people who died of CHD and ischaemic heart
disease. Underlying mortality rates for patients who have suffered a stroke or CVE were adjusted based on
data from two long-term follow-up studies, and are shown in Table 41.

Modelling treatment effects
Treatment effects were taken from the meta-analysis presented in Chapter 3 for mild to moderate OSAH.
This analysis suggests that the difference in ESS score for CPAP and MADs are very similar: −1.62
and −1.61, respectively. In a scenario analysis, device-specific differences in ESS score observed in
the TOMADO study to estimate cost-effectiveness for the SP1, SP2 and bMADs were used. Differences
in BP were also taken from the meta-analysis, though, given the data, it was not possible to estimate
specifically for a mild to moderate group. The risk of RTA was based on the CPAP treatment effect pooled
by McDaid et al.8 and the ratio of ESS score for MADs and CPAP. These effects are presented in Table 46.
The base-case risk of RTA after use of MAD is shown, but in scenario analyses will differ according to the
ESS treatment effect.

Resource use and costs
McDaid et al.8 incorporated into the model the costs (at 2004/5 prices) relevant to the NHS and personal
social services which included the cost of the three interventions (CM, CPAP and MADs) and on-going
costs associated with their provision, as well as those of OSAH-related events (RTAs and CVEs).
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The cost of CHD events was taken from an evaluation of cardiac medication. Briggs et al.148 used data
from a large trial (n= 12,218) extrapolated using Markov modelling to estimate ‘background’ costs as well
as the costs associated with modelled events. From regression analyses on costs, McDaid et al.8 were able
to utilise the estimated cost for fatal CVEs (which tends to be somewhat lower than for non-fatal events)
as well as the cost of an acute CHD event and on-going treatment of CHD. These data were assigned to
the health states in the model and to the models for risk of CVEs. Similarly McDaid et al.8 identified
a study which would give the acute cost of a stroke and the on-going costs associated with being in a
post-stroke health state. Bravo Vergel et al.149 used long-term data from the Nottingham Heart Attack
Registry (5 years) which gave details of frequency, timing of recurrent events and in-depth resource use.
The costs of RTAs were taken from Department of Transport estimates of the NHS costs associated with
fatal and non-fatal RTAs.

For the purpose of this cost-effectiveness analysis, costs were updated where possible and presented at
2011/12 prices. Where relevant, costs were increased for health-care service inflation using PSSRU price
indices.147 The costs of CPAP, MAD and CM are shown in Table 47. The cost of a CPAP machine was
provided by Meditas and the cost of an auto-adjusting positive airway pressure (APAP) machine used in
the titration process by Respironics. Information provided by ResMed in its submission to NICE37 was taken
to estimate the cost of starting CPAP therapy and on-going yearly costs. A survey of clinicians was used to
estimate the cost of the titration process based on the proportions that undergo outpatient and inpatient
titration and the method used. These data were assessed for face validity by the TOMADO clinical team.
Outpatient visits in sleep clinics were updated for contemporary reference costs, as was the cost of
specialist nurse time. The acute cost of CPAP therapy was estimated to be £173. Along with other annual
costs and the assumption that the lifespan of a machine was 7 years, equivalent annual cost was
estimated to be £252.

In the base case, the costs of MADs were assumed to be those of the SP2, as presented in Chapter 2.
Based on clinical opinion it was assumed that, on average, a patient would have one annual follow-up
with a sleep specialist. The lifespan of the device was assumed to be 1 year, based on the expectations
of the manufacturer and clinical opinion, as no long-term evidence of replacement was available.
Given the comparatively short lifespan and inability to return MADs for reuse, this was noted as a
potential source of uncertainty and investigated in scenario analyses, along with using the costs for the
SP1 (1-year lifespan) and the bMAD (a fully bespoke MADs assumed to have a lifespan of 18 months).

The costs of CM were taken to include a one-off consultation with a GP. This was taken from
PSSRU estimates.147

TABLE 46 Modelled treatment effects

Parameter Mean difference SD Source

ESS MAD vs. CM (mild to moderate)a −1.620 0.380 Meta-analysis (see Chapter 3)

CPAP vs. CM (mild to moderate) −1.610 0.340 Meta-analysis (see Chapter 3)

SBP MAD vs. CM −1.130 0.530 Meta-analysis (see Chapter 3)

CPAP vs. CM −2.360 0.660 Meta-analysis (see Chapter 3)

Risk of RTA MAD vs. CM 0.167 – McDaid et al.8 and ratio of ESS
treatment effects

CPAP vs. CM 0.168 0.033 McDaid et al.8

a Mild to moderate based on mean baseline AHI of study participants.
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TABLE 47 Costs associated with interventions (2011/12 prices; £)

Cost parameters Mean SD Source

CM 36.00 PSSRU147

CPAP initial costs

Unit cost of follow-up outpatient visit 105.89 47.08 NHS reference costs 2011/1258

Probability of having a follow-up outpatient visit 0.69 0.3 McDaid et al.8

Total cost of follow-up outpatient visit 73.06

Probability of using APAP 0.81 0.19 McDaid et al.8

Probability of home titration 0.99 0.01 McDaid et al.8

APAP machine 499.00 Jenny Salmon, Phillips Respironics, 2013,
personal communication

Number times CPAP/APAP used for dose titration 163 McDaid et al.8

Total cost APAP for dose titration 3.06

Probability of using CPAP 0.19 McDaid et al.8

CPAP machine 230 Angela Dunnil, ResMed UK Ltd, 2013,
personal communication

Total cost CPAP for dose titration 1.41

Total cost of in-home titration 2.72

Probability of inpatient titration 0.01 McDaid et al.8

Unit cost sleep study follow-up 722.80 263.56 NHS reference costs 2011/1258

Total cost of inpatient titration 7.23

Probability of seeing a specialist nurse
for titration

1 McDaid et al.8

Unit cost of 30-minute appointment with
specialist nurse

44.50 PSSRU147

Total cost of specialist nurse involved in titration 44.50

Probability of seeing a consultant for titration 0.4 0.4 McDaid et al.8

Unit cost of consultant appointment 105.89 47.08 NHS reference costs 2011/1258

Total cost of titration by consultant 42.37

Unit cost of 30-minute appointment
with technician

11.23 McDaid et al.8 inflated

CPAP initial cost 174.94 (73.06+ 2.72a+ 7.23+ 44.5+ 42.37+ 11.23)

CPAP on-going costs

Interest rate 3.5% NICE37

Estimate life of CPAP machine (years) 7 McDaid et al.8

Annual equivalent cost CPAP machine 36.34 230/annuity factor

Cost of CPAP mask 105.00 ResMed (50% full/50% nasal masks)

Estimated life of CPAP mask 1 McDaid et al.8

Annual equivalent cost CPAP mask 92.43

Annual sundries 17.33 McDaid et al.8 inflated

Annual follow-up 105.89 NHS reference costs 2011/1258

CPAP on-going annual cost 251.99 (36.34+ 92.43+ 17.33+ 105.89)
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The costs of CHD and stroke as modelled by McDaid et al.8 were taken from robust long-term data
sources. No new sources identified were able to reflect the acute costs of events and on-going costs
associated with these conditions in a way that suited the modelling and so these costs were increased for
general health service inflation. No new UK-specific estimates of the costs associated with RTAs were
identified and so those used by McDaid et al.8 were inflated to reflect 2011/12 prices. These are shown
in Table 48.

Methods of analysis
The base case includes a hypothetical cohort of 10,000 men informed by the characteristics of the
TOMADO population. These characteristics are shown in Table 40. ESS treatment effects were taken from
the meta-analysis stratified to include studies of OSAH that fell into the mild to moderate range according
to mean baseline AHI. Costs were based on the SP2 device, with an assumed lifespan of 12 months.
All models incorporated the uncertainty around model input parameters by repeatedly sampling
(n= 15,000) from the parameter distributions and recalculating model outputs conditional on each sample,
in order to estimate the distribution of the outputs. Distributions were chosen dependent on the nature of
the parameter being sampled. Gamma distributions were used for unit costs, Normal distributions were
used for input parameters that were estimated from regression coefficients (including the Cholesky
decomposition of mapped utility values) and log-Normal distributions were used for relative risks. Several
scenario analyses were conducted, which still incorporated the probabilistic elements of the modelling and,
where relevant, adjusted distributions of input parameters accordingly.

TABLE 47 Costs associated with interventions (2011/12 prices; £) (continued )

Cost parameters Mean SD Source

MAD initial costs

Thermoplastic device (SP1) 21.00 TOMADO77, Chapter 2

Semi-bespoke device (SP2) 128.00 TOMADO77, Chapter 2

Bespoke device (bMAD) 552.00 TOMADO77, Chapter 2

MAD on-going annual cost 105.89 47.08 NHS reference costs 2011/1258

a Weighted cost of CPAP/APAP titration.

TABLE 48 Mean costs associated with CHD, stroke and RTAs

Cost Mean SD Source

CHD and stroke

Cost of fatal CVE 3561 434 Briggs et al.148

Acute cost of CHD 11,786 505 Briggs et al.148

Ongoing cost of CHD 886 138 Briggs et al.148

Acute cost of stroke 10,476 347 Bravo Vergel et al.149

Ongoing cost of stroke 2764 334 Bravo Vergel et al.149

RTA

Cost of RTA (non-fatal) 3120 1942 Department of Transport146

Cost of RTA (fatal) 6297 1942 Department of Transport146
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Scenario analyses were conducted to investigate sensitivity of outputs to:

l the lifespan of the interventions
l the cost of devices incorporating SP1 and bMAD costs
l ESS treatment effects observed in TOMADO
l reduced CPAP compliance in lower severity disease using a multiplier
l the time horizon
l use of an alternative source of the relative risk of vascular events given a reduction in SBP
l use of an alternative source for the effect of effective treatment of OSA on RTA events.

All results are presented as incremental cost per QALY. For the base case, uncertainty in the estimates is
presented as the likelihood of being cost-effective at WTP thresholds of £10,000, £20,000 and £30,000
per QALY, the CEAC for a range of WTP thresholds and the CEAF to identify the most cost-effective
treatment option over the range of WTP thresholds. All costs are in 2011/12 prices.

Results of the economic model

Base-case analysis
The results of the base case are presented in Table 49. This shows that MADs compared with CM are
more costly but also more effective in patients with mild to moderate OSAH. The additional costs are a
result of much higher treatment costs, with a reduction in RTA and CVE costs mitigating this difference
somewhat. The ICER of MADs compared with CM is £6639 per additional QALY gained. CPAP compared
with MADs is more expensive but more effective. The ICER of CPAP compared with MADs is £14,012 per
QALY gained.

At a threshold value of £20,000/QALY, CPAP has the highest mean INMB compared with CM (£3879) and
the probability that CPAP is cost-effective is 0.52. At a threshold value of £30,000/QALY, this probability
increases to 0.55 with a mean INMB of £6914. Oral devices have a mean INMB compared with CM of
£3794 at a threshold value of £20,000/QALY and the probability that they are cost-effective is 0.47.
At a threshold value of £30,000/QALY, this probability decreases to 0.45 with a mean INMB of £6643.

TABLE 49 Cost-effectiveness results (base-case analysis)

Cost-effectiveness component CM MAD CPAP

Intervention costs (mean) £36 £3206 £3524

RTA costs (mean) £1963 £713 £716

CVE costs (mean) £4118 £4103 £4074

Total costs £6116 £8022 £8307

Total QALYs 14.336 14.621 14.640

ICER (oral devices compared with CM and CPAP compared with MADs) £6687 £15,367

Probability of cost-effectiveness

At £10,000/QALY 0.16 0.46 0.38

At £20,000/QALY < 0.01 0.47 0.52

At £30,000/QALY 0 0.45 0.55
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Figure 32 depicts the uncertainty surrounding decisions of which approach is most cost-effective in the
base-case analysis, for a range of values decision-makers may be willing to pay per QALY gained. It shows
that at very low WTP thresholds, CM is the most likely to be cost-effective. Over the conventional range of
£20,000–£30,000, CPAP has the highest likelihood of being the most cost-effective, with the decision
becoming less uncertain as WTP per QALY increases. At a WTP of approximately £20,000/QALY the
probability that CM is the most cost-effective falls to zero.

Figure 33 gives the CEAF for the base case. It shows the intervention which yields the highest mean net
benefit over the range of WTP. It can be seen that, while MADs have the highest mean net benefit
after a threshold of £6687, there does remain uncertainty of whether or not it is likely to be more
cost-effective than CM. From £15,367, CPAP becomes cost-effective, and at this point the likelihood of
MADs and CPAP being cost-effective is very similar, 0.48 and 0.49, respectively. At higher WTP, CPAP
always has the highest mean net benefit and highest likelihood of being the most cost-effective, although
with considerable uncertainty.
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FIGURE 32 The cost-effectiveness acceptability curves (base-case analysis).
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FIGURE 33 The cost-effectiveness acceptability frontier (base-case analysis).
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Sensitivity analyses
A series of one-way deterministic sensitivity analyses were undertaken to explore the additional impact of
changing specific input values on the cost-effectiveness results from the base case. These are presented
in Table 50, which shows that decisions are not sensitive to the use of SF-6D utilities scores. This is also true
for use of an alternative source of relative risk reduction associated with decreasing SBP. However, results
and decisions are sensitive to assumptions about costs. For example, replacing device costs from SP2 with
those for SP1 or bMAD costs leads to a different decision about the relative value of CPAP; in the case
of SP1, CPAP would no longer be considered cost-effective (ICER= £89,182) by usual NICE threshold values,
as the additional benefits of CPAP become relatively more expensive. Replacing SP2 device costs with bMAD
leads to CPAP dominating bMAD as the benefits of CPAP are greater and costs are lower than bMAD. This
is the case even if the lifespan of bMAD is assumed to be 2 years rather than 18 months.

The assumed lifespan of devices makes a difference to the optimum decision. A conservative estimate
for the lifespan of the SP2 based on manufacturer and expert clinical opinion was 1 year. However, if the
lifespan is increased to 18 months, SP2 becomes the most cost-effective intervention.

Use of device-specific costs and effects as observed in TOMADO indicates that SP2 dominates CPAP, given
the comparatively higher QALYs gained. A comparison of bMAD with CPAP shows that both the costs and
benefits of CPAP are lower. However, at a conventional threshold of £20,000 to £30,000 per QALY,

TABLE 50 Summary of ICERs following deterministic sensitivity analyses

Type of deterministic sensitivity analysis

MADs vs. CM CPAP vs. MADs

Base case £6687 £15,367

Length life SP2 12 months – > 18 months £4674 £44,066

Utility derivation

EQ-5D-3L – > SF-6D QALYs £8783 £16,225

Relative risk reduction for CVE associated with unit fall in SBP

Reduction in cardiovascular risk associated from Lewington et al.174 £6741 £14,606

MAD costs

SP1 device costs (assuming 12-month lifespan) £1552 £89,182

bMAD costs (assuming 18-month lifespan) £18,161 Dominant

bMAD costs (assuming 2-year lifespan) £13,836 Dominant

TOMADO device-specific costs and treatment effects

SP1 costs (12-month lifespan) and effects (ESS=−1.51) £1656 £56,640

SP2 costs (12-month lifespan) and effects (ESS=−2.15) £5425 Dominated

bMAD costs (18-month lifespan) and effects (ESS=−2.37) £14,539 £57,907

Time horizon

10-year time horizon £8309 £90,998

RTA treatment effect

Treatment effect from Tregear et al., 2010180 meta-analysis £17,002 £16,428

Compliance

CPAP compliance reduced by 5% £6667 £40,668

CPAP compliance reduced by 10% £6756 Dominated
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the cost savings of CPAP compared with bMAD are larger than the value to ‘compensate’ for lower
benefits of CPAP.

If a shorter time horizon is considered, CPAP becomes less cost-effective. This is because much of the
benefit of CPAP results from its greater effectiveness in lowering BP. The benefits of reducing this risk
factor for CVD would accrue later in patients’ lives.

Summary and discussion

This chapter builds on a well-developed existing economic model, to assess the cost-effectiveness of MADs
compared with CPAP and CM for patients with mild to moderate OSAH. Updated and new reviews of the
evidence were conducted to reflect evidence that has emerged since the original modelling exercise and to
better represent patients with mild to moderate OSAH. These covered the role of sleep apnoea in CVD,
RTAs, HRQoL and long-term compliance by treatment.

Understanding of the mechanism of sleep apnoea on CVD has developed since the original model and,
despite some conflicting evidence, the body of published studies indicates probable causality. However,
there are still no reliable long-term data on cardiovascular outcomes under different treatment options for
sleep apnoea. The model relies on differences in BP as proxies, reflected through prediction of risk using
the Framingham equation, and direct evidence would improve the modelling. Data on BP from trials are
heterogeneous and there are insufficient data to separate the effects by severity of disease. Data from
new meta-analyses on the risk of RTA were used in sensitivity analysis rather than the base-case analysis
because of difficulties in ascertaining the reasons for inclusion of papers. The use of generic measures of
HRQoL in randomised trials to support conversion onto a utility scale is still rare, but TOMADO enabled a
re-estimation of the relationship between ESS score and utility based on more data and for different levels
of severity. The literature search for compliance data identified the longest-term follow-up study of CPAP
compliance to date, but similarly robust data are still not available for MADs.

The meta-analysis presented in Chapter 3 fed into the model and, by estimating a similar treatment effect
for MADs and CPAP, indicates the likely importance of the cost of delivering the treatment options. The
base-case analysis for MADs used trial data from Chapter 2 based on the cost of SP2, with sensitivity
analyses focusing on the cost of SP1 and bMAD as well as the length of life of the device. The costs of
CPAP and CM were based on inflation-adjusted estimates from McDaid et al.8 supplemented by
company-supplied prices.

The results from the updated model suggest that, at conventional NICE thresholds of £20,000 to £30,000
per QALY, both MADs and CPAP are cost-effective compared with CM. CPAP is the preferred option, at a
WTP per QALY of £15,000 and above. However, there is considerable uncertainty with CPAP having a
52% probability of being the most cost-effective option at £20,000 per QALY, compared with 47% for
MAD. As cost per QALY increases to £30,000, the corresponding figures are 55% for CPAP and 45% for
MAD. These suggest that MADs could be considered a legitimate treatment option for mild/moderate
sleep apnoea, especially if CPAP is not tolerated.

The sensitivity analyses indicate that the cost of devices and their lifespan is important for the policy
decision. For example, assuming costs for the bMAD, rather than the SP2, results in the CPAP being both
more effective and less costly even with a 2-year lifespan for the bMAD. However, increasing the length of
life of the MAD from 12 months to 18 months, or using SP1 costs in place of those for SP2, results in an
increase in the incremental cost per QALY for CPAP relative to MAD to £44,066 and £90,998, respectively.
Long-term data on the lifetime of MADs in routine practice would improve precision of estimates.
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The sensitivity analysis also indicated the importance of compliance. Reducing compliance with CPAP by
5% increases the ICER of CPAP relative to MADs to £40,000/QALY. A reduction of 10% in compliance
with CPAP means that QoL gains for CPAP over MADs are lost and the cost is higher. As there is evidence
that, for milder sleep apnoea, compliance with CPAP falls and, therefore, that MADs may be more
cost-effective, comparable compliance data for MADs are required to confirm or refute this.

Finally, the sensitivity analysis indicates the importance of the time frame of the analysis. Moving from a
lifetime to a 10-year time horizon changes conclusions with respect to the relative value of CPAP and
MADs; the cost per QALY of CPAP increases from £15,000 to £91,000 per QALY. This is largely because
the cost of CPAP is not spread over a sufficiently long period and the value of the increased benefits
(e.g. reduced CVD) is not accounted for.
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Chapter 5 Estimating the monetary value of the
impact of health research

Introduction

The economic impacts from medical research form a subset of many of the logic models presented in
Chapter 3. A section of the literature has addressed the specific issues relating to undertaking exercises to
determine economic impacts or the returns on investment from medical research and development spending.
Previous reviews of the literature, which form a starting point for this review, have highlighted work that has
been done to advance the field.2,205 The methods used to assess these impacts or returns on investment are
born from the economic evaluation literature, and the difference in approaches lies largely in the scope of
the cost and benefits assessed, and the valuation methods for seemingly non-monetary components of the
impact. As stated in Chapter 2, the purpose of this review was, using Buxton et al.28 as a starting point, to
identify studies since 2004 that have used any methods to attempt to value (in monetary terms) the benefits
(health and cost savings) of a body of health research and link that with an investment in the body of
research. Articles were included only if they contained a component that attempted to value the impact of
research and development investment on population health.

The article in the Bulletin of the World Health Organization by Buxton et al.28 attempted to learn from
previous studies that had estimated ‘monetary values for the societal benefits obtained from health
research, especially those studies that have attempted to link (and value) benefits to a specific society from
a specified (and costed) body of research’.

The authors characterised the identified methods into four categories:

1. valuing direct cost savings to the health-care system
2. valuing benefits to the economy from a healthy workforce
3. valuing benefits to the economy from commercial development
4. measuring the intrinsic value to society from health gain.

Studies were identified that had considered the benefit of medical research and development as direct cost
savings to the health-care system, brought about by a reduced number of people requiring treatment or
reductions in per patient treatment costs. This approach had been predominant in estimating the benefits
of vaccination research, which had the potential to eradicate subsequent disease and associated treatment
costs.205–208 Cost savings could be included as part of cost–benefit analysis, but these studies did not always
link this to an investment period or country-specific research.

One of the earliest studies to attempt to calculate a rate of return from medical research was conducted by
Mushkin and Landefeld.209 A human capital approach (equating the value of life to market values, i.e.
wages) was used to value gains from US biomedical research, characterised by a healthier workforce.
The limitations of such an approach were acknowledged by the authors and others28,209,210 and tend to
overstate benefits when lost labour can be replaced, while understating benefits for those sections of the
population not of working age.

Buxton et al.28 drew largely on a review conducted by Salter and Martin,211 which explored the commercial
economic benefits from basic research. Salter and Martin noted progress made by Mansfield212,213 that
estimated a worldwide social rate of return (benefits accrued to the whole of society, as opposed to one
firm or funders of one project) of 28% for research undertaken 1975–78. Studies have also demonstrated
the economic benefits of medical research through industrial applications to other industries.214
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An emerging field highlighted by a number of studies in the Buxton et al.28 review had measured the
intrinsic value of health gains brought about by research and development. A US initiative of the Mary
Woodard Lasker Charitable Trust, Funding First,215 produced a series of papers that formed a subsequent
book.216 An informal approach used willingness-to-pay methods to value the increased longevity of life
experienced by the US population, attributing a fraction of these gains to medical research. The results
suggested ‘exceptional returns’ of nearly 20 times the investment in US medical research. This type of
analysis was performed in a more systematic fashion in an Australian study, taking a similar ‘top-down’
approach to valuing health gains, to produce an estimate of the annual rate of return to investment in
research and development.217 They estimated a favourable benefit-to-cost ratio of 2.40 (i.e. AUS$1
invested creates an additional AUS$1.40 benefit); however, this work has been subsequently criticised
because the time for investment in medical research to produce health gains was not considered.218

Buxton et al.28 noted that there is significant scope for these methods to be extended and refined to
allow more robust estimation of the economic benefits from medical research. In particular, a widely
acknowledged central challenge that must be addressed in this kind of analysis relates to the attribution
problem; the relationship between investment in research and health outcomes.15,22,28,115 This manifests
itself as several related issues regarding the contribution of health research in improving health outcomes
and what would have happened without research, that is the unobservable counterfactual. Assumptions
must be made regarding the share of health gains attributable to health research, and given there is an
international pool of health research, the contribution of any particular country to particular health gains.
Finally, assumptions must be made regarding the temporal relationship between a period of investment
and a period of health gains. Different approaches face somewhat different problems in dealing with
attribution, but methods have continued to be developed to address these issues.

Review findings

The search of databases produced 413 articles, which were initially screened by a reviewer by title (Figure 8).
After initial screening and deduplication, 102 articles were screened by abstract. Seventeen articles were
reviewed in full, with five included.22,26,75,218,219 Two of these articles were included in the main literature
review.26,75 One additional report that was not picked up by the supplementary search was included from the
main literature review.25 One additional article and one report known to the authors was also added.24,220

One in-press article that the authors kindly gave us access to was also included.27 In total, the review
produced nine articles/reports. The studies and methods of assessing return on investment, that included a
component that attached a monetary value to health gains, are summarised in Table 16 (see Appendix 6).

Records screened
(n = 419)

Records excluded
(n = 396)

Full-text articles
assessed for eligibility

(n = 23)

Studies included 
in review

(n = 9)

Full-text articles
excluded, with reasons

(n = 14)

Records identified through
database searching

(n = 413)

Additional records identified
through other sources

(n = 6)

FIGURE 8 Flow diagram of included studies.
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The nine studies identified in the review can be split into two categories in terms of how health gains are
measured: those taking a top-down approach and those taking a bottom-up approach. There are several
other important issues that must be addressed in quantifying the returns; this simple taxonomy allows us
to explore the different methodologies. Figure 9 depicts the basic methodologies.

Studies have been compared on a number of key facets of the analysis and assumptions that have to be
made regarding measuring and valuing net health gains and how to attribute a proportion of health gains
to a body of research as follows: How were health gains measured? How were health gains valued?
Were health gains ex post or ex ante? Were the costs of delivery accounted for? Was the lag between
investment and health gain considered? How was the attribution problem addressed?

Top down
A stream of work undertaken by Access Economics (now Deloitte Access Economics) assessed the benefits
of medical research in terms of the intrinsic value of the health gains to society. Two studies were
conducted to estimate the returns on investment from Australian research and development.24,25 Access
Economics considered all Australian health research and development spending both public and private
between 1992 and 2005.24 Building on their approach in an earlier report,217 they used projections from
the Australian Institute of Health and Welfare to estimate DALYs averted in the period 2033–45 relative to
1993 levels and calculate a return on investment of 117%.24 The authors assume that the lag between
investment and realisation of health gains is 40 years, although the rationale for this figure is unclear.

To calculate the return on investment the authors considered the proportion of DALYs averted attributable
to research and development, as opposed to other factors claimed not to be a result of research and
development. The authors state that other factors include ‘public health awareness and preventive programs
such as ‘Slip Slop Slap’ or ‘Quit’, screening and early intervention initiatives, the public subsidy of drugs and
interventions through the Pharmaceutical Benefits Scheme and the Medicare Benefits Schedule, and so on’.24

The extent to which these examples are not research and development-based interventions could be heavily
debated, especially screening programmes; however, the premise that external factors other than research
and development are responsible for health gain has been widely acknowledged.221 They attributed 50% of
health gains to research, as they had in their previous study, but have acknowledged that this was not
robust.217 The return was highly sensitive to the value of this parameter. The authors take account of research
and development conducted in others countries and its contribution to Australian health gains by using
bibliometric techniques to estimate a proxy, based on Australia’s share of publications in the clinical sciences.
They estimated that 3% of health gains could be attributed to Australian research and development. The
DALYs averted were monetised using a willingness-to-pay methodology, attaching the value of a statistical
life-year [AUS$266,843 – £124,300 (converted at 2015 purchasing power parity exchange rate)].222

Total health gains R&D-led interventions health

% attributable to R&D Total health gains

% attributable to investment % attributable to investment

A ‘top-down’ approach A ‘bottom-up’ approach

FIGURE 9 Approaches to identifying health gains from research. R&D, research and development.

DOI: 10.3310/hta20760 HEALTH TECHNOLOGY ASSESSMENT 2016 VOL. 20 NO. 76

© Queen’s Printer and Controller of HMSO 2016. This work was produced by Raftery et al. under the terms of a commissioning contract issued by the Secretary of State for
Health. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals
provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be
addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science
Park, Southampton SO16 7NS, UK.

63



A further study estimated the returns from National Health and Medical Research Council (NHMRC) funding
in five disease areas (cardiovascular disease, cancer, sudden infant death syndrome, asthma and muscular
dystrophy) using the same methodology.25 They estimated that the return on investment ranged from 509%
in cardiovascular research to –30% for muscular dystrophy. These returns also included the value of
avoiding direct health system expenditure, the value of avoiding indirect costs (through productivity losses),
the value of direct commercial gains from the NHMRC-funded research and development, and benefits of
NHMRC-supported commercialisation. Neither of the Deloitte Access Economics studies considered
potential increased costs borne by the health-care system from expensive new technologies.24,25

Health gains were measured using DALYs averted in 2040–50 relative to 2000 levels.25 The time between
investment (2000–10) and health gains (2040–50) was again assumed to be 40 years. It was assumed that
the proportion of gains as a result of research and development was 50%, and 3.14% of these gains were
assumed to be attributable to Australian research and development (re-estimated using bibliometric
techniques). However, the authors were presented with an additional necessary estimation; the proportion
of health gains that were a result of this programme of NHMRC research, rather than the whole body of
Australian health research and development. Using bibliometric techniques they found that 25.04% of
Australian research publications were funded through the NHMRC and used this as a proxy. The DALYs
averted were monetised using a willingness-to-pay methodology (based on individual’s valuation of
avoiding mortality/morbidity) attaching a value of a statistical life-year [AUS$168,166 – £78,300 (converted
at 2015 purchasing power parity exchange rate)].222

Roback et al.218 used a broadly similar approach to value Swedish gains from all public and private research
and development spending on clinical and health research in the year 2005. In this tentative modelling
exercise, average annual increases in life expectancy (population utility adjusted) were used to estimate
QALY gains in 2015. This implies a lag of 10 years, but the authors did not explicitly discuss this. QALY gains
were valued using the value of a statistical life-year [SEK500,000 – £37,900 (converted at 2015 purchasing
power parity exchange rate)].222 The returns were estimated at a socioeconomic level, including a whole
range of non-health benefits where they could be quantified, resulting in a return on investment of 1.08
(8%). In making this estimate, the authors did account for ‘more expensive healthcare due to new methods’.
They assumed that 50% of health gains were attributable to research and development, referencing
estimates made by various authors that suggest the range may be between 25% and 67%.216,223–225

The proportion of health gains attributable to Swedish research and development was assumed to be 3%
based loosely on an estimate of Sweden’s share of global expenditure and global medical publications.

A significant drawback of Roback et al.218 and the Access Economics24,25,217 work is the ex ante nature of
health gains: the reliance on predictions based on previous trends in population health improvement.
This assumes the impact of as of yet unobserved future usage of interventions and hence improvements in
health. Ex post studies use retrospective data, either by directly observing population health gains or by
compiling data on observed uptake and modelled per patient incremental net health benefits. Although
many of these studies require pragmatism in assumption making, the reliance on unknown unknowns
requires a leap of faith.24,25,217,218

Lakdawalla et al.220 assessed the social surplus arising from the ‘war on cancer’ in the USA from all public
cancer research and development spending between 1971 and 2000. An upper bound of this investment
was estimated to be US$300B, based on National Cancer Institute spending (which was assumed to make
up approximately one-quarter of cancer research and development spending). Ex post life-year gains in
survival between 1988 and 2000 were identified and valued at individual willingness-to-pay [US$30,737 –

£21,300 (converted at 2015 purchasing power parity exchange rate)].222 This produced an estimate of the
net gains at US$1.6T. Lakdawalla et al. acknowledge the likely lag between investment and health gain
and suggest that they may have overestimated the size of investment and hence conservatively estimate
social surplus, but did not explicitly investigate the lag. The survival gains were estimated based on
cancer-specific improvements in detection and treatment, although the potential for non-research and
development contributions to these improvements was not considered.
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Bottom up
Informed by methodological frameworks, such as the Payback Framework, studies have used a different
approach to build the benefits up from individual interventions to estimate the sum of the health gains,
rather than starting from an estimate of overall health gains.39 It, in part, theoretically deals with the
attribution problem presented when trying to estimate the contributions of research and development and
non-research and development factors in producing health gains, although it produces a different
challenge in identifying only those interventions that are known to have been research driven.

Johnston et al.75 applied such an approach to the US National Institute of Neurological Disorders and
Stroke’s funding of 28 Phase III RCTs prior to 2000. They estimated a return on investment of 46% per
year based on 10-year estimates of post-funding QALYs. Available cost–utility analyses were used to
estimate the per-patient QALY gains for eight interventions, and data on use were gathered to estimate
population gains. Implicitly, it was assumed that all changes in use post trial were a result of that clinical
research. Although the examination of the use of the eight interventions suggests some lag, with use fairly
stable for at least 2 years after the completion of funding, it might be considered shorter than other
estimates.226 Data presented by the authors suggest that use is not zero during the period when funding
ends, which might be indicative that other research not funded by the National Institute of Neurological
Disorders and Stroke could have played a role in health gains. By using cost per QALY utility data, the
authors were able to present monetised health gains [valued at GDP per head of US$40,310 – £27,900
(converted at 2015 purchasing power parity exchange rate)]222 net of costs of delivery (net monetary
benefits) for each intervention. The study was able to find adequate data for only 8 of the 28 Phase III
trials, which highlights the data-heavy nature of this exercise and the reliance on published literature.
In some instances, a paucity of data may limit the ability for such a study to be undertaken or at least limit
the generalisability of findings.

Two studies published by authors of the Payback Framework have adopted an approach that is similar
with respect to the identification of health gains to the work of Johnston et al.,75 but have focused on
quantifying the returns in different disease areas.22,26

Buxton et al.22 estimated the return on investment [presented as an internal rate of return (IRR) that
considers the flow of cost and benefits] from publicly and charitably funded cardiovascular research in the
UK to be 9% per year (£1 investment yields health gains equivalent to £1.09). They estimated the health
gains between 1986 and 2005 and linked this with a period of investment between 1975 and 1988,
based on a lag of 17 years. The lag was estimated based on citation analysis of UK guidelines, using mean
time between citation and guideline publication (‘knowledge cycle time’) as a proxy for the time between
investment and health gain. Research-led interventions in the cardiovascular field were identified and a
timeline of usage assembled. For each of the interventions, per-patient QALY gains and net costs
(increases from delivery and potential savings from reduced sequelae) were identified through published
cost–utility analyses. QALY gains were valued at the health-care service opportunity cost based on implied
cost-effectiveness thresholds of NICE (£25,000) and presented net of costs, to produce an estimate of the
net monetary benefits produced per year. The NICE threshold value was chosen to reflect the competing
nature of funding of health research over provision of existing technologies. It was assumed that 17% of
the health gain was attributable to UK research, based on bibliometric analysis of cardiovascular guidelines
that identified the proportion of cited work that contained a UK corresponding author. Buxton et al.22

combined this IRR with the wider GDP spill over effects of research and development, estimated to be
30%, to give an overall IRR of 39%.

Glover et al.26 applied the same methodology to publicly and charitably funded cancer research in the UK,
re-estimating the lag between investment and health gain and the proportion of health gains attributable
to UK research based on cancer guidelines. An IRR of 10% was estimated, based on the monetised net
health gains for 1991–2010 for research-driven interventions, linked to cancer funding between 1976 and
1995 (15-year lag). This work highlighted the difficulty in identifying all of the important research-driven
interventions. An additional publication227 used accompanying case studies to highlight the complex and
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heterogeneous relationship between research and health gains. There is a need in a field such as cancer to
narrow the scope to complete such a resource-intensive exercise, where there have been widespread
improvements in detection and treatment brought about by research, and where the benefits are realised
across a heterogeneous patient population (for instance there are over 200 types of cancer). Although
developing a method that used changes in incidence and survival gains as a predictor of which cancer
types were likely to have contributed largely to overall gains, the authors assumed that interventions not
represented in the analysis produced zero net benefit.

A study by de Oliveira et al.219 largely replicated the methods presented in Buxton et al.22 to assess the
return from Canadian publicly and charitably funded cardiovascular research, which they estimated to be
21% per year based on QALY gains in 1994–2005. Using similar bibliometric techniques, a time lag of
13 years was estimated and 6% of overall health gains were attributed to Canadian research and
development. They also argued that an additional component should be considered as part of the
attribution problem, assuming that 70% of the health gains were attributable to medical research.
However, if the identified interventions were research led and studies used to estimate per patient health
gains produced incremental differences brought about by the specific intervention, it is not clear why
non-research and development factors ought to be considered in this context.

Guthrie et al.27 estimated the benefits of the NIHR HTA programme funding from 1993 to 2013. They
selected 10 key HTA studies, which were largely made up of randomised trials but also systematic reviews.
They identified the per-patient QALY gains associated with the interventions. QALY gains were monetised
at the health-care opportunity cost (£20,000 and £30,000) net of health service costs, but total actualised
gains were not estimated. Instead, a net monetary benefit associated with a hypothetical 1 year of full
implementation for the patient population of the interventions was calculated; therefore, the lag between
investment and gains was not considered. The HTA studies were considered to be responsible for all
post-HTA research implementation, as they were seen to constitute ‘definitive’ evidence. The authors
suggest that only 12% of potential net benefit would cover the £367M invested by the NIHR HTA
programme. Although indicative of potential gains, this analysis does not adequately address the
attribution problem and makes no consideration of when benefits accrue. It also raises the interesting
problems posed when the research takes the form of systematic reviews and the role of such a study in
changing clinical practice and hence leading to health gain.

Discussion

There have been contributions to the literature that estimate the impacts of health research using methods
to attach a monetary value to health gains. Approaches have attempted to estimate the resultant health
gains from investment in bodies of research, and, in doing so, must deal with several problems relating
to attributing health gains to particular investments. Techniques that attempt to deal with the problems
of attribution have been established. However, authors have acknowledged a simplification of the
relationship that is required and the reliance on a logic model view of research impacts. Some of these
contributions also consider non-health sector benefits falling on the wider economy, although the scope of
the benefits considered often differs, as does the valuation.

Only a few studies specifically considered programmes of health research.25,27,75 Guthrie et al.27 estimated
the gains of the NIHR HTA programme, but made cautious conclusions on the returns based on
hypothetical uptake of a subset of HTA-funded research.27 Clearly there is scope for these types of
methods to be applied to estimate returns from programmes such as NIHR HTA, but several additional
considerations need to be taken into account. Conversely, there are advantages to having a well-defined
unit of analysis.

It would appear that assessing monetised impact at a programme level is conducive to the bottom-up
approach, when the set of interventions is well defined and the task of identifying those that are
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‘important’ could be avoided. To an extent, data feasibility issues that limit the bottom-up approach should
be mitigated by programmes such as NIHR HTA in that most of its research includes cost–utility estimates.
However, issues of scale are present if the number of studies undertaken by a programme is large, such as
in the NIHR HTA programme. This might be mitigated to an extent by the need to consider only those
trials that showed a significant effect, but this makes a bold assumption about the nature of evidence
being used in clinical practice.

When attempting to measure health gains from a programme of research, the attribution problem
manifests itself as an added layer of uncertainty regarding the proportion of total health gains that should
be attributed to the specific programme. Using a top-down approach, Deloitte Access Economics25 dealt
with this by using the percentage of total citations in clinical sciences that were studies funded by the
programme as a proxy. This additional attribution problem is not circumvented by the bottom-up approach
and a consideration must be still be made. The view taken in Johnston et al.75 and Guthrie et al.,27 that
National Institute of Neurological Disorders and Stroke’s trials and HTA studies are definitive in terms of
changes in uptake, is insufficient, especially in developed countries with multiple funding streams and
complex and evolved research ecosystems. The use of the weights attached to particular RCTs in
meta-analyses could provide a more systematic way of considering the relative impact of different clinical
research supported by multiple funders. Regarding the proportion of health gains that should be attributed
to world research and development, this could be used as an intervention-specific replacement for
guideline analysis or used as an adjunct. Although time lags must be included, it is not clear how best to
estimate these.

An additional problem for programmes that fund only clinical research is dealing with the role of basic
research in health gains. This is unclear and constitutes a major potential limitation in these methods.
No study looking at a programme has yet encompassed these kinds of considerations into the approach
dealing with attribution of health gains to a programme, using either top-down or bottom-up methods.

Although it would clearly be possible to estimate the returns on investment from the NIHR HTA
programme, significant challenges remain.
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Abstract

Background: Building on an approach developed to assess the economic returns to cardiovascular research, we
estimated the economic returns from UK public and charitable funded cancer-related research that arise from the
net value of the improved health outcomes.

Methods: To assess these economic returns from cancer-related research in the UK we estimated: 1) public and
charitable expenditure on cancer-related research in the UK from 1970 to 2009; 2) net monetary benefit (NMB), that
is, the health benefit measured in quality adjusted life years (QALYs) valued in monetary terms (using a base-case
value of a QALY of GB£25,000) minus the cost of delivering that benefit, for a prioritised list of interventions from
1991 to 2010; 3) the proportion of NMB attributable to UK research; 4) the elapsed time between research funding
and health gain; and 5) the internal rate of return (IRR) from cancer-related research investments on health benefits.
We analysed the uncertainties in the IRR estimate using sensitivity analyses to illustrate the effect of some key
parameters.

Results: In 2011/12 prices, total expenditure on cancer-related research from 1970 to 2009 was £15 billion. The
NMB of the 5.9 million QALYs gained from the prioritised interventions from 1991 to 2010 was £124 billion.
Calculation of the IRR incorporated an estimated elapsed time of 15 years. We related 17% of the annual NMB
estimated to be attributable to UK research (for each of the 20 years 1991 to 2010) to 20 years of research
investment 15 years earlier (that is, for 1976 to 1995). This produced a best-estimate IRR of 10%, compared with 9%
previously estimated for cardiovascular disease research. The sensitivity analysis demonstrated the importance of
smoking reduction as a major source of improved cancer-related health outcomes.

Conclusions: We have demonstrated a substantive IRR from net health gain to public and charitable funding of
cancer-related research in the UK, and further validated the approach that we originally used in assessing the
returns from cardiovascular research. In doing so, we have highlighted a number of weaknesses and key
assumptions that need strengthening in further investigations. Nevertheless, these cautious estimates
demonstrate that the returns from past cancer research have been substantial, and justify the investments
made during the period 1976 to 1995.
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Background
Estimating the returns from biomedical and health research
Estimating the economic returns arising from health
research develops our understanding of how research
translates from ‘bench to bedside’, can be used in advocat-
ing the case for future investments in medical research,
and demonstrates accountability for public and charitable
research funding to taxpayers and donors. Because re-
sources used for publicly and charitably funded medical
research, including cancer research, could potentially be
put to other purposes for the benefit of society, there is an
obligation to demonstrate that such investments represent
good value. In the medical field, it is possible to identify
illustrative examples of specific research breakthroughs
that have contributed to substantial benefit in terms of
life-saving interventions, or to major improvements in the
quality of life of patients with a chronic disease. However,
it is much more difficult to describe systematically the na-
ture and extent of the returns to the investment of a whole
body of medical research, some of which may inevitably
be less fruitful. Furthermore, there are tensions between
advocacy, where interested parties are arguing for more
research funding, and more dispassionate analysis, which
might conclude that too much money is being spent on
research. As noted in an editorial in Nature in 2010: ‘Most
of the attempts to count the economic benefits of invest-
ment in science have been derived from the efforts of
lobbying groups and funding agencies to justify science
spending’ [1].
The literature that assesses the value of the benefits of

medical research forms a relatively small field in terms
of methodology and quality [2,3]. There is a lack of clear
consensus about key issues, such as the best methods to
use to assess the value of the health gains, and there is
also variability in the extent to which studies have in-
cluded all the important components required for a full
analysis of the cost-effectiveness of investing in research.
As summarised in Table 1, Mushkin [4], in an early study,
used a human capital approach to value health gains from
all US biomedical research in terms of the productivity
gains from having a healthy workforce [4]. This approach
has various weaknesses, which were recognised by Mushkin
and others [5], including that it tends to overstate the
benefits when lost labour can be replaced by unemployed
people or through migration, and it undervalues health
gains for groups such as the elderly. Funding First [6] ad-
vanced the field by building on a different approach based
on estimates of the average willingness of individuals to
pay for small reductions in the risk of death. They used
this figure to value the increased longevity of the US
population. In a background paper for this, Murphy and
Topel [7] calculated the enormous economic value that
would come from finding a cure for cancer and other
diseases, but to date, and using the methods they had
adopted, the Funding First report claimed ‘the largest
returns to investment in medical research have come
principally from gains against heart disease and stroke’
([6], page 3).
A broadly similar approach was adopted in a series of

Australian studies conducted by Access Economics (2003,
2008 and 2011) [8-10], but expanded to allow for im-
provements in quality of life based on disability adjusted
life years (DALYs). In the 2003 version of the report, no al-
lowance was made for the elapsed time between research
(input) and improved health and wellbeing (outcome). In
the 2008 and 2011 iterations, this was addressed by pro-
jecting potential health and wellbeing gains 40 years into
the future. In the 2011 report, the authors focused on esti-
mating a return on investment for five specific diseases,
including cancer.
To date, only three studies that we are aware of have

examined the economic returns from cancer research.
Two of those focused on the costs and benefits of US
President Nixon’s ‘War on Cancer’ [11-13]. Litchenberg
[11] in 2004 examined the contribution of pharmaceutical
innovation to increases in cancer survival rates, by looking
at the number of new drugs that had been approved to
treat cancer after 1971 (when the War on Cancer was
declared), and modelling the impact on cancer mortality
rates in the US. He estimated that the increase in approved
drugs accounted for about 50 to 60% of the increase in
age-adjusted cancer survival rates. Although Litchenberg
[11] did not compute a rate of return, he did note that the
drug costs to achieve an additional year of life per person
diagnosed with cancer were well below estimates for the
value of a statistical life. Pertinent to the approach adopted
in the current study, he concluded: ‘Ideally, we would have
measured the effects of new cancer drugs on the number
of quality adjusted life years (QALYS), but were unable to
do so due to lack of data’. In two related papers, Sun et al.
[12] and Lakdawalla et al. [13] followed a similar concep-
tual approach in quantifying the value of gains in cancer
survival, but directly compared this with the costs of
research and development (R&D). They estimated that
improvements in cancer survival in the US between 1988
and 2000 created 23 million additional life years, equiva-
lent to roughly US$1.9 trillion of additional social value,
implying that the average life year gained was worth US
$82,000. As with Litchenberg [11], Sun et al. did not
calculate a return on investment but noted that ‘These
calculations suggest that from the patient’s point of view,
the rate of return to R&D investments against cancer has
been substantial.’ The third study to look explicitly at
cancer is the Deloitte Access Economics study [10] cited
above. In that report, the authors looked at the rate of
return from current (2000 to 2010) research investment in
cancer by the Australian National Health and Medical
Research Council (NHMRC) and compared this with
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Table 1 Methods used in various studies to assess the benefits from health research

Study/features Mushkin
(1979) [4]

Funding first
(2000) [6]

Access economics
(2003) [8]

Access economics
(2008) [9]

HERG et al.
(2008) [3]

Access economics
(2011) [10]

How health gains
were assessed

Top-down by disease category:
overall gain in each category not
linked to specific intervention.
Attributed 20 to 30% of total
gain to R&D. Reduced morbidity
difficult to assess because little
reduction in days off work
because of sickness. Adjusted
the raw data, for example, by
applying historical Army and
Navy data as an index to record
the decline in sickness.

Top-down: overall gain in
mortality not linked to
specific interventions.
Attributed roughly one-third
of the total gain to R&D, plus
‘some fraction of the credit
for the other two-thirds.’

Top-down: overall gain
in mortality and morbidity
not linked to specific
interventions. Attributed
50% of the total gain to
R&D.

Top-down: as in the
2003 study, overall
gain in mortality and
morbidity not linked
to specific interventions.
Attributed 50% of the
total gain to R&D.

Bottom-up: identified
research-based
interventions, then
quantified health impact.

Top-down: overall gain
in mortality and morbidity
for five disease areas not
linked to specific
interventions. Attributed
50% of the total gain to
R&D.

How health gains
were valued

Human capital approach, that is,
values attached to lives saved
between one period and the
next, based on potential future
earnings, plus calculation of
value of potential working time
no longer lost due to sickness.

Used a comparatively high
‘willingness-to-pay’ value
derived from labour
economics.

Used the same
comparatively high
‘willingness-to-pay’ value
as Funding First.

Used a higher
‘willingness-to-pay’
estimate than the
2003 study, this time
derived from a
meta-analysis of
international studies.

Used a comparatively
low, but arguably realistic,
value of health gain by
adopting the figure
implied by the current
level of NHS spending,
that is, the opportunity
cost of a QALY within
the current NHS budget.

Used a lower
‘willingness-to-pay’
estimate than that used
in the 2008 study, in line
with Department of Finance
and Deregulation guidance.

Proportion of national
health gain allocated
to national research

Not discussed as a major issue;
we assumed it to be 100%.

Not discussed as a major
issue in Funding First; we
assumed it to be 100%.

Used proportion of global
research conducted in
Australia (2.5%) to
determine the proportion
of the total research-based
health gain to attribute to
Australian research.

Uses bibliometric
analysis-based estimate
of Australian share of
global research
output in clinical
medicine (3.04%).

An analysis of citations
of UK research on UK
clinical guidelines
suggests average best
estimate of 17% linked
to UK research.

Uses an updated
bibliometric analysis-based
estimate of Australian share
of global research output in
clinical medicine (3.14%).

Costs of health
care considered?

No, at least not as a separate
item to net-off against the
value of the health gains.

No in initial headline figures,
but Yes in later analysis: ‘the
gain in the value of life, net
what was spent to attain
the longer life, is just 15
percent smaller.’

No, did not net-off the
healthcare costs required
to achieve the health
gains.

No, did not net-off
the healthcare costs
required to achieve
the health gains.

Yes, did net-off the
health care costs required
to achieve the health gains.

Did not net-off health care
delivery costs, but did
consider avoided health
system expenditure due to
gains in wellbeing.

Considered elapsed
time between
research and health
gains?

Yes: 10 years. Acknowledged time lags
between research and
benefits but this was
apparently not brought
into calculations.

No, compared research
expenditure and health
benefits in the same year.
This implies the health gains
from research are instant.

Yes: 40 years, with range
of 20 to 60 years used
for sensitivity analyses.

Yes: an analysis of
citations of UK research
on UK clinical guidelines
suggested average best
estimate of 17 years lag.

Yes: same assumption of
40 years as was used in
2008 study. No sensitivity
analysis around elapsed
time.

How the overall rate
of return calculated

IRR of 47%. Not brought together to
provide an overall IRR.

An overall benefit/costs
ratio for health research
of 2.40.

An overall benefit/costs
ratio for health research
of 2.17.

IRR of 9% for CVD
research combined with
30% for GDP benefits.

Benefit-cost ratios for five
disease areas: 6.1 (CVD); 2.7
(cancer); 1.1 (SIDS); 1.2
(asthma); and 0.7
(muscular dystrophy).

Abbreviations: CVD cardiovascular disease, GDP Gross Domestic Product, IRR internal rate of return, NHS National Health Service, QALY quality adjusted life years, R&D research and development, SIDS Sudden Infant
Death Syndrome.

G
lover

et
al.BM

C
M
edicine

Page
3
of

20
2014, 12:99

http://w
w

w
.biom

edcentral.com
/1741-7015/12/99

http://www.biomedcentral.com/1741-7015/12/99


Glover et al. BMC Medicine Page 4 of 202014, 12:99
http://www.biomedcentral.com/1741-7015/12/99
gains in wellbeing using DALYS projected for 2040 to
2050. In doing so, they estimated the net benefit of
NHMRC R&D between 2000 and 2010 to be AU$1.96
billion with a cost/benefit ratio of 2.7; that is, for every
AU$1 million invested in cancer research they would
anticipate a return worth $1.7 million.
A recurring theme in these studies is the extent to

which health gains can be attributed to research-inspired
medical advances. Funding First and Access Economics
adopted a ‘top-down’ (or macro) approach that took a
measure of the overall national health gain from various
fields of medicine, and then assumed that a proportion
was attributable to medical research. One way of ad-
dressing this problem of attribution is by examining in a
bottom-up manner the impacts of specific projects or
programmes of research by tracing forwards from the
research to the benefits that arise. Here, considerable
progress has been made using the Payback Framework
[14-18], but this has relied on the development of specific
resource-intensive case studies. Other studies have made
progress in analysing the value of the health gains associ-
ated with a series of clinical trials [19], but the major chal-
lenge faced by these types of studies is attribution: that is,
how to show that the health gains that have arisen can be
attributed to specific pieces of research.
In 2008, we published a report, funded by the Wellcome

Trust and UK Medical Research Council, which aimed to
build on the advances in previous studies and address the
existing limitations, so as to develop an approach that
could be used to measure the economic benefits accruing
from publicly and charitably funded medical research [3].
We analysed two major elements of economic returns: the
broad impact on the UK Gross Domestic Product (GDP)
and the specific net monetary benefits (NMB), defined as
the health benefit valued in monetary terms minus the
cost of delivering that health benefit which arose from the
UK application of relevant UK research. Our analysis of
the existing evidence on the GDP or ‘spillover’ benefits,
based largely on US studies from a number of areas of
research and certainly not specific to any particular area
of medical research, suggested a best estimate of an in-
ternal rate of return (IRR) of around 30%. We estimated
the NMB of the health gain using methods similar to
those used here, giving an IRR of 9% for cardiovascular
research. This meant that a GB£1.00 investment in publicly/
charitably funded CVD research produced a combined
stream of benefits thereafter, equivalent in value to earn-
ing £0.39 per year in perpetuity. (We also estimated the
NMB from mental health research, which produced an
IRR of 7%; however, this was based on a more limited ana-
lysis because of data limitation and uncertainties around
the effects of interventions in mental health, which meant
that we were less confident in the results than we were for
the CVD results).
These estimates of the IRR have been widely used in
policy circles in the UK and beyond [20-23], and in the
absence of any other estimates of the economic impact
of biomedical research, the figures have often been used
as proxies of the economic impact of medical research
more broadly. A consortium of funders (Wellcome Trust,
National Institute of Health Research, Cancer Research
UK (CRUK), and the Academy of Medical Sciences)
commissioned a study to further validate the approach
and to explore whether the IRR from the net value of
the health benefits in another area, cancer, was similar
or not. Thus, this study aimed to estimate the economic
returns from UK publicly and charitably funded cancer
research on improved health outcomes in the UK specific-
ally. As with the previous CVD study, we accept that there
are international benefits of UK research, but this was not
in the scope of the current exercise, although as we note,
this is an area that warrants further investigation. In
addition, and as reported separately [24], we undertook
five exploratory case studies to understand qualitatively
the complexity of how research translates into health
benefit.
We present the methods used for the four main steps

that provided the estimated parameters to enable us to
calculate the economic returns from the NMB of the UK
health gains that we attributed to past UK publicly and
charitably funded cancer-related research, and present
the results expressed as estimates of the IRR, with sensi-
tivity analyses to illustrate the effects of some of the key
uncertainties. Finally, we explored the significance of our
findings in the context of previous studies and the wider
policy debate on R&D investments and economic impact;
we detailed the limitations of our approach; and we devel-
oped a research agenda for this fledgling field.

Methods
Overall conceptual approach
Four key sources of data were needed to estimate the
IRR of the NMB of the health gains arising from cancer
research:

� a time series of the public and charitable funding of
cancer-related research;

� a time series of the NMB of cancer health gains,
derived from the monetised health benefits and
the healthcare costs for selected interventionsa;

� an estimate of the elapsed time between the
investment (research funding) and return
(health gain) associated with those
interventions; and

� an estimate of the amount of health gain that
should be attributed to public and charitable
research investment in cancer-related research
in the UK.

http://www.biomedcentral.com/1741-7015/12/99
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With these four data inputs, we then calculated a rate
of return on the investment in cancer research.
It should be noted that the costs of private sector

R&D investments are accounted for in our analysis as
elements within the cost of delivering health care, which
are netted off in the NMB. The costs to the health
service of medical interventions produced by the private
sector include the return to the private sector on its
R&D investments.

Estimating public and charitable funding of cancer-related
research
The leading funders of cancer research in the UK were
identified by examining the National Cancer Research
Institute (NCRI) Cancer Research Database. Between
2002 and 2011, the top 10 funders consistently accounted
for over 95% of cancer research spend by the 21 NCRI
partners.b Estimates of annual cancer-related research
funding between 1970 and 2009 were assembled for these
10 organisations plus an estimated contribution to cover
Funding Council support for cancer research (the Higher
Education Funding Council for England and similar bod-
ies in Wales, Scotland and Northern Ireland provide a
performance-related block grant to UK universities based
on the quality and volume of research). A detailed account
of how we estimated these 11 time series is provided (see
Additional file 1).
As also discussed in detail in Additional file 1, in esti-

mating research spend for the Funding Councils and the
Department of Health (DH)/NHS, we had to derive a
figure specifically for cancer-related research activity in
the UK. We settled on a central estimate of 10% of total
publicly and charitably funded health and biomedical
research activity, and we also assumed it to be constant
over the time period. This estimate was derived from a
number of independent sources, as follows

� Medical Research Council (MRC) spending on
cancer research averaged 9.8% of their total
investment (range: 4.6% to 16.7%) between 1970/1
and 2009/10.

� Wellcome Trust cancer funding was more erratic,
ranging between 1%c and 38%, with an average of
14.5% of expenditure being on cancer research.

� The proportion of peer-reviewed research papers in
oncology as a percentage of all UK biomedical
outputs averaged 9.2% (range: 8.5% to 9.5%) between
1988 and 1995 [25].

� The proportion of peer-reviewed research papers in
oncology research (as a percentage of all NHS
research outputs) was 12% between 1990 and
1997 [26].

� The proportion of mainstream quality-related (QR)
funding allocations by the Higher Education Funding
Council for England for ‘Cancer studies’ (that is,
Unit of Assessment 02) between 2009 and 2012 was
around 6% of the total biomedical allocation (that is,
Unit of Assessments 01 to 15 and 44).d

Given the importance of this estimate of 10% for the
proportion of research activity that is related to cancer
(for those sources where we had no actual breakdown),
we also looked at the effect of lower and higher estimates
of 7.5% and 15%, respectively, in the sensitivity analyses.

Estimating the NMB from cancer-related research
This element of the research required estimates of the
lifetime QALYs gained and the net lifetime costs to the
NHS of delivering those QALYs for research-based inter-
ventions provided in each year of the period 1991 to
2010. The general methods mirrored those used in the
2008 study [3] on the returns on investment in CVD
research, and again built up the aggregate net benefits
from the bottom up, aggregating the QALYs gained and
the net NHS costs from the use of specific interventions.
This approach required: 1) identification of the key rele-
vant cancer interventions and their level of usage during
the relevant period; and 2) estimates of the QALY gains
and NHS costs associated with the interventions. From
this information, the NMB was calculated as the health
benefit valued in monetary terms (determined by the
quantity of health benefit and a decision-maker’s will-
ingness to pay for that additional benefit) minus the cost
of delivering that health benefit.
In the CVD study, our starting point was previously

published research identifying the cardiovascular inter-
ventions that had contributed most health gain [27]. No
equivalent studies for cancer were identified that could
provide a comparable basis for deciding which interven-
tions were, quantitatively, the most important to include
in the analysis. Thus, the three main steps for quantify-
ing the total NMB associated with cancer interventions
were: 1) to identify the cancer interventions that were the
likely major sources of benefits; 2) to identify appropriate
estimates of NMB per patient for that subset of cancer
interventions; and 3) to construct a time series (for 1991
to 2010) of the number of patients receiving each of these
subsets of cancer intervention in the UK.

Identifying the key cancer interventions
At the outset of the study, we had a number of discussions
with cancer research experts to provide us with a broad
understanding of the main developments in the field over
the past 20 years. Informed by these discussions, we
quantitatively identified those areas that had resulted in
the largest health gain in the UK since 1990, arising
from three main sources: 1) key cancers where research
and resultant health policies have led to health gains
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through a reduction in incidence; 2) key cancers for
which screening programmes have led to health gains
because of early detection; and 3) key cancers where
there have been the most significant health gains from
increased survival.
To identify areas where a reduction in incidence has

been observed, cancer incidence data in the UK were
analysed, using UK incidence rates between 1990 and
2008 [28], to calculate a percentage change over the
period. This percentage change was then multiplied by
mid-period UK incidence (the average per year for 1999
to 2001 [29]) to estimate an absolute change in incidence.
Four cancer types have seen significantly larger reductions
in incidence between 1990 and 2008: lung (6,500), stom-
ach (4,400), bladder (4,400), and cervical (1,400) cancers.
Additional file 2 gives full details for the 21 cancers. The
literature was consulted to identify possible causes for
these reductions in incidence. Overwhelmingly, smoking
prevention and cessation was cited as the reason for a
reduction in lung cancers [30]. Falls in rates of stomach
cancer are also thought to be linked to smoking along
with declines in Helicobacter pylori and improvements in
diet [29,31]. The picture is less clear, given changes in the
ways these cancers are coded, but bladder cancer has been
shown to be associated with smoking too [32], which may
account for the decline in rates. The fall in cervical cancer
can be largely attributed to the roll-out of cervical
screening since the 1980s, which in addition to detecting
cancers, is able to pick up pre-cancerous abnormalities
and so reduce the incidence of cancer. This has led to a
focus on reduction in smoking and on cervical screening.
In addition to cervical screening (which has been in its

present form since 1988), there are currently two other
national screening programmes in the UK aimed at early
detection of cancers: breast cancer screening (introduced
in 1988) and colorectal cancer screening (introduced in
2006). There is evidence that all three programmes have
reduced mortality [33-35], and should be included in
our list of priority interventions.
There have been substantial advances in cancer treat-

ment in recent decades, which have led to valuable health
gains. Surgical techniques remain a cornerstone of treat-
ment, aided by ever-refined radiotherapy methods. The
advent of new cytotoxic therapies, as well as hormonal
and biological therapies, has greatly increased the available
treatment options. Given the breadth of these treatments
(and backed up by the number of treatments that expert
opinion had identified) it was necessary to limit the focus
of our estimation to a subset, which we expected to in-
clude most of the health gains likely to have been ob-
served between 1991 and 2010. Data on changes in
survival were used as a proxy for health gains. Data
were compiled for cancer types on 1-year and 5-year
survival rates from CRUK [36] and the Office for National
Statistics (ONS) [37] (see Additional file 2). Rates were
calculated as percentages for the period 1986 to 1990, and
compared with those in 2005 to 2009 to calculate a
change in the proportion of people surviving 1 and
5 years after diagnosis. This change in rate was then
multiplied by the ‘mid-point’ incidence in 1999 to 2001
to estimate the additional number of people surviving.
The same three cancer types (albeit in slightly different
order) were found to have the highest number of additional
people surviving for both 1 and 5 years; these were pros-
tate, colorectal, and breast cancer. These three accounted
for 73% of the estimated gains in 5-year survival. Using
clinical guidelines published by the National Institute for
Health and Care Excellence (NICE) a set of the main inter-
ventions for each of these three cancer types was identified.
These interventions were all treatments, because, although
there have been improvements in diagnostics and service
configuration, it was assumed that the benefits derived
from these should, in principle at least, be reflected in the
number of people accessing treatment and in measures of
treatment effectiveness.

Identifying estimates of per-patient NMB for the set of
cancer interventions
As a result of the approach outlined above, estimates of
per patient cost and effects were then obtained from
published studies for the following prioritised areas:

� Smoking prevention/cessation
� Screening programmes: cervical, breast, and bowel cancer.
� Treatment of: breast, colorectal and prostate cancer.

Smoking prevention/cessation
The area where we adopted a very different approach to
that which we had previously used for CVD was smoking.
In that study, we restricted the analysis to the costs and
benefits arising from NHS smoking cessation interventions.
Cancer research has not only unequivocally shown the
causal link between smoking (both active and passive) and
both cancer and the risks of cancer (and other health
problems) but also the effectiveness of various national
interventions in reducing smoking rates. This cumulative
evidence has contributed to a slow but steady change in
smoking behaviour both through direct effects on indivi-
dual behaviours and through the many non-NHS interven-
tions in the UK (such as legislation and taxation) which
have followed from, and been made possible by, this evi-
dence, and have encouraged existing smokers to quit and
discouraged others from taking up smoking, as summarised
in Figure 1. Therefore, health gains from research include
not only the benefit from getting smokers to quit (aided or
not by the NHS), but also in preventing non-smokers
from ever starting smoking. A recent modelling study
for the UK DH Policy Research Programme provided
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estimates of lifetime life years gained and cost savings
to the NHS of non-smokers and ex-smokers compared
with smokers [38]. The model accounted for the mor-
tality benefits from not smoking associated with lung
cancer, myocardial infarction, stroke, and chronic ob-
structive pulmonary disease. In the absence of age-
specific smoking rates, we used the estimates for men
and women aged 35 years, and adjusted these to take ac-
count of the proportion of life years gained resulting
from lung cancer reduction and also the adjusted life
years gained by the population mean utility values for the
relevant ages in order to estimate QALYs gained [39].
Screening programmes
To estimate the NMB of each of the three screening
programmes, we identified the most appropriate eco-
nomic evaluations that modelled the lifetime costs and
effectiveness of offering the screening programmes as
delivered in the UK. For both cervical and bowel cancer
screening we used assessments that had informed rele-
vant screening policy decisions [40,41]. In the case of
cervical screening, we adjusted the figures presented as
life years gained by an appropriate age/sex population
utility values to give an estimate of QALYs [39]. For
breast cancer, we used a recently published economic
evaluation that had used a life-table model to assess the
overall cost-effectiveness of the NHS screening programme
which based its assessment of effectiveness on the findings
of the Independent UK Panel on Breast Cancer Screening,
and took account of the uncertainty of associated estimates
of benefits, harms, and costs [33,42]. In all three cases,
these models used take-up rates that were the same or
very similar to those observed in the relevant screening
programme during the period in question.
Treatment programmes
The full list of treatment interventions included in the esti-
mation of health gains for each cancer site are shown in
Additional file 3. These were determined based on NICE Cli-
nical Guidelines (CG131 for colorectal cancer [43], CG80 and
CG81 for breast cancer [44,45] and CG58 for prostate cancer
[46]) and cross-checked to ensure that relevant interventions
identified by experts were included. Patient sub-groups were
recognised where distinction in treatments was made, or
where likely differences in cost and benefits existed. In breast
cancer, for instance, this distinction was made for node-
positive cancers, oestrogen receptor-positive cancers, HER-2-
expressing cancers, and pre/post-menopausal incidence of
cancers, and between early-stage and late-stage cancer. Histo-
rical comparators for each intervention identified from the
contemporary guidelines were then identified back to 1991.
For each of the treatment options considered, published

economic evaluations were used to estimate per patient
costs and benefits (measured as QALYs). Searches were
conducted using the NHS Economic Evaluation Database
and MEDLINE to identify economic evaluations of pros-
tate, breast, and colorectal cancer interventions. UK-
specific estimates were preferred, but international evidence
was used where no appropriate UK estimates were avail-
able. Where they were available, NICE technology ap-
praisals and National Institute of Health (NIHR) Health
Technology Assessments were used as the most relevant
sources (see Additional file 3). Where exceptionally non-
UK cost-effectiveness data had to be used, costs were con-
verted using purchasing power parity exchange rates.

Constructing a time series (1991 to 2010) of usage of
cancer interventions
To estimate total NMB for the period, per-patient QALY
gains and net costs for each intervention were multiplied
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by the total number of new patients receiving each inter-
vention in each year. We used the following methods to
estimate the time series of usage for the selected
interventions.
For smoking reduction/cessation we used figures derived

from the data on the proportions of smokers, ex-smokers
and non-smokers for England for each of the years to
estimate the net change per year in QALYs gained and
NHS savings achieved, and related these to population
data for the UK as a whole [47].
For cervical and breast screening programmes, we used

figures for the relevant size of the UK age group in each
year to whom screening was first offered (age 25 for cer-
vical and age 50 for breast). For bowel screening we used
the numbers first offered screening as the programme
began to be rolled out.
To estimate the numbers of people receiving each

treatment intervention over time two primary sources
were used. For surgical procedures (for example, colo-
rectal excision, liver resection and ablation, prostatectomy,
orchiectomy, mastectomy and lumpectomy) Hospital
Episodes Statistics [48] were utilised. To estimate the
numbers of people receiving drug interventions, data on
Net Ingredient Cost (NIC) of drugs to the NHS were
used. These data were gathered from Health and Social
Care Information Centre (HSCIC) data publications
[49], which give details of the total cost of a particular
drug prescribed in primary care (for the Prescription
Cost Analysis) and secondary care (Hospital Prescriptions
Audit Index) in each year. For some drugs, this informa-
tion was not available for the whole of the time period, in
which case assumptions were made on the basis of launch
year and the most recent available time point. If the
launch year occurred during the period 1991 to 2010, a
linear interpolation with launch year at £0 NIC was per-
formed. For drugs that were not launched during the
period, a last value carried back approach was adopted,
using the most recent year of historical data. From the
NIC, the cost and length of a typical regimen (as esti-
mated by NICE costing templates where possible) were
used to calculate the number of complete treatments
delivered and hence the number of people receiving a
particular drug in any given year. This was then propor-
tioned across the indications of a drug and particular
patient group (for example, early and late cancers, or
multiple cancers).
For some older drug interventions, NIC data were not

publicly available for any of the years of interest. In these
instances, NICE estimates of the proportion of patients
likely to receive interventions (based on guidance costing
templates) were combined with data on incidence to esti-
mate usage numbers.
For radiotherapy, there was a paucity of data on usage.

Data from the National Clinical Analysis and Specialised
Applications Team (NATCANSAT) were available for
2009/10, giving the number of episodes of radiotherapy.e

It was estimated that 70% of these episodes would be for
primary treatment of a cancer. The number of primary
radiotherapy episodes was estimated as a proportion of
the incidence of each cancer in 2009/10. This proportion
was applied historically to incidence in order to estimate
radiotherapy treatment.
The component figures of numbers of people receiving

treatment interventions were all derived from data for
England. To produce a UK estimate (needed because the
research spend data is for the UK) figures were adjusted
by a factor reflecting England’s proportion of the adult
UK population. The screening was based directly on
relevant UK population data, and for smoking behaviour
the time series data were for England, but have been
applied to the UK population. All cost estimates were
adjusted to 2011/12 prices using the Hospital and
Community Health Services Pay and Prices Index [50].
For the calculation of NMB, we used for the base case

an opportunity cost value of a QALY as used by NICE in
its decision-making [51,52]. This value reflects an estimate
of the opportunity cost in terms of QALYs forgone else-
where in the health service within its fixed budget. Given
that public spending on health research can justifiably be
seen as a decision to spend on research rather than dir-
ectly on current healthcare, this opportunity cost value
is appropriate to the public decision regarding research
funding. In this study, as previously for CVD, we char-
acterised NICE’s threshold range as equivalent to an
average of £25,000 per QALY, but considered a broader
range of values in the sensitivity analysis, including a
value of £70,000, which would be broadly consistent
with the commonly proposed QALY threshold of 3 times
GDP per capita [53].

Analysis of UK clinical guidelines to estimate elapsed time
and rate of attribution
In the 2008 report on CVD research, the references cited
in a sample of clinical guidelines were analysed to inform
the estimate of the elapsed time between research spend
and net health gain, and the proportion of net health gain
that could be attributed to UK research [3]. In the current
study on cancer research, we replicated this approach.
In total, 31 national clinical guidelines, which provided

a broad representation of cancer practice in the UK,
were identified. Twelve were published by NICE and a
further twelve by the Scottish Intercollegiate Guideline
Network (SIGN). The remaining seven guidelines were
published by either the Royal Colleges or the National
Cancer Screening Programme. The reference sections of
these guidelines were reviewed: five had no reference list
(four published by NICE, one by the National Screening
Programme) while one screening guideline had no
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references to peer-review journals (that is, it referenced
only policy and practice documents). These six guidelines
were excluded from our sample. We then used a bespoke
computer programme to extract references from the elec-
tronic PDF version of each guideline; in three cases the
automated reference extraction failed (because papers
were not referenced in a recognised format), leaving us
with a sample of 22 national guidelines.
Of the 5,627 references cited in the 22 guidelines, 4,416

references (78%) were automatically extracted, excluding
duplicate references within a guideline (see Additional
file 4 for breakdown by guideline). Nine of these refer-
ences had no date information and were excluded from
the analysis of elapsed time, leaving a total of 4,407 ref-
erences. The age of a paper cited in a clinical guideline
has been termed the ‘knowledge cycle time’ [54], which
is the average difference between the publication date
of the clinical guideline and the publication date of the
cited papers on the guideline. The knowledge cycle time
was calculated for the 22 identified guidelines, and used to
inform the estimated elapsed time.
To estimate the rate of attribution to the UK, the 4,416

extracted and de-duplicated references were provided to
the Centre for Science and Technology Studies (CWTS)
to be matched to their bibliometric database (which is de-
rived from the Web of Science).f Of the 4,416 extracted
references, CWTS was able to match 4,051 (92%), which
formed the dataset to estimate the degree of attribution
based on the address field in the cited papers. These ad-
dresses were used as a proxy for the location in which the
research was conducted, and so it was possible to estimate
the proportion of the cited research that was conducted in
the UK. The non-matched references included non-serial
outputs such as books, journals that are not indexed on
the Web of Science, and incorrect references.

Estimation of the rate of return
Using these four key sources of data, we could then
attribute a proportion of the estimated total annual NMB
of the cancer health gain as being due to UK research, and
relate an equal number of years of investment to years of
NMB, ‘lagged’ by an estimate of the average lag between
research and benefit. The return was expressed as an IRR,
which is effectively the discount rate that would yield a
zero net present value. The IRR is convenient in enabling
a comparison to be made between non-competing in-
vestments of different sizes (as well as providing a dir-
ect comparison with our previous study). We recognise
the many and various layers of estimates involved. In
other circumstances, it might be feasible to express the
uncertainty as ranges for each parameter in our overall
estimate and undertake a formal probabilistic sensitivity
analysis (PSA). However, given the nature of the evidence
from multiple sources for the numerous parameters and
the necessary judgments involved in drawing together and
interpreting the evidence, a comprehensive PSA quantita-
tively characterising all the uncertainty was not feasible
here, and indeed would be liable to suggest a spurious
precision. Instead we provide a series of one-way and
scenario sensitivity analyses to illustrate the effects of
specific variables on the IRR.

Results
Public and charitable funding of UK cancer-related
research, 1970 to 2011
Additional file 1 provides our estimated expenditure by
year by organisation for the 40-year period, 1970 to 2009,
with a summary of cash expenditure provided in Figure 2.
Figure 3 illustrates estimated public and charitable ex-
penditure on cancer-related research from 1970 to 2009
in cash and constant 2011/12 prices (the latter for our
best estimate). About £15 billion (in 2011/12 pricesg) of
cancer-related research funding was invested during this
period. The data presented in Figure 3 are derived from a
number of different sources and include various assump-
tions and estimations. For this reason, we also provided a
‘high’ and ‘low’ scenario for total cancer-related research
expenditure with a range of £14 to £17 billion. In Figure 3,
we also present total public and charitable spending on
cancer-related research in cash terms. This emphasises
that in real terms (in 2011 prices; the red line) spending
fell between 1970 and 1979, then stagnated until 1986,
and thereafter increased threefold, from £250 to £850 mil-
lion, by the end of the time series in 2009.

Net monetary benefit
Table 2 shows the contributions to our total estimates of
lifetime QALYs gained from the seven areas we addressed,
classified by the year in which the intervention was deliv-
ered (or in the case of screening, the year in which those
targeted entered the screening programme). Reduction in
smoking accounted for 51% of the QALYs gained from the
seven areas we prioritised. The other two large sources of
QALYs gained were from cervical screening (21%) and
breast cancer treatments (19%). The other areas we exam-
ined were small contributors by comparison.
Table 3 shows the lifetime net costs to the NHS for

each of these areas over the 20-year period. The key
points to note here are the high proportion of total net
costs accounted for by breast cancer and prostate cancer
treatments. Smoking reduction on the other hand reduces
net NHS costs, as does colorectal screening, although the
latter’s introduction late in the period covered means its
absolute contribution to reducing overall costs is small.
Table 4 summarises the NMB when the QALYs have

been valued at £25,000 and the net costs to the NHS of
the intervention and its long-term sequelae have been
deducted. It shows how the total NMB (when measured
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Figure 2 Total estimated public and charitable spend on cancer research by source of funding, 1970 to 2009, in current (cash) prices.
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in constant prices) from the research-based interven-
tions that we have assessed has been steadily increasing,
with an overall increase of 28% over the 20-year period.
Over the whole period, smoking reduction (providing
for both QALYs and NHS cost savings) accounted for
65% of NMB, followed by cervical screening (24%) and
breast cancer treatments (10%). All seven areas we studied
showed a positive NMB when QALYs were valued at
£25,000. However, at a QALY value of £20,000, prostate
Figure 3 Public and charitable funding of cancer research 1970 to 20
current (cash) prices.
and colorectal treatments and breast cancer screening all
showed a negative NMB (that is, their net costs exceeded
the valuation of the benefits they provide).

Estimating the elapsed time
The estimate of the elapsed time used in the study was
based primarily on the analysis of cited references on
clinical guidelines (that is, knowledge cycle time). As
illustrated in Figure 4, the mean age of the 4,407 cited
09, at constant (2011) prices with low and high estimates, and in
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Table 2 Contributions of the seven areas to the total estimates of lifetime QALYs gained by year: 1991 to 2010

QALYs (thousands)

Year Treatment Screening Smoking
reduction

Total

Prostate cancer Breast cancer Colorectal cancer Cervical cancer Bowel cancer Breast cancer

1991 8 46 6 71 – 2 144 277

1992 9 48 6 70 – 2 144 279

1993 10 46 6 68 – 2 145 276

1994 11 48 6 67 – 2 145 279

1995 10 45 6 65 – 2 145 273

1996 11 46 6 66 – 2 146 276

1997 11 46 6 63 – 3 146 274

1998 11 50 6 59 – 2 147 276

1999 13 53 7 56 – 2 147 279

2000 15 53 7 55 – 2 148 281

2001 17 55 7 54 – 2 149 285

2002 20 56 8 53 – 2 150 290

2003 22 59 8 53 – 2 151 295

2004 24 61 9 56 – 2 152 305

2005 21 62 10 60 – 2 154 309

2006 22 62 12 61 2 2 155 316

2007 23 65 13 60 5 2 157 324

2008 27 68 14 60 7 2 158 337

2009 26 71 15 63 9 2 159 345

2010 25 74 15 65 12 3 161 354

Total 339 1112 173 1225 35 43 3003 5930

Abbreviation: QALY quality adjusted life year.
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papers on the 22 guidelines was 8 years, ranging from 0 to
88 years (the median age was 6 years, with an interquartile
range of 3 to 10 years). To produce an estimate of elapsed
time between spending on research and health gain as
required for this study, it was necessary to add on to this
value the estimates for the period between the awarding
of funding and publication, and the period between rec-
ommendation and use. Using the same approach adopted
in the 2008 report, we estimated these two periods to total
approximately 7 years, giving a best estimated elapsed time
between spending on research and health gain of 15 years,
with 10 and 20 years arbitrarily selected as lower and higher
estimates for sensitivity analyses.
Estimating the amount of health gains that can be
attributed to UK research
The estimate of the proportion of the health gain that
can be attributed to UK research used in the study was
based primarily on the analysis of cited references on
clinical guidelines. A total of 4,051 publications were ana-
lysed to estimate the proportion of the research that could
be attributed to the UK. The overall percentage across all
guidelines was 17%, but as shown in Additional file 4, this
differed between specific guidelines.

Estimating the IRR from cancer-related research
Our estimates of the NMB produced by year (summarised
in Table 4) were then related to the estimated public and
charitable spend by year on cancer-related research (sum-
marised in Figure 3) and expressed as an IRR. Calculation
of the IRR incorporates our best estimates of the elapsed
time of 15 years (low and high estimates of 10 and
20 years) and of the proportion of the NMB that could
be attributable to UK research (best estimate 17%: low
and high range estimates of 10 and 25%). Thus in our
base-case calculation we related 17% of the annual
NMB (for each of the 20 years 1991 to 2010) to 20 years
of the research investment that had occurred 15 years
earlier (that is, for the years 1976 to 1995; in other words,
a subset of the 1971 to 2009 series collated). This pro-
duced a base-case estimate of the IRR of 10.1%.
As is evident from the methods used, there is inevitably

considerable uncertainty around the values of all our
estimates. Table 5 presents a series of one-way sensitiv-
ity analyses to illustrate the effects of some of the main
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Table 3 Contributions of the seven areas to the estimates of lifetime costs to the NHS of services delivered by year:
1991 to 2010

Costs (GB£ million)

Year Treatment Screening Smoking
reduction

Total

Prostate cancer Breast cancer Colorectal cancer Cervical cancer Bowel cancer Breast cancer

1991 199 665 181 41 – 34 -277 844

1992 220 687 190 40 – 37 -277 897

1993 241 658 185 39 – 40 -278 887

1994 272 684 185 39 – 42 -278 944

1995 252 646 175 37 – 42 -279 874

1996 278 660 182 38 – 43 -280 921

1997 269 684 181 36 – 53 -281 943

1998 283 720 187 34 – 50 -282 993

1999 336 753 214 32 – 47 -283 1098

2000 391 746 211 32 – 45 -285 1140

2001 456 755 206 31 – 43 -287 1204

2002 519 764 202 30 – 43 -282 1276

2003 571 794 178 30 – 44 -255 1361

2004 614 817 179 32 – 44 -254 1432

2005 545 850 182 34 – 44 -252 1403

2006 572 851 188 35 -5 45 -258 1428

2007 596 881 177 35 -10 46 -252 1473

2008 613 919 181 35 -15 48 -242 1538

2009 606 950 185 36 -20 48 -237 1569

2010 569 986 186 38 -25 56 -240 1569

Total 8403 15469 3755 704 -75 894 -5358 23793

Abbreviation: NHS National Health Service.
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areas of uncertainty, and all changes have predictable
effects. For NMB, the greatest uncertainty in our calcula-
tions probably relates to the magnitude of the benefits
from smoking, given the indirect nature of the estimate.
Reducing (or increasing) the NMB from smoking by 25%
produced an IRR of 8.7% (or 11.2%); for illustration, the
(unrealistic) extreme of removing entirely the benefits
from smoking from our estimates produced an IRR of
2.4%. The IRR increased as our estimates of research
funding were reduced, and the proportion of benefits
attributable to UK research increased. It was found to
be particularly sensitive to a reduction in the elapsed
time. Although taken individually, all of the alternative
values we have explored in this sensitivity analysis showed
a reasonable rate of return, in combination they could
of course have produced a wider range of estimates for
the IRR.

Discussion
Taking into account the necessary assumptions made in
our approach, the base-case IRR for the NMB from the
health gain from cancer research of approximately 10%
is remarkably similar to that derived for CVD research,
where the IRR derived from the health gain was 9%. These
benefits alone provide a return considerably greater than
the UK government’s minimum threshold of 3.5% for
investments, thus suggesting that investment in cancer
research is worthwhile. Moreover, given that CVD, cancer,
and mental health account for about 45% of the total bur-
den of disease in the UK [55], we might with increasing
confidence extrapolate this order of rates of return to the
whole of the public and charitable investments in biomed-
ical and health research in the UK. The important caveat
to that statement is that the two of the clinical areas that
we have analysed in most detail – cancer and CVD –have
both benefitted significantly from the changes in smoking
over the period analysed.
However, it should be remembered that in our previous

study, the rate of return from NMBs of the health gain
was less than a third of the rate of return (30%) that we
suggested might relate to the broader GDP gains. If we
accept that estimate of returns from GDP, then again the

http://www.biomedcentral.com/1741-7015/12/99


Table 4 Contribution of the seven areas to the estimates of net monetary benefit by year: 1991 to 2010 (QALY value
of £25,000)

Net monetary benefit (£ million)

Year Treatment Screening Smoking
reduction

Total

Prostate cancer Breast cancer Colorectal cancer Cervical cancer Bowel cancer Breast cancer

1991 8 490 -33 1729 – 7 3885 6085

1992 8 506 -35 1699 – 7 3889 6075

1993 9 485 -33 1659 – 8 3890 6018

1994 10 504 -32 1646 – 8 3894 6030

1995 9 475 -28 1592 – 8 3906 5963

1996 -3 483 -28 1609 – 9 3920 5989

1997 -3 458 -28 1546 – 11 3933 5916

1998 -3 531 -29 1447 – 10 3947 5902

1999 -10 566 -40 1374 – 9 3966 5866

2000 -15 579 -36 1350 – 9 3989 5876

2001 -25 630 -30 1310 – 9 4018 5910

2002 -8 647 -5 1283 – 9 4037 5963

2003 -14 677 24 1294 – 9 4035 6025

2004 -7 705 49 1376 – 9 4064 6195

2005 -15 694 67 1460 – 9 4099 6314

2006 -16 697 106 1484 64 9 4138 6481

2007 -23 736 149 1469 128 9 4167 6635

2008 51 786 171 1474 192 10 4192 6876

2009 46 816 178 1528 256 10 4216 7050

2010 66 854 183 1596 320 11 4253 7282

Total 65 12318 566 29927 960 179 80437 124452

Abbreviation: QALY quality adjusted life year.

Figure 4 Age of papers cited on cancer clinical guidelines.
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Table 5 IRR: one-way sensitivity analyses

Analysis IRR, %

Base casea 10.1

Research funding estimate

Low 10.8

High 8.7

‘Value’ of a QALY, GB£

20,000 8.0

30,000 11.7

50,000 16.1

70,000 18.9

Elapsed time, years

10 14.6

20 7.4

Attribution to UK research, %

10 6.1

25 13.0

Effect of smoking cessation

Decrease NMB by 25% 8.7

Increase NMB by 25% 11.2

Omitting benefit of smoking reduction 2.4

Abbreviations: IRR internal rate of return, NMB net monetary benefits, QALY
quality adjusted life year.
aBest estimate for research funding and net monetary benefit, QALY value of
£25,000, elapsed time of 15 years, and attribution to UK research of 17%).
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overall returns from cancer research would be in the order
of 40%. However, as we noted then, although this estimate
was based on the best available information, it was
generated from a small empirical literature, much of it
US-centred and only a proportion specific to medical
research. From the papers reviewed, a rate of return
between 20% and 67% was identified and we took 30%
as our ‘best estimate’. The current study did not revisit
this aspect of the return to investment. As discussed
below, we recommend that future research should aim
to update and improve on these estimates.

What this paper contributes
In this study, our main methodological contribution was
to further validate the bottom-up approach we developed
in the original Medical Research: What’s it Worth? study
[3]. This new application strengthens our argument that
the bottom-up approach represents a significant improve-
ment on earlier attempts to estimate economic returns
from research, as it attempts to directly attribute health
gains (as measured by QALYs) to research-derived inter-
ventions. The alternative ‘top-down’ approaches face the
fundamental problem of starting with changes in mortality
or morbidity over time, and attributing an estimated
proportion of these changes to biomedical and health
research. In addition, and in line with our previous
work, we have taken into account the costs of delivering
the health gain and the elapsed time between research
investment and health gain, which earlier studies had
largely failed to do.

Key assumptions and caveats
Despite validating and further developing the approach,
there are still a number of key assumptions and caveats
in our estimate of the economic returns from cancer-
related research. Given this, we would be the first to
acknowledge that the bottom-up approach by necessity
relies on these assumptions, and that our findings do
need to be treated with appropriate caution. We docu-
ment these assumptions in the interests of transparency,
and to stimulate further research. The key assumptions
are as follows.

� Our base-case value of a QALY is £25,000.
Obviously, and as demonstrated by our sensitivity
analysis, the IRR is sensitive to the assumed value of
the health gain measured as QALYs. Our base-case
assumption is consistent with our analysis of the
returns to CVD research, and reflects the mid-point
in the range of values (of £20,000 to £30,000) cited as
the normal criteria for acceptance of interventions by
NICE [51]. More recently, NICE has increased this
threshold, up to around £50,000, for certain treatments
that provide end-of-life benefits, particularly late-stage
cancer treatments [52]. At the same time it has seemed
to re-emphasise that the £20,000 threshold should
apply unless there are special circumstances. Although
this leaves uncertainty about the most appropriate
value here (as reflected in our sensitivity analysis),
conceptually the argument remains that this
‘opportunity cost’ value of a QALY should apply to
an assessment of research in that investing in
health-related research can be seen as an alternative
to spending the money directly on current health
care. We note, however, that other studies in the US
and Australia have used much higher values, reflecting
individual willingness to pay for health gains, and
we have illustrated in a sensitivity analysis the effect
of using a value of the order of three times GDP per
capita [53].

� The total NMB for interventions not covered is
assumed to be zero. Our IRR calculation assumes
that all other cancer treatment developments/
interventions that we have not specifically included
have, in aggregate, no effect on the NMB, because
for these, the monetised value of the health benefit
is equal to the cost of delivering the benefit.
In reality, there may be some areas that we have not
covered for which the NMB is negative because of
the high cost of treatment and low incremental
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health gain. Conversely, there are may be other
areas that generate a significant number of QALYs
at a relatively low cost. We are not in a position to
know whether the net effect of the interventions we
did not examine is positive, negative, or zero.

� The total net flow of knowledge between
disciplines is zero. We have assumed that the flow
of knowledge is the same into and out of different
research fields, and from each research field into the
cognate treatment areas. However, we know that
research is unpredictable and diffuse, and there may
be research disciplines that contribute more than
they gain from other areas. One could argue that
some of the reduction in mortality from diseases
other than cancer that arises as a result of the
reduction in smoking (e.g. CVD) which we have
excluded, should in fact be included as having been
achieved as an additional advantage arising from the
evidence of the effect of smoking on lung cancer.

� All health gain from treatments is captured in the
estimates of the health gain from specific
interventions. We have assumed that in principle
the health gain from improved service configuration
and all other supportive service changes (including
diagnostics and imaging) should be captured in the
estimates of the gains from specific interventions. In
practice, our estimates of QALY gains are mainly
derived from UK-relevant health technology
assessments that are extrapolated from trial data,
which may provide an imperfect estimate of the
gain when the interventions are used in routine
NHS practice.

� The definitions of the cancer-related research used
by the research funders captures basic research
that may have contributed to developments in this
area. This is clearly the case for the cancer-specific
funders such as CRUK, as we included all the research
they funded. For MRC funding, we relied on the
funder classification which, as discussed in Additional
file 1, was broad and thus should include basic re-
search. For the Wellcome Trust, which accounts for
around 10% of total cancer funding, we had to rely on
search terms. We scanned the list of grant titles se-
lected through this search strategy, and this list sug-
gests that fundamental research is being included,
although we cannot guarantee that it all is in fact in-
cluded. For the remaining two funders – the Funding
Councils and the DH/NHS – this would not be an
issue, as their time series were derived through an es-
timate of cancer research activity.

� The knowledge cycle time and attribution rate
were largely determined through bibliometric
analysis of clinical guidelines. As part of this study,
and reported separately, we undertook a series of
case studies that qualitatively explored how research
translates into health benefit [24]. This work
demonstrates the complexity of biomedical and
health innovation, especially when trying to measure
the time it takes for research to develop into health
benefits. Although the bibliometric approach
provides us with an empirical estimate of both the
elapsed time and the rate by which we can attribute
UK research to UK health gain, it inevitably is a
gross simplification of a complex process.

� We have made various assumptions about the
baseline treatment against which we were looking
in research-based developments. For example, in
estimating the net health gain from breast cancer
treatments, we did not include benefits from
standard mastectomy but just estimated the benefits
from subsequent developments.

� There is a risk that we may have double-counted
the NMB for individuals who are treated as a result
of screening. Conceptually, the benefits of screening
include the downstream NMB of treatments that
result from the screening. However, a number of
issues minimise the likelihood of our double
counting. First, we did not include (in the treatment
calculation) all the benefits of treating an individual
disease (for example, breast cancer) but only the
additional benefits of improved (research-based)
treatments, so any additional people who get ‘basic
treatment’ as a result of screening were counted
only as an advantage to screening. Second, the
benefits and the future treatment costs of a woman
entering a screening programme (which is when we
estimated the future QALYs and present value of
associated net costs) occur in a future year, often
many years ahead, so in taking a 20 year period,
there is limited scope for counting both. If we had
perfect data and were looking at all treatment
benefits over a much longer period, we could in
principle look only at the benefits of treatments that
would encapsulate all the QALY benefits of
screening.

In acknowledging these assumptions, we should make
the important point that an underlying principle we
adopted throughout this study and our previous work
on CVD was to err on the side of caution: that is, to
make assumptions that would lead, other things being
equal, to a lower rate of return. However, compared
with our earlier study of CVD, we are less confident that
we have always managed to adhere to the principle of
conservatism. For example, as discussed above, there is
an implicit assumption in ascribing the IRR to the whole
of cancer that everything we have not specifically included
has, in aggregate, no effect on the NMB (the value of the
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health gain is equal to the costs of delivering it). In reality,
the aggregate effect of what we have not considered could
be positive, negative, or zero. Another issue is that in the
CVD study, conservatism often came from adopting the
lower of two (or more) published estimates for specific
parameters, but for cancer interventions, we rarely had a
choice of relevant data estimates, as discussed in more
depth below.
In addition to these specific assumptions, there are a

number of other broader issues that add to the uncertainty
of our estimates and need to be highlighted.

� We have evidence of linkage between research and
health gains but no formal evidence of causality.
Our analysis relied on the reasonable assumption
that these health benefits would not have occurred
without the evidence from medical research, and we
have illustrated the often complex nature of those
linkages in case studies [24]. At one level we have
addressed this issue of causality by our bottom-up
approach, adding together the benefits demonstrated
through clinical trials of new interventions. For
these, causality from worldwide medical research is
all but a truism. However, even for these, we had to
assume that a proportion of the benefit (based on the
UK contribution to publications cited in guidelines)
arose from UK research. It is possible that some or
even all of these interventions might have come into
use in the UK even if there had been no UK cancer
research, but it is improbable that the same level and
timing of benefits would have arisen. Causality
could be argued to be less direct for the benefits of
the reduction in smoking, which made the largest
contribution to the total NMB. It is possible, but
implausible, that changes in smoking behaviour
might have arisen in the absence of any evidence of
the health effects. Certainly, our case studies [24]
show that there was an extended lag between the
initial evidence of harms to smokers and changes
in behaviour, and the UK government probably
needed the cumulative evidence that has emerged
over several decades, and in particular the evidence
of the harms of environmental tobacco smoke, to
make the legislative changes in the face of very
considerable resistance. There are also additional
uncertainties around the magnitudes of NMB from
smoking. Of the total £124 billion total NMB, £80
billion (or 65%) arose from reductions in smoking,
and the numbers for the increased proportion of
the population who were non-smokers or ex-smokers
is based on self-reported survey data. In the sensitivity
analysis (Table 5), if the NMB from smoking reduction
was decreased or increased by (an arbitrary) 25%,
the IRR would reduce to 8.7% or increase to 11.2%
respectively. Omitting the benefits from smoking
reduction entirely reduces the IRR to 2.4%. However,
it should be stressed that we estimated only the
mortality effects on lung cancer and excluded effects
on other cancers (and other disease areas) from
smoking, all of which would mean we probably
underestimated the impact of smoking reduction.
However, taking a perspective of NHS costs only,
we have not included costs to other parts of the
economy from the various measures to reduce
smoking [56].

� Variable quality of data on the effectiveness of
screening. The three national screening
programmes are important elements in our
estimates. The clinical and cost-effectiveness evi-
dence for bowel cancer screening is high-quality and
trial-based, but the evidence for cervical screening,
and even more so for breast cancer screening, is less
robust. The
recent review [33] of the clinical evidence has
provided some clarity to the contentious issue of the
net benefits of breast screening, and underpins the
relatively simple economic model that we used as
the basis of our estimate of NMB, but there is
considerable uncertainty around these estimates.

� There is a lack of robust clinical effectiveness and
cost-effectiveness data for some interventions,
especially for longstanding treatments. This was a
general problem with well-established surgical
techniques (for example, total mesorectal excision,
for which no cost-effectiveness evidence could be
found) and similarly for some of the hormonal
therapies (for example, tamoxifen and goserelin).

� There are a large number of areas of cancer that
we did not consider in our analysis. Our analysis
was based on a prioritised list of cancer types
generated from both expert opinion and
epidemiological data. By necessity, this meant we did
not look at a number of areas (and as noted above,
assumed the NMB arising from these areas to be
zero).

� Elapsed time was an important variable in
determining the IRR, but one that is conceptually
difficult to measure [24]. We wanted to measure
the time between research investment and health
gain, but neither of these events occurs at one
defined point. Research investment may occur over
a period, although in many cases, given a typical
pattern of investment starting with pilot trials, and
building to larger-scale studies and finally randomised
controlled trials, the bulk of the research investment
may come late in the overall investment period. The
point at which the bulk of the health gain occurs is
even more difficult to define, and will depend on a

http://www.biomedcentral.com/1741-7015/12/99


Glover et al. BMC Medicine Page 17 of 202014, 12:99
http://www.biomedcentral.com/1741-7015/12/99
range of
factors, such as the type of intervention and the way
in which it is implemented. The issue of time lags was
identified in the original 2008 report, which suggested
that further research is needed.

Given these various issues and the nature of the exercise,
which relies on data and estimates from a wide variety of
sources, it is not possible to characterise in any formal way
the overall uncertainty in our estimates. The sensitivity
analysis illustrates the effect on the IRR of alternative
values for some of the key parameters, and shows that
the broad order of magnitude of the IRR is relatively in-
sensitive to fairly substantial degrees of uncertainty on
specific elements of the analysis of what has happened
in the past. Moreover, even without this uncertainty, we
need to interpret our analysis of what has happened in
the past with caution, as follows.

� Past performance is not an indicator of future
performance. The IRR is based on past
performance, and cannot be a guarantee of future
returns, particularly for increased levels of research
spending. This means that research advocates need
to use the estimates provided in this paper very
cautiously if wishing to extrapolate them as
indicators of likely future returns from research
expenditure. Given the near doubling in cancer-
related research funding since the turn of the cen-
tury (Figure 3), there will need to be a similar in-
crease in NMB in the coming decade to maintain
the current returns. It is worth noting that the NMB
of bowel screening is not fully reflected in the IRR
because this screening is of
recent introduction, so there is additional benefit that
will be realised in the future. Likewise, pharmaceutical
interventions are typically priced to maximise the
value of the benefit at time of introduction, so the
NMB is close to zero. During the coming decade,
some of the expensive drugs will come off patent and
may be available more cheaply, thus contributing to an
increase in the NMB; however, other new and expen-
sive ‘on patent’ drugs may well be used in preference.

� We estimated average returns from cancer
research, not the marginal returns. From this
analysis, we are not able to say whether the rate of
return would have been different if research spending
had been higher or lower, and whether at the margin
the returns to research investment are increasing or
diminishing.

� The analysis should not be used to make
comparative assessments about the value of research
into particular interventions/cancers. Our approach
examined a portfolio of interventions/cancer types and
we would caution that the detailed data may not be
sufficiently robust to make comparisons between
interventions within specific cancers.

Future research requirements
Based on the key assumptions, uncertainties and caveats
described above, further research is needed in the follow-
ing areas.

� A deeper understanding of the international flows
of knowledge. In our model, we estimated the
extent to which UK research influences UK
practice, using citations on clinical guidelines, and
this figure was used in estimating the IRR. However,
there is a need for a more nuanced understanding of
these knowledge flows and their impact on
international health gains; for example, UK research
is contributing to health gains beyond the UK. As a
result, our current figure underestimates the global
value of UK R&D. A study that aimed to measure
the health gains, net of healthcare costs, in the rest
of the world as a result of UK medical research
would address this. At a European level, it would
also be interesting to explore how the investments
of different European countries in biomedical and
health research leads to health gains in other
European countries, thereby reinforcing the notion
of European solidarity.

� An improved estimate of spillover effects for UK
biomedical and health research. Public and
charitable biomedical and health research
expenditure not only leads to health gains, but also
makes an important contribution to the national
economy. Much of the evidence base for estimating
a spillover effect of 30% comes from studies
undertaken in the 1960s and 1970s, and/or relates
specifically to agriculture research. More recent
analyses for medical research are largely based on
US data. Furthermore, in this study, we also
assumed that the spillovers are independent of
disease area but we have no empirical evidence to
support whether that assumption is justified or not.
Future research should aim to provide empirical
estimates of the effects of biomedical and health
research for the UK economy, ideally at a
disease-specific level.

� Examine another disease area or time period in
which smoking reduction is likely to have a
minimal impact. As illustrated in Table 5, the IRR
for cancer research is very dependent on the effect
of smoking reduction. It would be valuable to
undertake an investigation in another clinical area in
which smoking is not important to see whether
similar rates of return are found.
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Conclusion
It is challenging to move beyond the identification of the
benefits from specific examples of research funding and
attempt to meet the increasing demands for accountability
by systematically measuring returns to the investment of a
whole body of medical research. In this paper, we have
estimated the economic benefit of public and charitable
funding of cancer-related research, and further validated
the methodological approach that we originally used in
assessing the returns from CVD research. Expressed in
2011/12 prices, total expenditure on cancer-related re-
search from 1970 to 2009 was £15 billion. Over the
period 1991 to 2010, the interventions we prioritised
in our study produced 5.9 million QALYs and a NMB
of £124 billion, allowing for the net NHS costs result-
ing from them, and valuing a QALY at £25,000. The pro-
portion of the benefit attributable to UK research was
17%. The lag between research funding and impact for
cancer treatments was 15 years. Our best estimate of the
health-gain IRR from UK cancer-related research was
10%, very similar to that of 9% for CVD research. The re-
sults suggest that, despite the uncertainties around the
methods and estimates, the historical returns in terms of
the NMB of the health gains derived in the UK from pub-
lic and charitably funded biomedical and health research
are substantial, and could by themselves justify the invest-
ment made.

Endnotes
aWe have used the term ‘interventions’ broadly throughout
this paper to include treatments, screening programmes
and a wide range of policies and information that have led
to changes in smoking.
bNCRI members must have an annual cancer research
spend in the UK in excess of £1 million, and have an ap-
propriate peer-review system for ensuring the scientific
quality of the research that they fund [57].
cUp until 2010, the Wellcome Trust had a policy not to
fund cancer research. It changed its policy in recognition
that the basic research it funded was increasingly having
implications for our understanding of cancer.
dData provided by the Higher Education Funding Council
for England in personal correspondence.
eData provided at our request by NATCANSAT produced
from the national radiotherapy dataset for years 2009 to
2013.
fCWTS maintains a bibliometric database of all scientific
publications (including health and biomedical research)
for the period 1981 to 2013. This dataset is based on the
journals and serials processed for the Internet versions
of the Science Citation Index Expanded and associated
citation indices, the Social Sciences Citation Index, and
the Arts and Humanities Citation Index. This database
is operated for bibliometric purposes in service contracts
under a License Agreement with Thomson Reuters. See
[58] for more information.
gWe used HMG GDP Deflator [59] to estimate constant
prices for 2011 (accessed 9 January 2013). We also
compared the Biomedical Research and Development
Price Index published by the National Institutes for
Health Office of Budget ([60]; accessed 9 January 2013),
and concluded that there was no material difference for
the purpose of the current analysis.
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Estimating the returns to United Kingdom
publicly funded musculoskeletal disease
research in terms of net value of improved
health outcomes
Matthew Glover1, Erin Montague2, Alexandra Pollitt2, Susan Guthrie3, Stephen Hanney1, Martin Buxton1

and Jonathan Grant2*

Abstract

Background: Building on an approach applied to cardiovascular and cancer research, we estimated the economic
returns from United Kingdom public- and charitable-funded musculoskeletal disease (MSD) research that arise from
the net value of the improved health outcomes in the United Kingdom.

Methods: To calculate the economic returns from MSD-related research in the United Kingdom, we estimated (1)
the public and charitable expenditure on MSD-related research in the United Kingdom between 1970 and 2013; (2)
the net monetary benefit (NMB), derived from the health benefit in quality adjusted life years (QALYs) valued in
monetary terms (using a base-case value of a QALY of £25,000) minus the cost of delivering that benefit, for a prioritised
list of interventions from 1994 to 2013; (3) the proportion of NMB attributable to United Kingdom research; and (4) the
elapsed time between research funding and health gain. The data collected from these four key elements were used to
estimate the internal rate of return (IRR) from MSD-related research investments on health benefits. We analysed the
uncertainties in the IRR estimate using a one-way sensitivity analysis.

Results: Expressed in 2013 prices, total expenditure on MSD-related research from 1970 to 2013 was £3.5 billion, and for
the period used to estimate the rate of return, 1978-1997, was £1.4 billion. Over the period 1994–2013 the key interventions
analysed produced 871,000 QALYs with a NMB of £16 billion, allowing for the net NHS costs resulting from them and
valuing a QALY at £25,000. The proportion of benefit attributable to United Kingdom research was 30% and the elapsed
time between funding and impact of MSD treatments was 16 years. Our best estimate of the IRR from MSD-related
research was 7%, which is similar to the 9% for CVD and 10% for cancer research.

Conclusions: Our estimate of the IRR from the net health gain to public and charitable funding of MSD-related research
in the United Kingdom is substantial, and justifies the research investments made between 1978 and 1997. We also
demonstrated the applicability of the approach previously used in assessing the returns from cardiovascular and cancer
research. Inevitably, with a study of this kind, there are a number of important assumptions and caveats that we
highlight, and these can inform future research.
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Background
Total global investment in biomedical and health re-
search was estimated at US$240 billion in 2009 [1],
equivalent to approximately US$270 billion in 2016.
These investments are intended to improve health for
patients and the public. But do they? And if so, what are
their returns?
In recent years, researchers and research funders have

aimed to better understand the range of impacts arising
from public and charitable funding for medical research,
including the resulting economic benefits. Such informa-
tion provides accountability to taxpayers and charity
donors, and increases our understanding of how re-
search effectively translates to health gains. In this paper,
we examine the economic returns from musculoskeletal
disease (MSD) research. This is the third in a series of
studies looking at the returns from cardiovascular
(CVD) research [2] and cancer research [3], as well as
the broader economic impacts or spillover effects of re-
search funding [4].
As reviewed by Buxton et al. [5], and updated by

Glover et al. [3] and Raftery et al. [6], the literature that
assesses the value of the benefits of medical research
forms a relatively limited field in terms of methodology
and quality. There are two broad approaches. Firstly, a
‘top down’ approach where overall health gains in a
disease area are related to research investments, but this
requires an estimate of how much of the total health
gain can be attributed to medical research investments.
For example, Funding First [7] argued, in a report enti-
tled ‘Exceptional Returns’, that the steep decline in CVD
deaths in the United States between 1970 and 1990 had
an economic value of US$1.5 trillion annually, and de-
duced that one-third of this (US$500 billion a year)
could be attributed to medical research that led to new
procedures and drugs. The approach was replicated in a
series of studies by Access Economics [8, 9] and Deloitte
Access Economics [10] estimating the return on Austra-
lian biomedical research on the basis of overall improve-
ments in Australian lifespan. The base-case assumption
in these studies was that research was responsible for
50% of the improvements in healthy lifespan, although it
is worth noting that the authors acknowledged there was
no evidence to support this assumed rate of attribution.
The challenge of top-down attribution can be

addressed by examining in a ‘bottom-up’ manner the im-
pacts of specific projects or programmes of research by
tracing forwards from the research to the benefits that
arise. This is the approach developed by HERG [2] and
Glover et al. [3], and adopted in this study. Here, we es-
timate the net monetary benefits (NMB), defined as the
health benefit valued in monetary terms minus the cost
of delivering that health benefit, for a set of key inter-
ventions to reduce MSD that arose from the United

Kingdom application of relevant United Kingdom re-
search. This ‘bottom-up’ approach led to an impressive
but less ‘exceptional’ internal rate of return (IRR) of 9%
and 10% for CVD and cancer research, respectively [2, 3].
However, in both these studies the reduction of smok-

ing over the period analysed had a major impact on the
estimated rate of return. For example, the return on can-
cer research investment declined to 2.4% in a sensitivity
analysis that excluded the effect of smoking cessation,
and attribution of the reduction in smoking to medical
research alone is contestable. Glover et al. [3] therefore
concluded it would be valuable to undertake an investi-
gation in another clinical area, such as MSD, in which
smoking only marginally affects outcome to see whether
similar rates of return are found [3] (smoking has a
comparatively small effect on the musculoskeletal sys-
tem, including a reduction in bone mineral content and
deleterious effects on osteoporosis, fractures and other
MSD [11, 12]). Another prima facie, methodological rea-
son why MSD research is an interesting case to examine
is that it largely relates to chronic conditions, where
health gains occur through improvements in morbidity,
rather than mortality as was the case for CVD and
cancer.

The MSD burden of disease and research
How much biomedical and health research funding is
invested in different disease areas is determined by a
number of factors, including burden of disease, scientific
tractability, donor appeal and previous investment [13].
The United Kingdom Clinical Research Collaboration
[14] report a relatively weak correlation between re-
search investment and burden of disease (using disability
adjusted life years (DALYs)), using the health categories
in the Health Research Classification System (HRCS).1

Whilst ‘cancer’ has the highest proportion of spend and
highest DALY rate (ca. 20%), the combined health
research categories ‘cardiovascular’, ‘blood’ and ‘stroke’,
have approximately 16% of burden, but only 9% of the
spend. ‘Musculoskeletal’ has an even greater skew, with
approximately 9% of the burden but only 3% of spend.
MSD has relatively low rates of mortality, although

evidence indicates incidences of deaths in which MSD
conditions were the underlying cause of death are
under-reported [15, 16]; however, it has a relatively high
prevalence of disability and morbidity. Many musculo-
skeletal conditions are recurrent and lifelong disorders
which can often cause long-term pain, physical disability,
loss of independence, reduced social interaction and a
decline in quality of life [17]. Arthritis conditions, for ex-
ample, are the biggest cause of pain and disability in the
United Kingdom [16].
While most MSD conditions do not require hospital

admission, MSDs are a frequent cause of consultation
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with general practitioners (GP). For example, 15–20%
of all GP consultations involve a patient with MSD
conditions [17]. Further, Woolf et al. [18] found, in a
cross-national comparison, that MSD conditions are
one of the leading causes of both long-term absences
from work and disability pension claims.
MSD conditions affecting joints, bones, muscles and

soft tissues can affect any age group, but the preva-
lence of the disease increases drastically for older
people. The age group most commonly affected (50+
years old) tends to fall predominately outside of the
active labour force. Further, conditions which fall
under MSD affect approximately 10 million people in
the United Kingdom, accounting for £5 billion of the
NHS programme budget spend in England alone [16].
Therefore, MSD has a very different funding and

disease profile to that of the two previous studies on
CVD [2] and cancer [3].

Defining the scope of MSD
For this study, we needed a clear and internationally
defensible definition of ‘musculoskeletal’ disease. Fol-
lowing consultation with a number of experts (see ac-
knowledgements) we used Chapter XIII of the 10th
revision of the International Statistical Classification
of Diseases and Related Health Problems (ICD),
known colloquially as ICD 10 Chapter XIII [19]. One
advantage of using Chapter XIII of ICD 10 is that it
is also the basis of the musculoskeletal category in
the HRCS, meaning that, in many cases, research in-
vestment and health outcomes are defined using the
same criteria.
As discussed in more detail below, we focussed on five

condition groups/areas (with the number indicating the
ICD sub-classification):

� Inflammatory arthritis (M00–M14): particularly
rheumatoid arthritis (RA), juvenile idiopathic
arthritis (JIA), ankylosing spondylitis, psoriatic
arthritis and gout

� Osteoarthritis (M15–M19)
� Connective tissue disorders (M30–M36): particularly

systemic lupus erythematosus (SLE) and
dermatomyositis

� Back pain and dorsopathies (M40–54)
� Osteoporosis (M80–82)

Methods
Overall approach
The overall conceptual approach is summarised in Fig. 1
and requires four key data elements to estimate the IRR
arising from MSD research, namely (1) a time series of
public and charitable funding of MSD-related research;
(2) a time series of NMB of MSD health gains, derived
from the monetised health benefits and healthcare costs
from the actual use of selected interventions; (3) an esti-
mate of the elapsed time between the investment (re-
search funding) and return (health gain) associated with
those interventions; and (4) an estimate of the amount
of health gain that should be attributed to United King-
dom public and charitable research investment in MSD-
related research.
With these four data inputs, the IRR on the public and

charitable investment in MSD research and development
(R&D) can be calculated (it should be noted that the
costs of private sector R&D investments are accounted
for in our analysis as elements within the cost of deliver-
ing healthcare, which are netted off in the NMB). The
costs to the health service of medical interventions pro-
duced by the private sector are assumed to include the
return to the private sector on its R&D investments.

Fig. 1 Overall study approach
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Estimating public and charitable funding of MSD-related
research
We developed a time series of public and charitable fund-
ing of MSD-related research between 1970 and 2013 for
the five largest research funders and a group of other re-
search charities. Each involved a different approach.

Medical Research Council (MRC)
The MRC had previously provided digital copies of its
annual reports dating back to 1911. Between 1976 and
1992, the MRC used a consistent disease classification
system for its research grants, including the category
‘Muscle, Bone and Joints’, which we used for this study.
Data from 1976 to 1992 was extracted from heading 2 of
the annual reports, which classifies projects according to
relevance – that is, the total spend on each project is
placed against any (and all) relevant categories (i.e. it can
be double counted). In comparison, this classification
method is more ‘inclusive’ than the alternative first
heading in the MRC annual reports, which uses a classi-
fication according to the primary purpose, that is, the
total spend equates to the total MRC spend for the year.
As with the previous studies we use this broader defin-
ition of expenditure as it is likely to overstate funding
and thus err on the side of being conservative when cal-
culating the rate of return. In addition, the MRC gave
access to annual reports detailing programme expend-
iture on conditional area ‘Musculoskeletal’ research from
2009 to present day, based on the HRCS definition.
Information was not available between the periods of

1970 to 1975 and 1993 to 2008, in which case we calcu-
lated missing data by inter- and extrapolating the miss-
ing data using various growth functions in Excel.

Wellcome Trust (WT)
The WT produced a detailed list of the grants awarded
from 1970 to present day, and a summary of the total com-
mitment annually. The WT grant management system
identified awards with a 25% or higher proportion classi-
fied as ‘musculoskeletal’, based on the HRCS definition.
Once data was compiled in Excel it was analysed for

patterns and irregularities. For example, in 2008, there
was an increase of approximately £28 million in total
commitment as a result of grants awarded for three
long-term research programmes, all in biomedical engin-
eering. Upon request, WT provided further grant
descriptions on the proportion of grants which had been
classified as less than 50% ‘Musculoskeletal’ to determine
whether the grant was within scope of the disease area
as defined by ICD 10, and we reduced the total commit-
ment to reflect the proportion of the grant falling under
this classification.
To adjust the total commitment data into total ex-

penditure, we assumed an average of 3 years for each

grant and allocated commitment over this time period
and re-calculated expenditure on a per year basis.

Arthritis Research United Kingdom (ARUK)
We assumed all ARUK research expenditure related to
MSD. ARUK provided us with detailed data on the total
commitment as recorded in their income and expend-
iture statements, up to and including 2008, and total ex-
penditure from 2009 onwards.
Once data was collected and collated into an Excel

spreadsheet, it was analysed for irregularities. The data
showed a significant decrease in 2002, which mainly re-
sulted from a change in research strategy, and therefore
a pause in the funding of new grants.
As with the Wellcome Trust we adjusted commitment

data (between 1970 and 2008) by assuming an average
grant length of 3 years and allocating expenditure per
year on that basis.

MSD research activity index
The Department of Health (DH) and Funding Councils
(FCs) did not record information on research funding by
disease area. As with the previous studies, we were able
to generate a total expenditure for both, as described
below, and multiplied this by an ‘activity index’ to esti-
mate the amount of research expenditure on MSD
annually.
The activity index was estimated by looking at the

total expenditure on MSD research by the MRC and the
WT and by comparing it with bibliometric data that was
commissioned to inform other elements of the study.
We also compared it to other sources, including a his-
torical analysis of NHS research, which suggests that
4.5% of research outputs were related to MSD research
[20], and a more recent analysis using the HRCS, which
suggests that 2.8% of research spend by the top 12 pub-
lic funders in the United Kingdom is on MSD research
[14]. Overall, we assumed that 3% of all biomedical and
health research activity is related to MSD research, ran-
ging between 2% and 4% for sensitivity analysis.

Department of Health (DH)
The DH did not have information available on total
MSD research spend, nor did they have data on the total
spend from one source. Additionally, we were interested
in estimating the total research spend by the DH as well
as the National Health Service (NHS), collectively.
Therefore, as with the previous studies, we collected
data from three sources, namely data for 1973 was
entered by hand from Maddock, 1975 [21]; data for
1981 to 1984 was entered by hand from the Annual Re-
view of Government Funded R&D, 1984; and data on
the DH (excluding NHS) from 1986 onwards data were
collected from SET statistical table 3.1 for Department
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of Health and Social Security and the DH. NHS funding
was included from 1995 onwards and subsequent NIHR
data from its founding in 2006.
Data was not available for either NHS or the DH for

1970–1972 or 1974–1980. Further, data for the NHS
could not be extracted prior to 1995. Therefore, we esti-
mated the expected funding in Excel for both NHS and
DH separately to provide a time series for each, and
added the two estimates for the total expenditure. We
then multiplied our total DH/NHS/NIHR funding series
by the activity index (as described above) to generate an
estimate of total DH funding in MSD research.

Funding Councils (FCs)
Similar to the DH, the FCs did not differentiate research
spend by field area, and therefore data on total research
spend was collected and/or estimated and multiplied by
the research activity index (see above). Data was col-
lected from 1989 onwards from three sources, namely
for 1989–1992 from the Research Grant figures for
Great Britain, provided by the HEFCE2; funding from
1993 to 2008 was extracted from the HEFCE main-
stream quality-related research grant allocations for bio-
medical subjects in the years 1993–1994 to 2008–20093;
and funding from 2009 to 2012 was provided through
the HEFCE mainstream quality-related research grant al-
locations for biomedical subjects in the years 2009–2010
to 2012–2013.4

Data could not be extracted from 1970 to 1988; there-
fore, we took a similar approach to that used for DH
funding. We projected the best linear fit of data for the
period 1988 to 2012, then determined the expected
growth from the same time series in order to estimate
for missing annual data.

Other medical research charities
In addition to WT and ARUK, we were aware of other
medical research charities that supported MSD research.
We therefore approached the Association of Medical Re-
search Charities (AMRC), which helped us identify and
select that ‘other group’. Using the HRCS report for
2014 [14], AMRC identified 21 members who funded
MSD research. Two of these charities were out of scope
(because they were funding research outside the United
Kingdom), leaving 19 AMRC members with a total
spend of approximately £18 m per year on MSD re-
search. When WT and ARUK were excluded, the
remaining 17 charities spent approximately £2 m annu-
ally, with the top nine funders of the remaining charities
accounting for 96% of this investment. We therefore
asked these nine other charities for funding data back to
1970. In many cases, the charities did not have suffi-
ciently robust data management systems to go back that
far, and in a number of cases were established at some

point during our time series. Furthermore, some had dif-
ferent financial years and different accounting practices
(i.e. commitment of multiple year research funding vs. in
year expenditure). One charity declined to participate on
the grounds that it did not have the resources to collate
the information. We worked closely with the other char-
ities to develop our best estimated time series and com-
bined this as ‘other medical research charities’ in our
analysis. We deliberately present the aggregate data to
protect the confidentiality of the charities and the data
they provided. Overall the ‘other medical research char-
ities’ account for approximately 4% of total expenditure
on MSD research. For the sensitivity analysis, and to
take into account missing data, we increased the other
expenditure for the ‘other medical research charities’ by
20% for our high estimate.

Taking inflation into account
To calculate the total cumulative spend in real terms,
the total nominal research spend was adjusted for infla-
tion. We applied a Gross Domestic Product deflator
sourced from the HM Treasury (base year = 2013/14)
and adjusted total spend for each year based on this
[22]. Thus, cumulative funding over the period we ex-
amined is expressed in 2013–2014 GBP.

Royalty payments
In principle, any royalty payments received by research
funders as a result of their research investment in the
relevant time period should be netted off in the year
they occur and so reduce the present value of the invest-
ment stream. In previous studies, we had no evidence to
suggest that such royalty payments would be sufficient
to make a substantive difference to the estimated rate of
return. In this case, returns from the royalties relating to
the commercial development of anti-tumour necrosis
factor (anti-TNF) drugs were believed to be sufficient to
have an impact on the IRR. We accessed data from the
published annual accounts of the Kennedy Trust and
data supplied by ARUK to illustrate, in a sensitivity ana-
lysis, the magnitude of the effect of these royalties.

Estimating the NMB from MSD-related research
This element of the study required estimates of the life-
time quality adjusted life years (QALYs) gained and the
net lifetime costs to the NHS of delivering those QALYs
for relevant research-based interventions provided in
each year of the period 1994–2013. Incremental QALYs
encompass both survival and quality of life gains from
an intervention as compared to prior practice. We used
QALYs gained to quantify health gain rather than
changes in DALYs. Although DALYs are used in much
of the literature on overall burden of disease itself to
characterise population health loss, QALYs are the more
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appropriate (and much more commonly used measure,
particularly in the United Kingdom) to characterise the
gain from the use of specific interventions. As far as data
permitted, the methods and sources used were chosen
to provide directly comparable results to those in the
two previous studies on the returns on investment on
CVD and cancer research [2, 3].
Overall estimates of the QALYs, and the costs to the

NHS of delivering them, were built-up by aggregating
estimates for a series of specific interventions. As before,
this approach required identification of the key relevant
MSD interventions and the number of new patients
actually receiving them in the NHS in each year of the
relevant period and estimates of the discounted life-time
QALY gains and net life-time costs per patient resulting
from initiation of the intervention. The aggregated
QALYs gained were then valued in monetary terms
using, as before, a base-case opportunity cost value of a
QALY to the NHS of £25,000 – the midpoint value of
the National Institute for Health and Care Excellence’s
(NICE) threshold range [23]. From this, the similarly ag-
gregated discounted net lifetime NHS costs of delivering
that health benefit were deducted to provide the overall
estimate of the NMB. Any specific circumstances where
data limitations forced deviation from this approach are
noted below.
In the absence of any study that had identified and

quantified the research-based MSD interventions that
had, during the relevant period, contributed most to the
United Kingdom population health gain in this area, or
to substantial changes in costs, we reviewed sources that
might help build an initial view of likely interventions
that might be included. Particularly important in this
stage were studies identifying the burden of MSD dis-
ease in the United Kingdom [24], relevant NICE Path-
ways [25], and NICE and National Collaborative Centre
(NCC) Guidelines [26–29]. With the assistance of
ARUK, we then identified key experts (see Acknowl-
edgements) who, through a workshop (November 2015)
and subsequent direct one-to-one interactions, helped
produce a list of interventions that, in principle, looked
appropriate for inclusion. More detailed review of avail-
able data and cost-effectiveness evidence was undertaken
to confirm the importance of the listed interventions
and to establish whether the necessary estimates of net
costs and benefits, and levels of usage, were available.
Further input from experts was sought (November 2016
to January 2017) to confirm our assumptions, check for
any perceived omissions and to validate the emerging
findings, after which some final adjustments were made.

QALY gains and costs of chosen interventions
We identified appropriate published studies that had esti-
mated the cost-effectiveness of the chosen interventions

in the United Kingdom. Wherever possible, we used inde-
pendent studies produced for NICE or for national clinical
guidelines and published in the Health Technology As-
sessment monograph series, or estimates that had been
reviewed and accepted by NICE. In some instances, evi-
dence was taken directly from NICE Technology
Appraisals or from National Collaborating Centre Guide-
line modelling. Where more than one relevant study had
been undertaken for NICE, we used the most recent to re-
flect the developing evidence base. Where no such study
for NICE was available we sought the most relevant
United Kingdom focussed study from published literature.

Constructing a time series (1994 to 2013) of usage of
MSD interventions
To estimate total NMB for the period, per-patient QALY
gains and net costs for each intervention were multiplied
by the estimated number of new patients who actually
received each intervention in each year. We used the fol-
lowing methods to estimate the time series of usage for
the selected interventions.
Data on the number of patients receiving procedural

interventions (e.g. hip replacements and surgical length
of stay) were gathered from Hospital Episodes Statistics
[30] available for years 1999–2013. For pharmacological
interventions, prescribing data on total annual spend in
the NHS over the period of interest was utilised. Two
primary sources of net ingredient cost (NIC) were avail-
able – (1) Prescription Cost Analysis (PCA) [31] and (2)
Hospital Prescribing England (HPE) [32]. Information
on the average cost of a regimen was used, as well as ac-
counting for usage across different diseases and indica-
tions, to estimate the number of patients receiving the
intervention. Finally, estimates of the average duration
of treatment allowed an estimation of the number of pa-
tients starting treatment in any of the given years of
interest. These data were publically available over differ-
ent time periods (PCA 1998–2013; HPE 2004–2013).
Where an intervention was launched before available
data, but within the time period, a linear interpolation
was performed with usage assumed to be zero the year
before launch. Where an intervention was launched
prior to 1994 the last known value was carried back. For
years where only PCA data were available, but prescrib-
ing also occurred in secondary care, a ratio of the last
year of available PCA and HPE data was used to uprate
years with PCA NIC only. Estimating the number of
patients receiving interventions for low back pain (LBP)
was approached differently, using general practice data
provided for this study from the Clinical Practice Re-
search Datalink (CPRD) [33].
The component figures of numbers of people receiving

treatment interventions were mainly derived from data
for England. To produce a United Kingdom estimate
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(needed because research spend data is for the United
Kingdom) figures were adjusted by a factor reflecting
England’s proportion of the adult United Kingdom
population [34]. All cost estimates were adjusted to
2013–2014 prices using the Hospital and Community
Health Services Pay and Prices Index [35].
The value placed on the estimated QALYs gained is a

critical parameter in estimating the return on research
investment. Given that public spending on health re-
search (whether from taxation or from public donations
to medical charities) can be seen as a decision to achieve
health benefits through research rather than directly
through current healthcare, a value for a QALY (result-
ing from research investment) should arguably reflect
the marginal opportunity cost of generating QALYs in
the NHS. In the calculation of NMB in this study, as in
the previous two studies, we used as the base-case value
an operational opportunity cost value of a QALY in the
middle of the ‘threshold range’, as used by NICE in its
Technology Appraisals of £25,000 [23]. However, this
value can be contested; on the one hand, detailed econo-
metric analysis has estimated that the marginal oppor-
tunity cost value in recent years has been significantly
lower, at approximately £13,000 [36]. On the other, the
value that society places on a QALY as recommended
for use in quantifying the impacts of government pol-
icies is estimated to be £60,000 [37]. In addition to the
base-case, we report values from £13,000 to £60,000.

Analysis of United Kingdom clinical guidelines to estimate
elapsed time and rate of attribution
In the previous studies on CVD [2] and cancer [3] re-
search, the references cited in a sample of clinical guide-
lines were analysed to inform the estimate of the elapsed
time between research spend and net health gain, and
the proportion of net health gain that could be attrib-
uted to United Kingdom research. In the current study
on MSD research, we replicated this approach.
In line with the process for identifying musculoskeletal

interventions, guidelines were identified and classified
in terms of their relevance for inclusion by comparison
to Chapter XIII of the ICD-10 disease classification
[19]. Based on this inclusion criterion, a total of 22 na-
tional guidelines were identified, spanning a range of
practice in the field and issued by ten different bodies
(Table 1).
We used a bespoke computer programme to extract

references from the electronic PDF version of each
guideline. In seven cases, the automated reference ex-
traction failed (because papers were not referenced in a
recognised format). In these instances, references were
extracted manually.
Of the 3640 references cited in the 22 national guide-

lines, 2746 references (75%) were extracted automatically

and 894 (25%) manually. References from non-journal
sources (which were unlikely to constitute original re-
search) and duplicates within the same guideline were
removed, leaving a total of 3237 references. The average
age of the papers cited in a clinical guideline has been
termed the ‘knowledge cycle time’ [38], which is the
average difference between the publication date of the
clinical guideline and the publication date of papers
cited in the guideline. The knowledge cycle time was cal-
culated for the 22 identified national guidelines, and
used to inform the estimated elapsed time.
To estimate the rate of attribution to the United King-

dom, the 3640 extracted references were provided to the
Centre for Science and Technology Studies (CWTS)5 to
be matched to their bibliometric database (which is de-
rived from the Web of Science). Of the extracted refer-
ences, CWTS was able to match 2804 (84%); 40
additional references were manually matched, for a total
of 2844 (85%). Address data was successfully retrieved
from Web of Science for 2762 of these papers. This
dataset was used to estimate the degree of attribution to
the United Kingdom, based on the addresses of all au-
thors of the included papers. These addresses were used
as a proxy for the location in which the research was
conducted, and so it was possible to estimate the pro-
portion of the research cited in guidelines that was con-
ducted in the United Kingdom. The non-matched
references included non-serial outputs, such as books
and websites, journals that are not indexed in the Web
of Science, papers whose publication pre-dates a jour-
nal’s indexation in Web of Science and incorrect
references.

Calculation of the rate of return
Using the four key sources of data summarised in Fig. 1,
we can attribute a proportion of the estimated total an-
nual NMB of the MSD health gain as being due to
United Kingdom research, and relate an equal number
of years of investment to years of NMB, ‘lagged’ by an
estimate of the elapsed time between research and bene-
fit. As in the previous studies, we express this return on
investment as an IRR, which is effectively the discount
rate that would yield a zero net present value. In this ap-
plication, the formula for the IRR is:

−
X20

t¼1

Res Invt
1þ IRRð Þt þ

X20

t¼1þLag

NMBt Attribð Þ
1þ IRRð Þt ¼ 0

Where, Res Inv is the United Kingdom research spend
on MSD in year t, NMB is the net monetary benefit in
year t (monetary value of QALYs gained minus costs of
delivery), Lag is the estimated average years between re-
search spend and health gain, Attrib is the proportion of
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NMB attributed to United Kingdom research and IRR is
the internal rate of return.
The IRR is convenient in enabling a comparison to be

made between non-competing investments of different
sizes with different start dates, as well as providing a dir-
ect comparison with our previous work.
Given the nature of the numerous necessary judgements

involved, the multiple sources of evidence, the multiple
parameters, and the many and various layers of estimates
and assumptions, a probabilistic sensitivity analysis was
not conducted. Even if it were possible, it would not be in-
formative to express all the uncertainty as ranges for each
parameter to reflect stochastic uncertainty in our overall
estimate. Instead, we present a range of one-way

sensitivity analyses that provide an indication of the uncer-
tainty associated with each of the key aggregate parame-
ters that goes into the calculation, namely the size of the
research investment, the average elapsed time between re-
search spend and use of the intervention, the magnitude
of the NMB, the proportion of the NMB that can be
attributed to United Kingdom research, and the effect of
netting-off royalty payments from the investment stream.

Results
Public and charitable funding of United Kingdom MSD-
related research, 1970–2013
Additional file 1 provides a detailed account of the esti-
mated total expenditure by year by organisation over a

Table 1 Summary of United Kingdom guidelines included in analysis of elapsed time and attribution

Provider Guideline Year

British Association/College of
Occupational Therapists

Hand and wrist orthoses for adults with rheumatologic conditions: practice guideline for occupational
therapists

2015

British Association/College of
Occupational Therapists

Occupational therapy for adults undergoing total hip replacement: practice guideline for occupational
therapists

2012

British Pain Society Guidelines for pain management programmes for adults 2013

British Pain Society The assessment of pain in older people 2007

British Society for Rheumatology British Society for Rheumatology and IASP Musculoskeletal Pain Taskforce Guidelines for the integrated
management of musculoskeletal pain symptoms

2008

British Society for Rheumatology British Society for Rheumatology guidelines on standards of care for persons with rheumatoid arthritis 2005

National Institute for Health and Care
Excellence

Osteoarthritis (CG.177) 2014

National Institute for Health and Care
Excellence

Osteoporosis (CG.146) 2012

National Institute for Health and Care
Excellence

Hip fracture (CG.124) 2011

National Institute for Health and Care
Excellence

Rheumatoid arthritis in adults: management (CG.79) 2009

National Institute for Health and Care
Excellence

Low back pain in adults (CG.88) 2009

National Osteoporosis Foundation Clinician’s guide to the prevention and treatment of osteoporosis 2014

National Osteoporosis Guideline
Group

Guideline for the diagnosis and management of osteoporosis in postmenopausal women and men
from the age of 50 years in the United Kingdom

2014

National Osteoporosis Guideline
Group

Osteoporosis: clinical guideline for prevention and treatment: executive summary 2014

National Osteoporosis Society Vitamin D and bone health: a practical clinical guideline for patient management 2013

Royal College of Nursing Administering subcutaneous methotrexate for inflammatory arthritis 2013

Royal College of Physicians Pain: complex regional pain syndrome 2012

Royal College of Physicians Upper limb disorders: occupational aspects of management 2009 2009

Scottish Intercollegiate Guidelines
Network

Management of osteoporosis and the prevention of fragility fractures (CG.142) 2015

Scottish Intercollegiate Guidelines
Network

Management of chronic pain (CG.136) 2013

Scottish Intercollegiate Guidelines
Network

Management of early rheumatoid arthritis (CG.123) 2011

Scottish Intercollegiate Guidelines
Network

Management of hip fracture in older people (CG.111) 2009
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43-year period (1970–2013). A summary of cash
expenditure by funder can be found in Fig. 2. The sig-
nificant spike in 2008 can be attributed to three signifi-
cantly large grants committed by the WT to the
development of large facilities and long-term research
programmes. Figure 3 shows the estimated public and
charitable expenditure on MSD-related research as £1.4
billion from 1978 to 1997 in constant 2013 prices (i.e.
adjusted for inflation). As noted below, 1978–1997 is the
funding period used to calculate the IRR taking into ac-
count the estimated elapsed time. Figure 3 presents a
sensitivity analysis with ‘high’ and ‘low’ scenarios for total
MSD-related research spend, with a range of £1.2 billion
to £1.6 billion.
We additionally obtained two sets of estimates of roy-

alty payments arising from anti-TNF commercialisation
since 2002. The first set was for total royalty payments
to the Kennedy Trust and the second was for the sum of
the royalties retained by the Trust and those remitted to
ARUK. The first is likely to be an over-estimate for our
purposes as it includes some royalties received by private
individuals; the second may underestimate the total sum
that returned into medical research spending. We used
both in the sensitivity analyses.

Interventions
A broad review of the field and discussions with our Ad-
visory Board led us to focus on five main disease areas in
which it appeared that the most significant research-based

changes to healthcare delivery had occurred between 1994
and 2013. These were inflammatory arthritis, osteoarthritis,
connective tissue disorders, osteoporosis and back pain.

Inflammatory arthritis (M00–M09: RA, JIA and
psoriatic arthritis; M10–M12: Gout; M45: Ankylosing
spondylitis)

Key interventions:

• Early, aggressive, combination therapy
• Use of anti-TNFs (infliximab, etanercept, adalimumab, golimumab,
certolizumab)

• Use of other biologics (tocilizumab, abatacept, rituximab)
• Allopurinol and febuxostat in treatment of gout

The management of RA and other associated
inflammatory arthritis has evolved over the studied time
period, predicated by the advent of disease-modifying
anti-rheumatic drugs (DMARDs). Conventional DMARDs
(cDMARDs), most notably methotrexate, are now a stand-
ard component of initial RA management. Treatment has
shifted from monotherapy or slow step-up regimen, to-
wards early and aggressive combination therapy (EACT).
Use of methotrexate served as a proxy for all

conventional DMARD therapy adjusting for a proportion
of methotrexate co-prescribing with biologic DMARDs
(bDMARDs). Methotrexate NIC data was only available
from the PCA, so the estimates of usage may constitute a
slight underestimate. However, given that maintenance

Fig. 2 Cash expenditure on MSD research from 1970 to 2013, by funder
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doses are normally prescribed in primary care and that pa-
tients are likely to receive treatment for 10 years on aver-
age [39], most prescribing will be captured in primary care
prescribing data. Clinical experts estimated that 40% of
patients were managed with EACT in 1994 and essentially
all by 2000.
Since the early 2000s the major new treatment option

of bDMARDs became available for patients with more
severe RA. Anti-TNFs were the initial generation, with
other new bDAMRDs emerging that affect RA through
other mechanisms.
Estimates for the use of both cDMARD and bDMARD

therapy took account of their use in other disease areas
(ulcerative colitis, Crohn’s disease, psoriasis, SLE) and
across inflammatory arthritis indications (where net
health gains are likely to differ). Usage was split
proportional to incidence. NICE estimates were used to
further allocate bDMARD use across different treatment
stages (bDMARD naïve, after failure of an anti-TNF).
Cost effectiveness evidence was available from Tosh et

al. [40] for EACT, and was inferred from Stevenson et al.
[41] for bDMARDs for RA patients not previously
treated with biologics or having failed on cDMARD
therapy. Studies by Malkotti et al. [42], Jackson et al.
[43] and Minton et al. [44] provided estimates of
bDMARD net health gains for patients previously
treated with DMARDs including an anti-TNF.

In the absence of indication specific cost-effectiveness
data for EACT, its benefits were assumed to be the same
for the JIA population and psoriatic arthritis. Shepherd
et al. [45] provided estimates of bDMARD net health
gains after the failure of cDMARD management and
after the failure of an anti-TNF for a JIA population.
Rodgers et al. [46] and Corbett et al. [47] were used for
bDMARD net health gains in psoriatic arthritis and an-
kylosing spondylitis, respectively. Beard et al. [48] pro-
vided cost-effectiveness data on allopurinol and
febuxostat for the treatment of gout.

Osteoarthritis (M15–M19)

Key interventions:

• Move to cementless and hybrid hip prostheses
• Use of minimally invasive hip and knee replacement
• Decreased hospital length of stay for hip and knee replacement from
change in surgical management and early rehabilitation

• Use of Cox-II inhibitors (celcoxib, etoricoxib, meloxicam, etodolac)
• Concomitant Cox-II inhibitor use of proton pump inhibitors
(lansoprazole, omeprazole, esomeprazole pantoprazole)

Joint replacement has constituted a mainstay of
treatment to alleviate pain and regain function of
damaged joints caused by osteoarthritis for some time.
As such, it was not appropriate to include all benefits

Fig. 3 Real term expenditure, 2013 prices, on MSD research 1978 to 1997 (shaded area for 1978 to 1997)
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from hip and knee replacement during the period of
interest. Incremental changes associated with the use of
minimally invasive techniques were, however, relevant to
this period, as well as a trend towards cementless and
hybrid prostheses for hip replacement. There has also
been a marked reduction in hospital length of stay for
patients undergoing joint replacement. Mean hospital
length of stay for hip and knee replacement surgery in
1999 was 12.7 and 12.3 days, respectively. By 2013, these
figures were 5.7 (hip) and 5.1 (knee).
Data from the National Joint Registry [49] was used

alongside Hospital Episodes Statistics to estimate the
number of minimally invasive hip and knee replacements
and type of prostheses used in hip replacement.
Net health gains for cementless and hybrid hip

replacements were taken from Pennington et al. [50] and
minimally invasive joint replacement from de Verteuil et al.
[51]. All hip replacement net health gains were attributed
to osteoarthritis, but include a very small proportion of
replacement due to other reasons such as RA or dysplasia
of the hip. DH reference costs were used to assign a unit
cost to a 1-day reduction in length of stay. Savings were es-
timated by multiplying the annual number of replacements
by the difference in length of stay compared to baseline.
All Cox-II inhibitor use was assumed to be in osteo-

arthritis, with net health gains attributed as such, using
evidence from NCC modelling [52]. Cox-II inhibitors
taken off the market (i.e. Vioxx) were overall assumed to
produce no net benefit. A proportion of concomitant
proton pump inhibitor use was assumed over the period,
starting at 0% in 2006, rising to 30% by 2012 [52].

Connective tissue disorders (M30–M35)

Key interventions:

• Mycophenolate mofetil for SLE

Net health gains resulting from mycophenolate mofetil
were available for treatment of SLE [53], although
limited to a nephritis population.

Osteoporosis (M80–M82)

Key interventions:

• Bisphosphonates (alendronate, etidronate, risedronate, zoledronate)
• Hormonal therapies and dual action bone agents
(raloxifene, teriparatide, denosmuab, strontium ranelate)

Bisphosphonates, the first of which was launched in
the mid-1990s, are recommended as a first-line treat-
ment for post-menopausal osteoporosis and can be used
in both primary and secondary fracture prevention.

Subsequent hormonal therapies have been developed,
which have similar properties.
Some therapies have become generic and these price

changes were reflected in the average cost of a regimen
over time to estimate the number of patients receiving
treatment. However, such changes are not reflected in
the cost-effectiveness evidence, and thus will tend to
overestimate the lifetime costs of delivering healthcare.
Data on zoledronate (Aclasta) NIC was not available in
HPE and the manufacturer provided some internal data.
Stevenson et al. [54] provided estimates of per patient

net health gains for most of these treatments, although
evidence from NICE TA204 2010 [55] was used for
zoledronate and denosumab. These data were provided
split by age group, and as such net health gains were
weighted to reflect the age distribution of the United
Kingdom population. Assumptions about the proportion
of osteoporosis intervention that is aimed at primary
and secondary fracture prevention were taken from
NICE estimates [55, 56].

Back pain (M54)

Key interventions:

• Manual therapy
• Structured exercise programmes
• Combined psychological and physical therapy

The focus was primarily on chronic low back pain and
sciatica as defined by NICE guidance [57]. In the
absence of a comprehensive source through which to
ascertain the number of physical and psychological
interventions for LBP that patients have received over
the period of interest, we had to use a different
approach to estimating the population.
Data on new diagnoses of LBP were obtained from the

CPRD, which provides observational data from United
Kingdom GP practices. Of the Read codes used to
identify relevant LBP, approximately 95% of events were
one of the following: LBP, back pain without radiation
not otherwise specified, sciatica, complaint of LBP, pain
in lumbar spine, mechanical low back pain, chronic low
back pain, back pain, unspecified, or lumbago. Incidence
was defined as the number of incident events divided by
the total registered CPRD population (person years)
after removing participants who had ever had previous
back pain as well as the first year of CPRD sample
follow-up, who were defined as not ‘at risk’.
Incidence was split into sex-specific 5-year age bands.

United Kingdom population figures were used to esti-
mate a total number of incident cases of back pain dur-
ing the period based on the CPRD sample. The focus
was on a chronic population who receive active
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interventions over and above self-management and so
an assumption around the proportion of incidence that
would be chronic in nature was required (40%). Based
on NICE guidance [58], Leeds MSK service (personal
communication) and a CSAG Report [59] we estimated
what proportion of a chronic population would have re-
ceived each of the three identified interventions over the
period of interest. For structured exercise programmes
the proportion was estimated to be 5% in 1994 and 20%
by 2013; for manual therapy, these figures were 3% and
20%, and for combined physical and psychological ther-
apy 0.3% and 2.5%, respectively.
Data on per patient net health gains were taken from

NICE/NCCPC guidelines [58], except for manual
therapy, which was taken from a cost-effectiveness ana-
lysis of the United Kingdom BEAM trial [60].

Net monetary benefit (NMB)
Table 2 shows the contribution to the total estimates of
lifetime QALYs gained from the nine areas addressed, by
year, based on the estimated number of new patients in
which the intervention was initiated (procedural
interventions are delivered in that year only, but

pharmacological treatment duration varies across
interventions). By far the largest contribution to the total
health gain came from improved treatment of RA (40.1%
of the total). Inflammatory arthritis as a whole accounts for
57.5% of the total. Osteoarthritis and osteoporosis are the
next biggest areas (21.7% and 12.2%, respectively).
Table 3 shows the lifetime net costs to the NHS of

new patients initiated on the treatments in question for
each of these areas over the 20-year period. Again, by far
the biggest costs are associated with RA alone or inflam-
matory arthritis taken as a whole. It is notable that
developments for osteoarthritis have led to a substantial
cost saving as a result of lower surgical hospital stay
observed over the period. Less substantial, but signifi-
cant cost savings also arose from treatment of connect-
ive tissue disorders, as a result of avoiding the costs
associated with renal failure in patients with SLE. The
table also reflects that the treatments for LBP that were
adopted were relatively cheap and highly cost-effective.
Table 4 summarises the NMB when the QALYs have

been valued at the base-case value of £25,000 and the
net costs to the NHS of the intervention and its long-
term sequelae have been deducted. At this value of a

Table 2 QALYs gained from key musculoskeletal disease interventions, 1994–2013

Rheumatoid
arthritis
(M00–06)

Psoriatic
arthritis
(M07)

Juvenile
idiopathic
arthritis
(M08–09)

Gout
(M10–12)

Osteoarthritis
(M15–19)

Connective
tissue disorders
(M30–35)

Ankylosing
spondylitis
(M45)

Low back
pain
(M54.5)

Osteoporosis
(M80–82)

Total
QALYs

1994 698 67 205 1009 1944 6 0 534 0 4464

1995 1181 113 346 1015 2135 7 0 619 287 5703

1996 1786 171 523 1021 2825 8 0 882 287 7504

1997 2513 241 736 1027 3520 10 0 1171 458 9675

1998 3363 322 986 1033 4219 11 0 1468 572 11,973

1999 4964 499 1270 1038 4736 19 33 1624 853 15,036

2000 6449 641 1705 1089 5249 29 33 1847 915 17,957

2001 8459 845 2288 1128 7010 46 51 2070 1749 23,644

2002 9657 956 2641 1183 9500 63 46 2267 2400 28,713

2003 11,409 1137 3146 1245 11,737 85 69 2499 3663 34,990

2004 14,474 1457 4090 1309 14,454 109 197 2795 5022 43,907

2005 13,976 1454 4053 1157 11,504 106 212 2765 5974 41,201

2006 17,450 1361 3769 1135 11,652 129 154 2747 6833 45,229

2007 19,551 1858 5321 1260 12,929 156 367 2786 7921 52,149

2008 23,730 2381 6309 1493 13,386 181 392 4288 8955 61,116

2009 28,588 2662 7756 1471 13,383 195 482 5741 10,252 70,529

2010 33,882 3071 8945 1592 14,451 219 577 6999 11,994 81,729

2011 45,401 4007 11,994 1797 14,625 169 708 8546 12,538 99,786

2012 51,586 4453 13,422 1885 14,726 125 809 8385 13,111 108,502

2013 50,407 4813 13,248 2143 15,153 128 853 8212 12,875 107,834

Total 349,523 32,507 92,753 26,032 189,136 1801 4983 68,245 106,660 871,693

Value £8738 m £813 m £2,319 m £651 m £4728 m £45 m £125 m £1706 m £2667 m £21,791 m
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QALY, all areas except treatments for ankylosing spon-
dylitis show a positive NMB. Osteoarthritis is the single
area with the largest NMB (approximately 43.7% of the
total), although inflammatory arthritis as a whole ac-
counts for a similar proportion. Within that total, how-
ever, RA accounts for 28.5%. It contributes to NMB to a
lesser extent than to QALYs because the new DMARDs
have generally been priced to be just acceptable to NICE
at the upper end of its £20,000–30,000 ‘threshold’. In-
deed, the new DMARDs for RA as a whole produced a
negative NMB, but this was offset by large net health
gains from the shift towards early, aggressive combin-
ation therapy. The overall annual figures for monetised
QALYs, net cost of delivery and NMB of key MSD inter-
ventions 1994–2013 are shown Fig. 4. Additional file 2
provides details of the breakdown of estimated numbers
of patients for each intervention in each year and the re-
lated QALY estimates.

Estimating the elapsed time
Our estimate of the elapsed time between research
funding and health gain was based primarily on analysis
of the references cited on clinical guidelines. As

illustrated in Fig. 5, the mean age of the 3237 cited
papers extracted from the 22 guidelines was 9 years. The
median age was 7 years, with an interquartile range of 7
(4–11) years. To produce an estimate of the total
elapsed time between investment and return, as required
for this study, we added on to this value estimates for
(1) the time between the awarding of funding and
publication, and (2) the time between recommendation
and realisation of health gain in clinical practice. Using
the same approach as in our previous studies, we
estimated these two periods to total approximately 7 years
(3 years for the period between funding and publication
and 4 years between recommendation and health gain).
This gave a best estimated elapsed time between spending
on research and health gain of 16 years. We looked at
alternative approaches to estimate the knowledge cycle
time, such as only including the NICE and Scottish
Intercollegiate Guideline Network guidelines (mean
9 years, median 7 years) and looking at only the main
osteoarthritis and RA guidelines, which are the conditions
from which the largest health improvements stem (mean
10 years, median 9 years) Additional file 3 provides details
of the guideline analysis.

Table 3 Net costs of delivery of key musculoskeletal disease interventions, 1994–2013

Rheumatoid
arthritis
(M00–06)

Psoriatic arthritis
(M07)

Juvenile
idiopathic
arthritis
(M08–09)

Gout
(M10–12)

Osteoarthritis
(M15–19)

Connective
tissue disorders
(M30–35)

Ankylosing
spondylitis
(M45)

Low back
pain
(M54.5)

Osteoporosis
(M80–82)

Total net
costs of
delivery

1994 £2.0 m £0.2 m £0.6 m £3.3 m £3.6 m –£0.3 m £0.0 m £5.1 m £0.0 m £14.4 m

1995 £3.3 m £0.3 m £1.0 m £3.3 m £4.2 m –£0.4 m £0.0 m £6.0 m £4.1 m £21.9 m

1996 £5.0 m £0.5 m £1.5 m £3.3 m £10.3 m –£0.4 m £0.0 m £8.5 m £4.1 m £32.8 m

1997 £7.0 m £0.7 m £2.1 m £3.3 m £16.4 m –£0.5 m £0.0 m £11.3 m £14.0 m £54.3 m

1998 £9.4 m £0.9 m £2.8 m £3.4 m £22.5 m –£0.6 m £0.0 m £14.2 m £16.0 m £68.4 m

1999 £33.8 m £3.6 m £3.6 m £3.4 m £26.5 m –£1.0 m £1.3 m £15.7 m £20.4 m £107.4 m

2000 £38.0 m £4.0 m £4.8 m £3.6 m £13.6 m –£1.4 m £1.3 m £17.8 m £21.3 m £103.0 m

2001 £53.7 m £5.5 m £8.9 m £3.7 m £9.1 m –£2.3 m £1.7 m £20.0 m £36.3 m £136.6 m

2002 £53.9 m £5.5 m £9.1 m £3.9 m –£7.7 m –£3.1 m £1.6 m £21.9 m £44.2 m £129.3 m

2003 £71.5 m £7.2 m £13.7 m £4.1 m –£36.0 m –£4.2 m £2.1 m £24.2 m £64.3 m £146.8 m

2004 £150.6 m £13.4 m £38.0 m £4.3 m –£47.7 m –£5.4 m £5.1 m £27.0 m £87.5 m £272.8 m

2005 £158.4 m £15.2 m £44.9 m £3.8 m –£117.8 m –£5.3 m £5.5 m £26.8 m £108.5 m £239.9 m

2006 £211.6 m £11.0 m £26.2 m £3.7 m –£155.2 m –£6.4 m £4.5 m £26.6 m £122.7 m £244.7 m

2007 £275.9 m £21.1 m £67.8 m £4.1 m –£205.5 m –£7.7 m £9.3 m £27.0 m £140.4 m £332.4 m

2008 £308.4 m £27.0 m £69.4 m £4.9 m –£234.4 m –£9.0 m £10.2 m £39.9 m £157.8 m £374.3 m

2009 £376.8 m £27.4 m £90.4 m £4.8 m –£244.1 m –£9.7 m £12.5 m £52.3 m £176.8 m £487.3 m

2010 £456.5 m £31.3 m £102.9 m £5.3 m –£283.0 m –£10.9 m £14.9 m £63.0 m £202.0 m £582.0 m

2011 £594.1 m £37.7 m £133.5 m £6.0 m –£331.7 m –£8.4 m £17.9 m £76.3 m £211.7 m £737.2 m

2012 £684.2 m £41.0 m £148.2 m £6.3 m –£343.8 m –£6.2 m £20.3 m £74.8 m £220.9 m £845.6 m

2013 £683.9 m £53.8 m £154.3 m £7.3 m –£367.6 m –£6.4 m £21.6 m £73.3 m £215.8 m £836.0 m

Total £4178.2 m £307.3 m £923.5 m £85.6 m –£2268.3 m –£89.4 m £129.9 m £631.5 m £1868.9 m £5767.2 m
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Table 4 Net monetary benefit from key musculoskeletal disease interventions, 1994–2013

Rheumatoid
arthritis
(M00–06)

Psoriatic
arthritis
(M07)

Juvenile
idiopathic
arthritis
(M08–09)

Gout
(M10–12)

Osteoarthritis
(M15–19)

Connective
tissue disorders
(M30–35)

Ankylosing
spondylitis
(M45)

Low back
pain
(M54.5)

Osteoporosis
(M80–82)

Total net
monetary
benefit

1994 £15.5 m £1.5 m £4.5 m £21.9 m £45.0 m £0.4 m £0.0 m £8.2 m £0.0 m £97.2 m

1995 £26.2 m £2.5 m £7.7 m £22.1 m £49.1 m £0.5 m £0.0 m £9.5 m £3.0 m £120.7 m

1996 £39.6 m £3.8 m £11.6 m £22.2 m £60.3 m £0.6 m £0.0 m £13.6 m £3.0 m £154.8 m

1997 £55.8 m £5.3 m £16.4 m £22.3 m £71.6 m £0.7 m £0.0 m £18.0 m -£2.6 m £187.6 m

1998 £74.7 m £7.1 m £21.9 m £22.4 m £83.0 m £0.8 m £0.0 m £22.5 m -£1.6 m £230.9 m

1999 £90.3 m £8.8 m £28.2 m £22.6 m £91.9 m £1.4 m –£0.5 m £24.9 m £0.9 m £268.5 m

2000 £123.2 m £12.0 m £37.9 m £23.7 m £117.6 m £2.1 m –£0.5 m £28.3 m £1.6 m £345.9 m

2001 £157.8 m £15.6 m £48.3 m £24.5 m £166.2 m £3.4 m –£0.5 m £31.7 m £7.5 m £454.5 m

2002 £187.5 m £18.4 m £56.9 m £25.7 m £245.2 m £4.7 m –£0.5 m £34.8 m £15.8 m £588.5 m

2003 £213.7 m £21.3 m £65.0 m £27.1 m £329.4 m £6.3 m –£0.4 m £38.3 m £27.3 m £728.0 m

2004 £211.2 m £23.0 m £64.3 m £28.5 m £409.1 m £8.1 m –£0.2 m £42.8 m £38.0 m £824.9 m

2005 £191.0 m £21.1 m £56.4 m £25.1 m £405.4 m £7.9 m –£0.2 m £42.4 m £40.9 m £790.1 m

2006 £224.6 m £23.1 m £68.0 m £24.7 m £446.5 m £9.7 m –£0.6 m £42.1 m £48.1 m £886.1 m

2007 £212.8 m £25.4 m £65.2 m £27.4 m £528.7 m £11.6 m –£0.2 m £42.7 m £57.6 m £971.3 m

2008 £284.8 m £32.5 m £88.4 m £32.5 m £569.0 m £13.5 m –£0.4 m £67.3 m £66.1 m £1153.6 m

2009 £337.9 m £39.1 m £103.5 m £32.0 m £578.6 m £14.5 m –£0.4 m £91.2 m £79.5 m £1276.0 m

2010 £390.5 m £45.4 m £120.7 m £34.5 m £644.3 m £16.3 m –£0.4 m £112.0 m £97.8 m £1461.2 m

2011 £540.9 m £62.5 m £166.3 m £38.9 m £697.3 m £12.6 m –£0.2 m £137.4 m £101.8 m £1757.4 m

2012 £605.4 m £70.3 m £187.4 m £40.8 m £712.0 m £9.3 m £0.0 m £134.8 m £106.9 m £1867.0 m

2013 £576.3 m £66.5 m £176.8 m £46.3 m £746.4 m £9.6 m –£0.2 m £132.0 m £106.1 m £1859.8 m

Total £4559.9 m £505.3 m £1395.4 m £565.2 m £6996.8 m £134.4 m –£5.3 m £1074.6 m £797.6 m £16,023.8 m

Fig. 4 Annual monetised QALYs, net costs of delivery and net monetary benefit – Musculoskeletal disease interventions 1994–2013
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Estimating the proportion of health gains that can be
attributed to United Kingdom research
The estimate of the proportion of the health gain that
can be attributed to United Kingdom research was also
based primarily on the analysis of cited references on
clinical guidelines. A total of 2762 publications were
analysed. The overall percentage across all guidelines,
using full counting6 as for the previous studies, was 30%,
which forms our central estimate, but as shown in
Table 5, this differed substantially between specific
guidelines. We also produced overall estimates using
fractional counting7 and the reprint address,8 which gave
an attribution to the United Kingdom of 25% and 24%,
respectively.
To produce a range of values for the sensitivity

analysis, we can consider the potential sources of
uncertainty in these estimates. We identify two likely
sources of error.
Firstly, we assume, for the purposes of our analysis, that

the proportion of research conducted in the United
Kingdom corresponds to the proportion supported by
United Kingdom (charitable or public) funding. However,
United Kingdom authors may receive funding from the
United Kingdom or overseas industry or from other non-
United Kingdom sources (notably the European Commis-
sion, but also other international funders). Equally, United
Kingdom funders may fund researchers overseas, but we
expect this to be limited in this field, and in most cases
this is likely to be in collaboration with at least one United
Kingdom author, in which case the full counting model
would capture the resulting publications. For the purposes

of our model, we assume flows of funding into and out of
the United Kingdom to be equal. Considering industry
funding, it may be that some of the papers with a United
Kingdom address are industry funded (including non-
United Kingdom industry), and as such should be ex-
cluded from the number of United Kingdom papers for
our estimate of attribution to the United Kingdom. We
expect this proportion to be small, but this is clearly an
issue which warrants further investigation.
Secondly, there is uncertainty around the relative

contribution of funding associated with each author
(and hence country) listed on each paper. The three
bibliometric methods all estimate this differently. Using
full counting effectively assumes that the United
Kingdom contributes all the funding for any paper
which has a United Kingdom author (and does the same
for any other countries on the same paper). This is likely
to overestimate the United Kingdom contribution.
Fractional counting at the author level assumes an equal
contribution of funding from each author on a paper
(from the country in which they are based). With reprint
addresses, the assumption is that all funding comes from
the country in which the corresponding author is based.
For the last two approaches, it is not clear whether they
are likely to give an under- or overestimation of the
proportion of funding from the United Kingdom. For
consistency with previous studies, we have used the full
counting approach for our central estimate.
Based on this analysis, we conclude that it is unlikely

that the United Kingdom contribution is higher than
our estimate from full counting of 30% (as used in

Fig. 5 Elapsed time of the cited papers extracted from guidelines
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previous studies). However, it may be lower than our
lowest estimate using the reprint addresses of 24%,
considering the other potential sources of funding
available to United Kingdom-based researchers. Taking
this into account, we used lower and upper bounds of
20% and 30% for the sensitivity analysis.

Estimating the IRR from musculoskeletal disease research
Our estimates of the NMB produced by year
(summarised in Table 4) at a base-case value of a QALY
of £25,000 were then related to our best estimates of

public and charitable spend by year on MSD research
(summarised in Fig. 3) and expressed as an IRR. Calcula-
tion of the IRR incorporates our best estimates of the
average elapsed time between research spending and use
of the intervention (16 years) and of the proportion of
the NMB that could be attributable to United Kingdom
research (30%). This gives a base-case estimate of an IRR
of 6.8%.
As is evident from the methods used, there is

inevitably considerable uncertainty around the values of
all our estimates. Table 6 presents a series of one-way

Table 5 Proportion of publications from the United Kingdom for all guidelines included in the analysis

Guideline United Kingdom
papers

Total
papers

% United
Kingdom

British Association/College of Occupational Therapists – Hand and wrist orthoses for adults
with rheumatological conditions: practice guideline for occupational therapists (evidence)

5 25 20%

British Association/College of Occupational Therapists – Hand and wrist orthoses for adults
with rheumatological conditions: practice guideline for occupational therapists (supplementary)

10 20 50%

British Association/College of Occupational Therapists – Occupational therapy for adults
undergoing total hip replacement: practice guideline for occupational therapists (evidence)

9 30 30%

British Association/College of Occupational Therapists – Occupational therapy for adults
undergoing total hip replacement: practice guideline for occupational therapists (supplementary)

1 4 25%

British Pain Society – The assessment of pain in older people 6 63 10%

British Pain Society – Guidelines for pain management programmes for adults 21 55 38%

British Society for Rheumatology – British Society for Rheumatology and IASP Musculoskeletal
Pain Taskforce guidelines for the integrated management of musculoskeletal pain symptoms
(IMMsPS)

87 304 29%

British Society for Rheumatology – BSR guidelines on standards of care for persons with
rheumatoid arthritis

1 1 100%

National Institute for Health and Care Excellence – Hip fracture (CG.124) 73 254 29%

National Institute for Health and Care Excellence – Osteoporosis (CG.146) 32 71 45%

National Institute for Health and Care Excellence – Osteoarthritis (CG.177) 102 416 25%

National Institute for Health and Care Excellence – Rheumatoid arthritis in adults (CG.79) 102 337 30%

National Institute for Health and Care Excellence – Low back pain in adults (CG.88) 31 111 28%

National Osteoporosis Foundation – Clinician’s guide to the prevention and treatment
of osteoporosis

33 90 37%

National Osteoporosis Guideline Group – Guideline for the diagnosis and management
of osteoporosis in postmenopausal women and men from the age of 50 years in the
United Kingdom

2 2 100%

National Osteoporosis Guideline Group – Osteoporosis: clinical guideline for prevention
and treatment: executive summary

22 36 61%

National Osteoporosis Society – Vitamin D and bone health: a practical clinical guideline
for patient management

25 66 38%

Royal College of Nursing – Administering subcutaneous methotrexate for inflammatory arthritis 14 56 25%

Royal College of Physicians – Pain: complex regional pain syndrome 31 96 32%

Royal College of Physicians – Upper limb disorders: occupational aspects of management 2009 13 52 25%

Scottish Intercollegiate Guidelines Network – Management of hip fracture in older people (CG.111) 41 102 40%

Scottish Intercollegiate Guidelines Network – Management of early rheumatoid arthritis (CG.123) 23 83 28%

Scottish Intercollegiate Guidelines Network – Management of chronic pain (CG.136) 56 171 33%

Scottish Intercollegiate Guidelines Network – Management of osteoporosis and the prevention
of fragility fractures (CG.142)

92 317 29%

TOTAL 832 2762 30%
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sensitivity analyses to illustrate the effects of some of the
main areas of uncertainty – all changes have predictable
effects. Despite the detail of our estimation process there
is considerable uncertainty in the NMB; we present the
implications for the IRR of an arbitrary but plausible
range of −25% and +25% around our estimate to reflect
this. We also present the IRR omitting the cost-savings
from reduction in length of stay for hip and knee re-
placements (see Discussion). The impact of taking into
account the royalty payments arising from anti-TNF

research increased the IRR by 0.2 percentage points tak-
ing our lower figures (possible underestimate) and by 0.4
percentage points using our higher figures (likely
overestimate).
The IRR predictably decreases with increased estimates

of research funding and elapsed time and, as far as is
explored, all the variables in the one-way sensitivity ana-
lyses show a positive rate of return. However, in combin-
ation, they could of course have produced a wider range
of estimates for the IRR. Table 6 shows that, inevitably,
the IRR is most sensitive to the range of plausible values
that can be placed on the value of a QALY. At an oppor-
tunity cost in the NHS of £13,000, the IRR falls to 0.80%,
whilst at a societal valuation of £60,000 the IRR is 12.9%.

Discussion
In this paper, we have estimated the economic returns
from public and charitable funding of MSD-related
research in the United Kingdom. Expressed in 2013
prices, total expenditure on MSD-related research was
£1.4 billion for the period (1978–1997) that was used to
estimate the rate of return. Over the period 1994–2013,
the key interventions we analysed produced 871,000
QALYs with a NMB of £16 billion, allowing for the net
NHS costs resulting from them and valuing a QALY at
£25,000. The proportion of benefit attributable to United
Kingdom research was 30% and the elapsed time be-
tween funding and impact of MSD treatments was
16 years. Our best estimate of the IRR from MSD-
related research was 7%, very similar to the 9% for CVD
research and 10% for cancer research (Table 7). When
combined with previous estimates of the broader

Table 6 Internal rate of return: one way sensitivity analyses

IRR

Best Estimate 6.8%

Low research spend (£12 m) 7.6%

High research spend (£16 m) 6.0%

Omit length of stay reduction 5.5%

QALY £13 k 0.8%

QALY £20 k 5.0%

QALY £30 k 8.1%

QALY £60 k 12.9%

Long lag (20 years) 5.5%

Short lag (11 years) 8.1%

Low attribution to United Kingdom (20%) 4.5%

NMB −25% 5.1%

NMB +25% 8.0%

Royalty payments to public/charitable funders 7.0%

Total royalty payments 7.2%

IRR internal rate of return, QALY quality adjusted life years, NMB net
monetary benefit

Table 7 Comparison of key results with previous studies

MSD Cancer CVD

Average annual research investment
(for years of data used in IRR calculation as reported in source
publications, using different time period for calculating constant
prices and therefore not suitable for comparisons)

£70 m
(1978–1997, in constant
2013–2014 prices)

£266 m
(1976–1995, in constant
2011–2012 prices)

£111 m
(1975–1998, in constant
2005–2006 prices)

Average annual research investment
(rebased in same constant prices for comparative purposes)

£70 m
(1978–1997, in constant
2013–2014 prices)

£290 m
(1976–1995, in constant
2013–2014 prices)

£133 m
(1975–1998, in constant
2013–2014 prices)

Elapsed time
(between spending on research and health gain)

16 years 15 years 17 years

Attribution
(proportion of papers that include a United Kingdom address from
the papers cited on guidelines)

30% 17% 17%

Average NMB
(for years of data used in IRR calculation as reported in source
publications, but using different time period for calculating
constant prices therefore not suitable for comparisons)

£801 m
(1994–2013, in constant
2013–2014 prices)

£6223 m
(1991–2010, in constant
2011–2012 prices)

£2949 m
(1992–2005, in constant
2005–2006 prices)

Average NMB
(rebased in same constant prices for comparative purposes)

£801 m
(1994–2013, in constant
2013–2014 prices)

£6458 m
(1991–2010, in constant
2013–2014 prices)

£3559 m
(1992–2005, in constant
2013–2014 prices)

IRR (health gain) 7% 10% 9%

CVD cardiovascular disease, IRR internal rate of return, MSDmusculoskeletal disease, NMB net monetary benefit
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economic (or ‘spillover’) benefits of biomedical and
health research in the United Kingdom of 17% [4], the
total rate of return is approximately 24–27%.
In this study, we have also further tested the bottom-

up methodological approach developed in the original
‘Medical Research: What’s it worth?’ study [2]. The appli-
cation of this method to a further disease area that is dif-
ferent to CVD and cancer – particularly in terms of the
chronic nature of MSD and the predominantly quality of
life gains of the benefit of the interventions – confirms
the generalisability of our approach to estimate the eco-
nomic returns from research; that is not to say that it is
without limitations. We have organised the discussion
on limitations and caveats by first looking at the key
conceptual issues with the methodological approach,
followed by issues related to data availability and quality,
then an examination of a set of issues related to MSD
research, and, finally, a set of key caveats on what this
work demonstrates and what it does not.

Key conceptual assumptions inherent to methodological
approach
In estimating the economic returns from MSD-related
research (and indeed in the previous studies looking at
CVD and cancer research) various key assumptions are
made that are intrinsic to the conceptual approach
adopted:

� The total NMB for the interventions not covered
is assumed to be zero. Our estimate assumes that
any other MSD interventions introduced or widely
adopted during the period in question not included
in the analysis have, in aggregate, no effect on the
NMB, that is, their NMB is equivalent to zero. Put
another way we assume that, for any omitted
interventions, the monetised value of the health
benefit is equal to the cost of delivering the benefit.
This seems a reasonable assumption as there may be
interventions where the cost of delivery outweighs
the value of the benefit and others where the value
of the benefit outweighs the costs of delivery.
Without analysing all these other interventions, it
would be wrong to speculate on the balance of these
effects and therefore they are assumed to cancel
each other out. However, as discussed below, the
likelihood of this assumption being correct will vary
as the value of the QALY is decreased or increased
in the sensitivity analysis.

� The total net flow of knowledge between
disciplines is assumed to be zero.We know that
the relationship between research discipline and
impact is ‘many-to-many’ [61], that is research from
a specific discipline will contribute to multiple types
of impact and a specific impact is often made up of

contributions from multiple research disciplines. In
the context of the current study, it is likely, for
example, that MSD-related research benefits from,
say, cancer research and vice versa. We therefore as-
sume that the flow of knowledge is the same in to as
it is out of different research fields, in effect cancel-
ling each other out.

� The definition of MSD-related research used by
the research funders captures basic research.We
know this is the case for ARUK and the other
disease-specific medical research charities as all their
research funding is included in the analysis. For the
FCs and the DH/NHS this would not be an issue as
estimates for their MSD-related research funding
were derived by applying the ‘activity index’, which
would include basic research. However, for the MRC
and WT this could be an issue. For the MRC, we re-
lied on the funder’s classification and used the
broader of two definitions so that we would deliber-
ately err on the side of caution by taking the higher
level of R&D spend. For the WT, we had to rely on
search terms and in scanning research grant titles
we were reassured that fundamental research was
included.

� The cost of private sector R&D is covered in the
net NHS costs of the interventions. We assume
that the costs of private sector R&D (i.e. non-
public and non-charitable research expenditure)
are accounted for when we net off the NHS costs
for an intervention. This assumption holds for
purely commercial research as, say, a pharmaceut-
ical company will include the cost of their R&D
investments in the price of a drug. It may be that
companies invest in ‘non-commercial’ activities,
such as public–private partnerships or precompe-
titive consortia, and in effect are subsidising the
public sector research in doing so. However, even
in this case (which is probably at the margins of
total R&D investments) it is unlikely that the pri-
vate sector is doing so in isolation of commercial
considerations and it will recoup such costs
through its sales revenues.

� All health gains arise from specific patient
interventions.We assume that all health gains
arise from, and are captured in, our estimates of
the health gain from specific patient interventions.
We recognise that broader service changes, such
as the adoption of fracture clinics, or
improvements in diagnosis are important but
assume that they lead to patients receiving timely
and appropriate interventions for which we
estimate the QALYs gained. There is a possibility
that we are failing to net off the full costs of
such developments in service delivery if the cost-
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effectiveness evidence we use for such interven-
tions fails to reflect the full cost of the service de-
livery associated with them.

� We have assumed there is a causal relationship
between research and health gains. Our analysis
relies on the assumption that the health benefits
would not have occurred without the evidence from
the medical research. Our bottom-up approach has
the advantage that, for the individual interventions,
there is causality as demonstrated through their for-
mal clinical trials. Additionally, in this disease area
we do not have the uncertainty as to any causal fac-
tors, other than medical research, that may have led
in part to a reduction in smoking. Furthermore, in
previous research on MSD, we used a case study ap-
proach that clearly demonstrated causality for the
small number of interventions examined [62, 63].

Uncertainties relating to key parameters
There remain a number of uncertainties with the
bottom-up approach that relate to the nature, quality
and availability of data that are relevant to this examin-
ation of MSD research, and were also the case for CVD
and cancer research. Reducing the uncertainty with
these data issues would improve the robustness of the
IRR estimate and thus, in part, could inform future re-
search avenues.

� The monetary value of a QALY. As noted earlier
in the paper, there is ongoing debate as to the
appropriate value of a QALY. Our base-case assump-
tion of £25,000 is consistent with our analysis of the
returns to CVD and cancer research, and reflects the
mid-point in the range of values (of £20,000 to
£30,000) cited as normal criteria for acceptance of
interventions by NICE [24]. However, as highlighted
above, if the QALY is valued either at a lower (e.g.
£13,000) or higher (e.g. £60,000) level then this could
affect our core assumption that the total NMB for any
new interventions not covered is assumed to be zero.
If QALYs are valued at £60,000 then more interven-
tions are likely to have a positive NMB among those
not looked at, meaning that we are underestimating
the rate of return. Conversely, if the QALY is valued
at £13,000, then more interventions in those not
looked at are likely to have a negative NMB, meaning
that we are over estimating the rate of return.

� Estimates of the elapsed time are hard to
determine. As with the previous studies,
bibliometric analysis of clinical guidelines was used
to estimate the time between research investment
and health gain. The advantage of this approach is
that it provides empirical estimates, but it is also,
inevitably, a gross simplification of a complex and

varied process, as we have discussed elsewhere
[64, 65]. The estimate of the elapsed time is in
accordance with other estimates using different
approaches as reviewed by Morris et al. [66], but
is still a crude proxy and is an area that would
benefit from further research.

� Estimates for the rate of attribution are very
hard to determine. Like the estimate of the elapsed
time, bibliometric analysis of clinical guidelines was
used to estimate the proportion of the United
Kingdom health gains that can be related to United
Kingdom public and charitable research funding.
However, the estimate of the attribution rate is
harder to validate than the elapsed time and is thus
more contestable. It is also becoming increasingly
difficult to define, given the steady increase in
international collaboration in research observed in
recent decades [67]. Identifying any one country’s
contribution without a qualitative assessment of the
research itself can only provide an uncertain
estimate, but one that we believe is likely to be more
robust at the aggregate level of an entire research
field. Biases in coverage of bibliometric databases,
particularly as regards languages other than English,
should also be noted. An attribution rate of at least
7–9% would be expected given that the United
Kingdom contributes approximately 7–9% of
biomedical and health research outputs [68]. One
could also argue that the rate would be somewhat
higher than this given that the local healthcare
context is likely to drive the need for locally relevant
studies. In the previous two studies, the attribution
rate was 17% for both CVD and cancer (Table 7),
which, given the above logic, felt defensible.
However, an attribution rate of 30% for MSD seems
high and was at the top end of the estimates we
generated using different bibliometric methods.
Thus, and although we used 30% for consistency
with the previous studies, we did not include a
higher upper bound estimate in the sensitivity
analysis. It may also be that a proportion of papers
cited on the clinical guidelines are solely private
sector-funded and thus overstate the attribution rate
to publically funded research (a scan of the refer-
ences suggests that approximately 10% of United
Kingdom papers could be solely industry funded).
Either way a clear priority for future research would
be to further examine how you measure how much
of the United Kingdom health gain you can attribute
to United Kingdom public and charitable research,
and to validate or otherwise the guideline
methodology.

� Missing funding data. Historical data on research
funding expenditure was incomplete, meaning that
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we had to make a number of assumptions to
account for missing data. These assumptions erred
on the side of caution and were tested in the
sensitivity analysis of the IRR. As we have previously
noted [2], if research funders wish to carry on with
this type of analysis, the continued use of standard
systems of research classification such as the HRCS
will be important.

Key issues particular to MSD
There are a number of specific issues that relate to the
assessment of MSD research, as indicated below.

� Quality of data. We had expected that there might
be greater problems in identifying cost-effectiveness
data in MSD given that the outcomes of interven-
tions are principally improvements in quality of life.
In practice, there was relatively good data on the
cost-effectiveness and usage of new drugs, reflecting
that many had been subject to NICE appraisals. By
contrast, there was much less cost-effectiveness data
and very poor data on provision and usage for some
interventions such as those for back pain. In part,
this reflects the complexity and variability of the
physical therapies potentially provided to multiple
groups of MSD patients. There are issues about the
generalisability of clinical trials and associated cost-
effectiveness studies and an absence of consistent
routine methods of data collection on their usage.

� Pricing of new pharmacological interventions.
One of the major therapeutic developments in the
period was the advent of biologic DMARDs
including anti-TNFs. Our analysis shows that these
made a substantial contribution to the QALYs
gained, but as most were priced to try to meet
NICE’s cost-effectiveness ‘threshold’ they contrib-
uted rather little to our estimates of NMB. However,
as biosimilars now become available these drugs will,
in future, if not superseded by other new interven-
tions, contribute more strongly to any estimate of
NMB. By contrast, early aggressive treatment with
generic methotrexate provides both QALYs and a
high NMB.

� Importance of reductions in length of stay. Our
clinical experts emphasised the importance of
changes in practice during the relevant period that
had reduced lengths of stay and hence costs for
some key procedures. They noted that, whilst desire
for the reduction may have been driven by cost
considerations, the change in practice was supported
by research evidence showing no reduction in health
benefit [69–71]. Review of the data showed that the
change was marked and we estimated the cost
savings in the case of hip and knee replacements.

However, we are aware that there may have been
some similarly marked changes that we did not
quantify in previous studies. Whilst we do not
believe they would have been so significant in the
case of CVD or cancer we provide a sensitivity
analysis to show the IRR for MSD if these cost
savings are excluded.

� Other interventions that we might have
included. Some advances in the treatment of
musculoskeletal connective tissue disorders have
occurred over the period of interest, but data on
their cost-effectiveness is limited. For example, there
was a lack of cost-effectiveness data for other im-
munosuppressant therapies in SLE and scleroderma,
notably cyclophosphamide and intravenous im-
munoglobulin for the treatment of dermatomyositis.
The net health gains associated with rituximab use
in SLE were also not quantified in the model due to
a lack of data. Similarly, we were unable to charac-
terise the cost-effectiveness and to find appropriate
data on specific treatments for soft-tissue musculo-
skeletal pain (M60–M79). As noted above, for any
area we were not able to analyse specifically, our
methods implicitly assume that any benefits from
treatment were directly offset by their costs of deliv-
ery (i.e. the NMB is 0). However, we are confident
that our analysis directly captures most of the sig-
nificant advances in the field that have produced im-
portant health or cost effects when viewed at a
population level, and unlike our analysis of cancer,
because the MSD field is smaller, we did not have to
prioritise and effectively ignore some potentially im-
portant areas.

� The treatment of royalty payments. The
particular circumstances of the commercialisation of
anti-TNF research led us to consider for the first
time in this study the impact on the IRR of the sig-
nificant royalty payments, although we were unable
to establish the precise total magnitude of the roy-
alty payments that were returned to publicly funded
medical research. The impact was not negligible
although they did not significantly change the order
of magnitude of the IRR. We are not aware of royal-
ties of a similar relative magnitude in the case of our
previous studies on CVD and cancer, but clearly it is
an issue that needs to be considered and refined in
future studies.

Key limitations and caveats to the ‘bottom-up’ approach
for assessing economic returns
There are three key caveats that are fundamental to
appropriately using the results presented in this and the
previous papers in assessing the economic rates of
return for MSD, cancer and CVD research.
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� We have assessed past performance, not
predicted future performance. In all three studies,
we have estimated the rate of return based on
past investments and therefore our results
cannot be a guarantee of future returns –
medical research does not advance in a smooth
and linear fashion. This is a crucial caveat when
using these results to advocate the need for
future research spending.

� We have assessed the average rate of return, not
the marginal rate of return. From the analysis, we
are not able to say whether the rate of return would
have been different if research spending had been
higher or lower, or whether at the margin the
returns to research investment are increasing or
decreasing. Assessing the marginal rate of return is
of clear interest to policy-makers and this is a topic
that warrants further research attention.

� Our estimates should not be used to make
comparisons between disease area or
intervention. Given the inherent assumptions and
uncertainty in our approach we strongly counsel
against making comparisons between the three
disease areas we have examined or specific
interventions within those disease areas. Taking the
three studies together, we believe it is appropriate to
say the IRR arising from health gains to the United
Kingdom, from United Kingdom research, is
between 7% and 10%.

It is of course impossible to know whether our
estimates of the return are accurate in the absence of
an observation of a control to provide the
counterfactual. The likely validity of our estimates can
only be judged through the reasonableness of the
many assumptions about which we have tried to be
entirely transparent. Should readers have more or less
confidence in them because of the similarity between
the estimates for IRR arising from health gains across
the three studies? The results are indeed remarkably
comparable (Table 7). This can either be interpreted
positively as some form of internal validation of
plausible magnitudes, or negatively to suggest that
something inherent in the methodology leads to this
similar outcome. We are not aware of any aspect of
our methods that suggests this is a methodological
artefact. Rather, we draw some comfort from the fact
that the similarity arises despite the inputs (research
expenditure) and outcomes (NMB) being very
different between the studies and for separate groups
of interventions within each of them. The fact that
the elapsed times are similar has a degree of face
validity, as does the relatively high level of attribution
for MSD, which, as already noted, given its chronic

nature, is more likely to be influenced by local
contextual research.

Conclusion
The public, both as taxpayers and charity donors, invest
a significant amount of money into biomedical and
health research each year. Understanding the economic
impact of this investment provides accountability, helps
secure future research investments and increases our
understanding of how research is effectively translated
into health improvements. In a series of studies looking
at the net value of improved health outcomes, in CVD,
cancer and MSD we have demonstrated an IRR of
between 7% and 10%. When we include the 17% return
for the broader economic or ‘spillover’ impact this rises
to between 24% and 27%. The results suggest that,
despite the uncertainties around the methods and
estimates, the historical returns in terms of NMB of the
health gains derived in the United Kingdom from public
and charitably funded biomedical and health research
are substantial and justify the investments made.

Endnotes
1The Health Research Classification System (HRCS) is

a two-dimensional framework. Codes from both HRCS
dimensions are applied when classifying; one dimension,
the Health Categories, is used to classify the type of
health or disease being studied. There are 21 categories
encompassing all diseases, conditions and areas of health.
The other dimension, the Research Activity Codes, classi-
fies the type of research activity being undertaken (from
basic to applied). There are 48 codes divided into eight
groups. See http://www.hrcsonline.net/rac/rac for more
details. The data cited are on DALY rates from 2012 and
research spend data from 2014.

2Figures given between 1992 and 1993 show the UFC
grants after the funds were transferred from the UFC to
the Research Councils.

3Prepared by the HEFCE Analytical Services Group on
13 February 2008. Figures for 1993–1994 to 1996–1997
were adjusted to include an estimate of funds for
research capital that were rolled into mainstream
quality-related research (QR) from 1997–1998 onwards.
No adjustments have been made to counterbalance the
effect of the phased transfer of funds to the United King-
dom Research Councils in 1992–1993, 1993–1994 and
1994–1995. Figures for Units of Assessment (UoA) 12:
Biochemistry, which ceased to exist in the 2001 Research
Assessment Exercise, have been rolled into UoA 14:
Biological Sciences. Figures exclude funds for the super-
vision of students on research degree programmes,
London weighting, and all other relatively minor ele-
ments of research funding. For 2006–2007, 2007–2008
and 2008–2009, the QR charity support element has
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been added to mainstream QR funds to reflect the
change in the way research income from charities is
used in the calculation of funding. Figures contain rela-
tively minor grant adjustments made to the database
after the initial grant allocations announced in March
each year.

4Figures for 2010–2011 do not reflect the 1.7%
retrospective reduction announced in HEFCE Circular
Letter 05/11 and applied at institution level. In the
calculations that include quality-related research (QR) char-
ity support funding (below), the proportion of QR charities
support funding attributed to biomedical Units of Assess-
ment in 2011–2012 has been applied to 2012–2013.

5The Centre for Science and Technology Studies
(CWTS) maintains a bibliometric database of all
scientific publications (including health and biomedical
research) for the period 1981 to 2016. This dataset is
based on the journals and serials processed for the Core
Collection version of the Web of Science database,
including the Science Citation Index Expanded (SCI-E)
and associated citation indices, the Social Sciences Citation
Index (SSCI), and the Arts & Humanities Citation Index
(A&HCI). This database is operated for bibliometric
purposes in service contracts under a License Agreement
with Clarivate Analytics. See: https://www.cwts.nl/ for
more information.

6Full counting is an approach in which a paper which
has authors from multiple countries will be attributed in
full to each of these countries. Therefore, the estimate of
30% indicates that the United Kingdom contributed to
30% of the papers analysed. However, there will be
contributors from other countries to many of these
papers. This approach is used for the central estimate as
it was used in the previous studies, to aid comparison.

7In fractional counting, attribution of a paper is shared
between the countries of origin of the various authors.
For example, if a paper has one author from the United
Kingdom and two from the United States, the United
Kingdom will receive attribution for one third of a
paper, and the other two thirds will go to the United
States.

8This is an alternative approach where papers are
attributed to the country of origin of the corresponding
author. The logic is that it is likely that the institution of
the corresponding author held a significant proportion
of the funding for the work and made a significant
contribution to the work.
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APPENDIX H: Co-author declarations 

Given the nature of health research, several of the works were chapters in much larger 

publications. Some of these contained clinical, statistical and other components in addition to 

the health economic analyses. Some are multi-authored to reflect various contributions from 

those in administrative, management and research roles to overall study conduct (e.g. P4 - 15 

authors, P2 - 8 authors). This is common in health research including modelling studies and 

randomised controlled trials, where research design and execution is complex and 

multidisciplinary. 

To gather sufficient evidence of candidate contribution but increase efficiency in acquiring 

appropriate declarations, a system was developed to gather statements from those most 

closely involved in the health economic component. In some papers I appear as a part of a 

longer list of co-authors who contributed to the overall project, but my involvement is that of 

either a ‘lead’, ‘the principal analyst’ of the health economic component and/or 

first/corresponding author as outlined in Table 1. 

As this role required working closely with the Principal Investigator (PI) of funded studies 

and Lead/Corresponding authors (where not PI), sometimes under supervision by a health 

economist colleague, these are the most relevant co-authors to confirm my contribution to a 

particular paper. To create a consistent approach, for each published work a declaration of 

candidate contribution was therefore signed by: 

1. Principal Investigator of each of the related studies from which the work developed

2. First authors and corresponding authors of the published works, where these were

different from the Principal Investigator (and where I did not fulfil these roles)

3. Senior colleagues leading supervision of economic components of related studies or

senior institutional colleagues (where I did not fulfil this role)

If this system did not produce a minimum of two declarations for any of the works, a 

declaration was sought from another colleague closely involved in the work. Therefore, the 

papers concerned with AAA screening (P1, P2, P3) all have an extra declaration from an 

additional author. The roles fulfilled by co-authors signing declarations is summarised below 

in  Table 7 and Table 8.
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Table 7: Co-author declarations summary 

ST: Prof Simon Thompson; TQ: Dr Timothy Quinnell, LS: Prof Linda Sharples; JR: Prof James Raftery; MG: Matthew Glover; JG: Prof 

Jonathan Grant; MB: Prof Martin Buxton; JFR: Prof Julia Fox-Rushby; SH: Prof Stephen Hanney; MS: Dr Michael Sweeting 

Paper 

Co-author declarations 

Number of 

declarations 
Principal 

Investigator 

First 

author 

Corresponding 

author 

Senior 

Institutional 

(BUL) author 

Additional 

author 

P1 NHS NAAASP ST MG MG MB MS 3 

P2 AAA surveillance intervals ST ST ST MB MS 3 

P3 Lessons from AAA modelling ST MG MG N/A MS 2 

P4 TOMADO TQ LS LS JFR 3 

P5 HTA impact review JR JR JR SH 2 

P6 Est returns to cancer research JG MG JG MB 2 

P7 Est returns to MSK research JG MG JG MB 2 
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Table 8: List of co-authors signing declarations 

Paper Co-author declarations 

P1 NHS NAAASP Professor Simon Thompson (PI), Professor Martin Buxton (SBUL), Dr Michael Sweeting (AA) 

P2 AAA surveillance intervals Professor Simon Thompson (PI), Professor Martin Buxton (SBUL), Dr Michael Sweeting (AA) 

P3 Lessons from AAA modelling Professor Simon Thompson (PI), Dr Michael Sweeting (AA) 

P4 TOMADO Dr Timothy Quinnell (PI), Professor Linda Sharples (FA), Professor Julia Fox-Rushby (SBUL) 

P5 HTA impact review Professor James Raftery (PI), Professor Stephen Hanney (SBUL) 

P6 Est returns to cancer research Professor Jonathan Grant (PI), Professor Martin Buxton (SBUL) 

P7 Est returns to MSK research Professor Jonathan Grant (PI), Professor Martin Buxton (SBUL) 

PI: Principal Investigator; SBUL: Senior Brunel University London colleague; AA: Additional Co-author; FA: First author 
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Glover MJ, Kim LG, Sweeting MJ, Thompson SG, Buxton MJ. Cost-effectiveness of the 

National Health Service abdominal aortic aneurysm screening programme in England. Br J 

Surg. 2014;101(8):976-982. doi:10.1002/BJS.9528 

Co-author declarations: 

• Professor Simon Thompson

• Professor Martin Buxton

• Dr Michael Sweeting



Co-author declaration of candidate contribution

Paper number: 1

Title: Cost-effectiveness of the National Health Service abdominal aortic aneurysm

screening programme in England.

Published in: British Journal of Surgery

Candidate contribution: Led update of model including input parameters (including data

identification/acquisition of key screening programme data, costs, health related quality of

life and other health economic inputs), performed cost-effectiveness analyses. Contributed to

conception of research question. Led preparation and submitted manuscript. Responsible for

manuscript revisions, including additional cost-effectiveness analyses. First and

corresponding author.

I hereby confirm that the above statement is a fair reflection of the candidate contribution in

producing the published work.

Sisned: C" ^ i#}i* M C^. [[^,*t--=

Print name: Professor Simon G Thompson

Role in publication: One of two senior authors; recognised the importance of the research
question; helped identify relevant data sources; provided funding for Cambridge authors. Job
title: Director of Research in Biostatistics, University of Cambridge.





Co-author declaration of candidate contribution 

Paper number: 1 

Title:  Cost-effectiveness of the National Health Service abdominal aortic aneurysm 

screening programme in England. 

Published in: British Journal of Surgery 

Candidate contribution:  Led update of model including input parameters (including data 

identification/acquisition of key screening programme data, costs, health related quality of 

life and other health economic inputs), performed cost-effectiveness analyses. Contributed to 

conception of research question. Led preparation and submitted manuscript. Responsible for 

manuscript revisions, including additional cost-effectiveness analyses. First and 

corresponding author. 

I hereby confirm that the above statement is a fair reflection of the candidate contribution in 

producing the published work: 

………………………………………………………………………………………………….. 
I can confirm that Mr Glover’s contributions are accurately described. 
………………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 

Signed: 

………………………………………………………………………………………………….. 

Print name: 
Dr Michael Sweeting 
………………………………………………………………………………………………….. 

Role in publication: 

During this work I was a Senior Research Associate at University of Cambridge. The work 
submitted was a cost-effectiveness analysis conducted by Mr Glover and was part of a wider 
HTA funded grant involving a systematic review and meta-analysis of growth and rupture 
rates of abdominal aortic aneurysm. My contribution to this work was to provide input data 
and statistical consultancy for certain aspects of the modelling, consult and review model 
outputs and to critically review and comment on manuscript drafts. 
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Appendix H2 – Paper 2 co-author declarations 

Thompson SG, Brown LC, Sweeting MJ, Bown MJ, Kim LG, Glover MJ, Buxton MJ, 

Powell JT and the RESCAN collaborators. Systematic review and meta-analysis of the 

growth and rupture rates of small abdominal aortic aneurysms: implications for surveillance 
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doi:10.3310/HTA17410 (Chapters 7 and 8 of larger monograph) 

Co-author declarations: 

• Professor Simon Thompson

• Professor Martin Buxton

• Dr Michael Sweeting



Co-author declaration of candidate contribution

Paper number: 2

Title: Systematic review and

abdominal aortic aneurysms:

effectiveness.

meta-analysis of the growth and rupture rates of small

implications for surveillance intervals and their cost-

Published in: Health Technology Assessment

Candidate contribution: Led update of model parameters (including data

identificatiorVacquisition of key screening programme data, costs, health related quality of

life and other health economic inputs), developed framework and performed structural

amendments to operationalised model. Conducted cost-effectiveness analyses, drafted

chapters 7 and 8 and contributed to revisions, including additional cost-effectiveness

analyses. Contributed to critical revision of other relevant sections of monograph.

I hereby confirm that the above statement is a fair reflection of the candidate contribution in

producing the published work.

Signed: ( / ri
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Print name: Professor Simon G Thompson

Role in publication: First and corresponding author of the whole monograph (of which
chapters 7 and 8 are a part); lead investigator obtaining competitive funding for project;
oversight of all components of the project. Job title: Director of Research in Biostatistics,
University of Cambridge.





 

Co-author declaration of candidate contribution 

Paper number: 2 

Title: Systematic review and meta-analysis of the growth and rupture rates of small 

abdominal aortic aneurysms: implications for surveillance intervals and their cost-

effectiveness. 

Published in: Health Technology Assessment 

Candidate contribution: Led update of model parameters (including data 

identification/acquisition of key screening programme data, costs, health related quality of 

life and other health economic inputs), developed framework and performed structural 

amendments to operationalised model. Conducted cost-effectiveness analyses, drafted 
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Contributed to critical revision of other relevant sections of monograph. 

 

I hereby confirm that the above statement is a fair reflection of the candidate contribution in 

producing the published work: 

………………………………………………………………………………………………….. 
I can confirm that Mr Glover’s contributions are accurately described. Matthew took the lead 
role in conducting cost-effectiveness analyses for this HTA monograph. 
 
Signed: 
 

…  
Print name: 
Dr Michael Sweeting 
………………………………………………………………………………………………….. 
 
Role in publication: 
 
During this work I was a Senior Research Associate at University of Cambridge. The work 
submitted is an HTA monograph from a HTA funded grant involving a systematic review 
and meta-analysis of growth and rupture rates of abdominal aortic aneurysm (AAA) and cost-
effectiveness analysis of AAA screening and surveillance policies. My contribution to this 
work involved assimilating and cleaning of individual patient data from observational 
studies, conducting meta-analyses, providing input data on growth and rupture rates for cost-
effectiveness models, summarising and dissemination of results through publications, and 
providing overall statistical consultancy throughout the project. I drafted Chapters 5 and 6 of 
the HTA monograph and critically reviewed and commented on all chapters of the report. I 
worked closely with Matthew throughout the project.  
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Appendix H3 – Paper 3 co-author declarations 

Glover MJ, Jones E, Masconi KL, et al. Discrete Event Simulation for Decision Modeling in 
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2018;38(4):439-451. doi:10.1177/0272989X17753380 

Co-author declarations: 

• Professor Simon Thompson

• Dr Michael Sweeting



Co-author declaration of candidate contribution

Paper number: 3

Title: Discrete Event Simulation for Decision Modelling in Health Care: Lessons from

Abdominal Aortic Aneurysm Screening.

Published in: Medical Decision Making

Candidate contribution: Co-investigator on National Institute for Health Research Health

Technology Assessment grant, involved in conception of research question. Contributed

health economics input to conceptual model development and led update of costs and utility

data (including identification and acquisition of data). Conceived, led preparation and

submitted manuscript and responsible for revisions. Listed as first and corresponding author.

I hereby confirm that the above statement is a fair reflection of the candidate contribution in

producing the published work.
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Print name: Professor Simon G Thompson

Role in publication: Senior author; lead investigator obtaining funding for overall project
(Screening women for AAA), of which this was an initial component; direct supervision of
Cambridge co-authors. Job title: Director of Research in Biostatistics, University of
Cambridge.
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Candidate contribution:  Co-investigator on National Institute for Health Research Health 

Technology Assessment grant, involved in conception of research question. Contributed 
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data (including identification and acquisition of data). Conceived, led preparation and 
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producing the published work: 
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Signed: 

 
………………………………………………………………………………………………….. 
 
Print name: 
Dr Michael Sweeting 
………………………………………………………………………………………………….. 
 
Role in publication: 
 
… During this work I was a Senior Research Associate at University of Cambridge. I was a 
co-investigator on this NIHR HTA grant and was involved in the conception of the research 
question, model development, sourcing and acquisition of data, reviewing statistical 
programming and line management of a research associate. My contribution to this 
manuscript involved conception, provision of key data and model results, and critical review 
and revision of the text…………………………………………………………………….. 
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Sharples L, Glover M, Clutterbuck-James A, Bennett M, Jordan J, Chadwick R, Pittman M, 

East C, Cameron M, Davies M, Oscroft N. Clinical effectiveness and cost-effectiveness 

results from the randomised controlled Trial of Oral Mandibular Advancement Devices for 

Obstructive sleep apnoea-hypopnoea (TOMADO) and long-term economic analysis of oral 
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England). 2014 Oct;18(67):1. (Chapter 4 of larger monograph) 

Co-author declarations: 

• Dr Timothy Quinnell

• Professor Linda Sharples

• Professor Julia Fox-Rushby



 

Co-author declaration of candidate contribution 

Paper number: 4 

Title: Clinical effectiveness and cost-effectiveness results from the randomised controlled 

Trial of Oral Mandibular Advancement Devices for Obstructive sleep apnoea-hypopnoea 

(TOMADO) and long-term economic analysis of oral devices and continuous positive airway 

pressure.  

Published in:  Health Technology Assessment 

Candidate contribution:  Contributed to systematic review of effectiveness, including data 

extraction and input to statistical analyses performed for health economic model inputs. Led 

structured review of literature to inform model amendments, updated model parameters and 

conducted cost-effectiveness analyses. Drafted Chapter 4 and made revisions, including 

performing additional cost-effectiveness analyses. Contributed to critical revision of other 

sections of monograph and helped supervise within-trial economic analysis. 

 

I hereby confirm that the above statement is a fair reflection of the candidate contribution in 

producing the published work: 

 
Signed: 
 
………………………………………………………………………………………………….. 
 
Print name: 
Timothy G. Quinnell 
………………………………………………………………………………………………….. 
 
Role in publication: 
I was Chief Investigator for TOMADO. At the time of the study and to this date I have been 
based at the study site (Royal Papworth Hospital NHS Foundation Trust) as a consultant 
respiratory and sleep disorders physician. I led the NIHR grant application for TOMADO. I 
also led on study design, execution and results interpretation/dissemination. I was lead author 
for the journal article (Thorax) reporting the results of the study. I was senior author for the 
NIHR report. I confirm that the candidate Matthew Glover was a key team member. He 
contributed as detailed above. 
 



 

Co-author declaration of candidate contribution 

Paper number: 4 
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sections of monograph and helped supervise within-trial economic analysis. 

I hereby confirm that the above statement is a fair reflection of the candidate contribution in 

producing the published work: 

 

Signed:  

………………………………………………………………………………………………….. 

Print name: 

Professor Linda Sharples 
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Role in publication: 

During conduct of this trial I was employed as a Programme leader at the MRC Biostatistics 
Unit in Cambridge, which was part-funded by Papworth Hospital. By the time it was 
published I had moved to become Professor of Statistics at the University of Leeds Clinical 
Trials Research Unit. I was a co-applicant on the study grant application and had overall 
responsibility for the statistical design and conduct of the study (PI for statistical and research 
methodology). I was responsible for the statistical design and analysis and drafted large 
sections of the monograph. With clinical and health economic collaborators I oversaw 
production of the final publication. 
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Co-author declarations: 

• Professor James Raftery

• Professor Stephen Hanney



 

Co-author declaration of candidate contribution 

Paper number: 5 
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systematic review for the Health Technology Assessment programme.   

Published in:  Health Technology Assessment 

Candidate contribution: Contributed to systematic review in Chapter 3 (including data 

extraction), led systematic review of economic impact assessment literature (project lead on 

Chapter 5), drafted Chapter 5 and revisions. Contributed to critical revision of other sections 

of monograph. 

 

I hereby confirm that the above statement is a fair reflection of the candidate contribution in 

producing the published work: 

………………………………………………………………………………………………….. 
Matthew Glover was an excellent colleague who performed the above tasks to a very high 
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………………………………………………………………………………………………….. 
 
………………………………………………………………………………………………….. 
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Lead investigator, grant holder and other author 
………………………………………………………………………………………………….. 
 
 





223

Appendix H6 – Paper 6 co-author declarations 

Glover M, Buxton M, Guthrie S, Hanney S, Pollitt A, Grant J. Estimating the returns to UK 

publicly funded cancer-related research in terms of the net value of improved health 

outcomes. BMC Med 2014 121. 2014;12(1):1-21. doi:10.1186/1741-7015-12-99 

Co-author declarations: 

• Professor Jonathan Grant

• Professor Martin Buxton



 

 

Co-author declaration of candidate contribution 

Paper number: 6 

Title:  Estimating the returns to UK publicly funded cancer-related research in terms of the 

net value of improved health outcomes. 

Published in: BMC Medicine 

Candidate contribution: Led prioritisation of interventions, identification and collation of data 

on net health gains, including liaison with expert contributors. Developed return on 

investment model. Drafted sections relating to economic model methods and results and 

revisions, including performing additional modelling. Contributed critical revision to other 

sections of manuscript. Listed as first author. 
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was a critical member of the team making the contributions outlined above and it is entirely 

appropriate that he includes this paper as part of a PhD submission.  

 





226

Appendix H7 – Paper 7 co-author declarations 

Glover M, Montague E, Pollitt A, et al. Estimating the returns to United Kingdom publicly 

funded musculoskeletal disease research in terms of net value of improved health outcomes. 

Heal Res Policy Syst 2018 161. 2018;16(1):1-24. doi:10.1186/S12961-017-0276-7 

Co-author declarations: 

• Professor Jonathan Grant

• Professor Martin Buxton



 

Co-author declaration of candidate contribution 

Paper number: 7 

Title:   Estimating the returns to United Kingdom publicly funded musculoskeletal disease 

research in terms of net value of improved health outcomes. 

Published in: Health Research Policy and Systems 

Candidate contribution:  Co-investigator on Wellcome Trust led grant, involved in 

conception of research question. Led prioritisation of interventions, identification and 

collation of data on net health gains, including liaison with expert contributors. Developed 

return on investment model. Drafted sections relating to economic model methods and results 

and performed revisions, including additional modelling. Contributed critical revision to 

other sections of manuscript. Listed as first author. 
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