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ABSTRACT

The primary aim of the thesis was to report newt-effectiveness evidence in the clinical
area of heart disease. Following a review of ptelisempirical work, this was achieved by
undertaking three new cost-effectiveness studie® im nurse-led secondary prevention
clinics for coronary heart disease in primary came on cardiac resynchronisation therapy
with or without an implantable cardioverter defilatior in chronic heart failure, and the final
one on a new drug therapy, nebivolol, compared wif#mdard treatment in elderly patients
with heart failure. Nurse-led clinics in primaryreaare highly cost-effective. Nebivolol is a
cost-effective treatment to an elderly populationthwchronic heart failure. Cardiac
resynchronisation therapy (CRT-P) is a cost-effectireatment option compared with
medical therapy (MT) alone. However, adding anlantable cardioverter-defibrillator to
CRT appears to be beyond the traditional willingaspay threshold of £20,000 per QALY

gained and might not be a cost-effective option.

The second aim of the thesis concerned the apiplicaf modelling methodology, with the
intent being the provision of general recommendatian using Markov modelling
approaches in economic evaluation conducted inhdeet disease area. The focus was on
extrapolation of cost-effectiveness of an interimnbeyond a trial both in terms of the time
horizon of the analysis and in relation to the gapon involved. Fundamental issues in
parametric distribution functions and Markov mouhgjlapproaches have been revisited, with
detailed consideration of which parametric distiidn functions should be employed when
extrapolating beyond a trial and how they couldadepted into model-based analyses. The

need for further methodology investigations in tiiga is discussed in conclusion.



DEDICATION

This thesis is dedicated to my daughter Aimee wéa® tbrought me such joy and pride, and

has motivated and inspired me to complete this work



ACKNOWLEDGMENT

| would like to thank my supervisors Stirling Bryaand Pelham Barton for their
encouragement, understanding and patience. | wespécially like to thank Stirling Bryan
for his excellent knowledge and outstanding supéwi in leading me through the whole
research process. | am touched by his commitmesgeaong me through to completion of this

thesis.

A special thanks to James Raftery for his suppodt @ncouragement. Many of the original
ideas originated from discussions with him. | wolilee to thank Nick Freemantle for his
comments and advice on several chapters and faglm&author on three published related

papers.

Finally, 1 would like to mention several individgalvho have helped in different aspects of
completing the thesis. Thanks to Ann Pope for ihglgo proof-read the thesis. Thanks to
Alec Miners and Sue Jowett for sharing their theségh me, and to my colleagues and
friends during the PhD process thanks for their gany to name a few, Sonal, Charmaine,

Clare, Helen, Katie, and Tom.



TABLE OF CONTENTS

AB ST R A CT .ttt et oo e e oottt ettt e e e e e e e e e e e b h bbb E b et e e ettt et e et e e e e e e e e e e e aaaaaaann I
DEDICATION L.ttt e e e ettt ettt a o e o2 e e e et e aeeeeeeeeee bbb e e e e e e e eaeeeeesnbnnbnnanas ...
ACKNOWLEDGMENT ...ttt bttt et e e e e e e e e e e e s e s s a e s e e e e ettt e et eaeeeaeeaesaasannanae iii
SPECIFIC CONTRIBUTION TO THE RESEARCH ...t iX
LIST OF TABLES ... ittt ettt ettt e e e e e e e e e a4 e e et bbb e e b e e e et e et e e e e e eeeeeeseeaaeaannnnns Xiii
LIST OF FIGURES ... .ttt ettt ettt e e e e e e e e s e e s e bbb e e e e ettt et e e e eeeeeeaesasaannnnnnnes XV
ABBREVIATIONS L.ttt e et et ettt ettt e e e e e e e e aaaeeeeeeeeesbbba e e e e aeaaaaaeeeennnes Xvil
CHAPTER 1 INTRODUGCTION ...ceiiiiiitieieeeee e e s ettt et e e e e e e e e e e e aa s s rreereeaaeeeeaeesesaaaannns 1
1.1  Background on the epidemiology of heart diSease...........ccccuuuriiiiiiiiiiiiiie s 1
1.2 Economic evaluation in Nealth Care ... 3
1.3 AIMS OF the tNESIS ... e e e s e e e e e anes 5
1.4 Outline Of the thESIS .......eeiiiii e e e 5
CHAPTER 2 LITERATURE REVIEW OF ECONOMIC EVALUATIONN
HEART DISEASE ... e e e et et e et e et e e et e e e ren e ees 8
P2 R [ 011 (oo 11 o1 1 o] o PP PP P PP PPPPRSPPPP 8
A == 1 o] Y1 - L (=T | PSSR RRRR 9
2.3 Inclusion and eXCIUSION CIILEITA ........cureeeteeiiiiiiiie ettt 10
2.4 Data eXtraCtion StrAtEQY ........ccouee e e e eeeeesessssssssnnereereeaeeereereeeaeeasassasansnnnnsrsnsnsnnereeees 10
2.5 RESUIS.....eeeeeee e e e e e e e e e 11
2.5.1 Overview of the included STUAIES ......ccmmmmereiiiiiiei e 14
2.5.2  ECONOMIC EVAIUALION ......cviiiiiiii s ieereee et 19
2.5.3  Statistical methods in analysing cost and-effsctiveness..............cccccveeeiiiinee. 25
2.5.4  Extrapolating beyond a trial ..........ccccccoiiiiiiiiiiiiieccce e 30
2.6 Critique of MOdelliNg STUIES ....... ... e e e e e ettt e e e e e e e e eeeeeeaaeas 33
2.6.1  Introduction to Modelling reVIEW .......ccueviieiiiiiiiiie e 33
2.6.2  SHUCTUIE ..oeiieieiiiiiiiie ettt e e 33
A ST N D - | £ NPT PP P PPPPTPTPTR 41
G S O ] 1S3 1 1= o3 SRR 46
2.6.5  Critique the ModelliNg PAPEIS.........ccummmeetieiiaiaaeaae e e e e e e 47



P2 A 1=t U 1= To | PO PR PPPR 59
CHAPTER 3 SECONDARY PREVENTION CLINICS ...ttt 61
I A 1011 (o To [¥ Tt i o] o PP PPP R PUPRR PRI 61
3.2 Clinical DACKGIOUNG .........eeiiiiiiiiii ettt e e e e e e e e e e e e e e e e e e e annnes 61
3.3  Overview of the nurse-led secondary prevertlomcs trial.............cccccccviiiiieiiricceneeeeeen. 62
B4 MELNOUS . 64
0t N O 1= 1 o TR PP PPPPRRP PP 64
I U | 1113V =To 0 (= SO 65
3.4.3  ESHMALING COSL ...ttt ettt e e e e e e e e e e e e enneeees 66
3.4.4  Estimating life years and QALY S.......ccceeeiriiieiiiieie e ree e e e 66
3.4.5  Analytic MethodS .......cooii et 67
B D RESUIS ..t 67
3.5.1  SUNVIVal @nNd QALYS .ouuiiiiiiiiie e eeeeeeeeee e 68
3.5.2  Costs to primary care and overall COStS tIEEP. .........covvvrrrerieriiiiiiiiee e 68
3.5.3 Incremental COSt effECHVENESS ......ccerreeieiiriie e 69
G B B 1= TodU 2] (o] PP PP PP PPPRPPRPON 71
N A ©7o 1 o 11 o g T PSPPSR 75
CHAPTER 4 EXTRAPOLATION USING PARAMETRIC SURVIVAL BNCTIONS
.................................................................................................... 76
T | 11 o To [ o1 1o T o P TP RR 76
4.2 Probability distribution functions in SUrvivahalySis .............cceeeeiiiiiiiiiiccie i ceeeen e 77
4.2.1  The exponential diStriDULION ..........ccaaariii e 79
4.2.2  The Weibull distribution fUNCHION ......coemreeieiiiieic e 79
4.2.3  The l0g-10gistiC diStHDULION ..........coaaeiiiiiiiiiiii et 81
4.2.4  The log-normal diStribUtiON ..........o e 82
4.25  The Gamma diStriDULION .......ccoiiiiiiireeei e 83
4.3  Choosing among survival distributions appliedbserved data.............ccccceeeeviiviecccenne 84
4.4 The CARE-HF SEUAY ....ooiiiiiiiiiiiiii e eeeeee ettt et s a e e snebaaeeae s 85
4.4.1  Estimation of time to death...........cccceiiiiiiei e 87
4.4.2  Survival gain in CARE-HF study over lifetime.............ccccccviivviiiiieeieiecceceeee, 90
A5 DISCUSSION ..eeiiiiitiieie e ettt et e e s eeeee et e e e s skt e et e e e skt e et e e e e s sk bbb e e e e aabbe et e e e e aabbbe e e e e e s anbbneeeeenaans 92

CHAPTER 5 EXTRAPOLATION USING A MARKOV MODELING FRMEWORK .............. 95



LI R 1011 (oo [F Tt 1o o O PSR PP PR PUPPR PRI 95
5.2 What is @ MarkoV MOGEI? ........ooiiiiiiieeeei e 95
5.3  The application of a Markov model in health@mICS ..............cooooviiiiiiiiiiiiin e 97
5.4  Renal transplantation MOel ... 98
5.5  Analysis of @ MarkOV MOUEI.............emmmmeerrrimiiiiiiiiiriireeeeeeeeeeese e s ssannreeer e aasaeaaaaaanes 100
5.5.1 MatriX @lgehra .....ccoooiiiiii e 101
5.5.2  CohOrt SIMUIATION .....eiiiiiieiiie ettt e e e e e e e 103
5.5.3  Monte Carlo SIMUIALION ...........oeii e ereee et e e 105
5.6  Individual sampling SIMUIAION .........oooiiii e 107
5.7 DISCUSSION ...ttt ettt reem ettt s ket e et e e e smne e e s an et e e s et e e ne et e e s e e e s nnree s 110
CHAPTER 6 CASE STUDY 2 - CARDIAC RESYNCHRONISATIONHERAPY ..........ccc.. 112
G700 R [ 011 £ o Ui 1T o 1 PSP PPPR RS 112
072 O 1o o= 11 o T= Tod 1o [ £ 10 1 o SR 113
6.3  Construction of the MOUEN.........coo i 115
B.3.1  EffICACY .iiiiioictiee e ————————————————— 119
6.3.2  Estimating baseling MSKS ............cmeeeeieeiee et 119
6.3.3  Estimating the risk reduction from ICD . ooeiiiiiieiiiiiiiiiiieeeree e e e eseneens 120
6.3.4  ULIlItY data ... 120
B.3.5  COSE ANAIYSIS...ciiiiiiiiii it ettt e e e e e e e e 121
6.3.6  BaAttery life .uuuueeiiiiiiiiiie e ————————————— 121
6.3.7  Probabilistic SENSItiVity ANaAlYSIS.... e .eeeereeiiiiiiiiiiaaia e 122
6.3.8  Model Validation..........cociiiiiiiieee e 123
6.4  RESUIS ... e 123
B.4.1  SUIVIVAI ..ottt 123
6.4.2  CoOSt-effeCtivVeNeSS rESUILS ......cocieiiiiie e 124
6.4.3  Analyses DY CONOIM @ge......couiiiii i 126
I S /o To [ BN -V To 11 Y/ RSP 127
6.5  DISCUSSION ....ttiieee ettt ettt et ettt e e ekt e e e et e e e s s e e e e e e e e b e e e e e e e e e e e 128
LG ST ©o T o U110 o I OO PP PTRR 133
CHAPTER 7 CASE STUDY 3: NEBIVOLOL TREATMENT ..o 145
4% S [ 011 (o 18 ot 1 o] o PO PO P PP UPPPPPP TP 145

Vi



A2 = - Tox (o | o 10 ] o P PSEEPRRRRRR 146

7.3 OVerview Of SENIORS .........oiiiiiiiiit ettt e s e e e e aenees 147
A% S\ (o To [T o 1= <o o] (o] o PSSR 148
7.5 MOl SSUMPLIONS .. .ottt e e+ o4 e e ettt ettt e e e e e e aaaeaaasannnnnbesbssseeeeeeeeaeas 150
AL T ] 10 - - NP 150
7.6.1  Estimating the baseline functions and risk...............cccccciiiieiii e, 151
7.6.2  Death due t0 OtNEr CAUSES .......cciiiiiiiieee et 152
7.6.3  Estimates of transition probabilities amongM class ...........ccccceeeeveiiiicinnnns 152
7.6.4  Estimates of health utility SCOIeS ... 152
7.6.5  ESUMALING COSIS...iiiiiiiiiiiii it cemeeees s e e e e e e e e e e e s st e e e e e e aaaaeeas 153
A A = - TSI o= L PP PTPPTT R 155
7.8  Probabilistic SENSItIVILY @NAIYSIS ......ummmmreeeeeeerieiiiiiiiciie e e e e e e s 155
7.9 RESUIL .. 156
7.9. 1 BASE CASE ...ccoiiiiiiiie ittt e e e e e e et 156
7.9.2  SeNSItIVILY @NAIYSIS ....cccoiiiiis i cemmee e ————————————————————— 157
7.9.3  MOdel Validity......ccooiiiiiii et a e e e e 158
4% KO B T o U 2] (o o PP PRI 160
4% R o] o [od U1 o o H PO P PP PPPPPPP PO 163
CHAPTER 8 GENERAL DISCUSSION AND CONCLUSIONS. ..o 170
S A 1011 o Yo [F T 1o} o PP 170
8.2  The contributions Of the theSIS ... 172
8.2.1  Empirical CONtrIDULION ...t 172
8.2.2  Contribution on application of methodologiapproaches ...............ccccciiiiieeee. 731
8.3  New evidence of cost effectiveness findingsaart disease...........cccccvvveeveeriivieeeenennen. 174
8.3.1  Major findings iN Case StUAY 1.......cccccerimiiiieiieiiieeee e e 174
8.3.2  Major findings iN CasSe StUAY 2.t 175
8.3.3  Major findings iN Case StUAY 3.......cccccoiiiiiieiieeeeeeeee e 177
8.4  Major findings in application of Methodology..........ccccuuiiiiiiiiiiii e 178
8.5  Comparison with other contribULIONS.........cevviiiiiiiiii e 181
8.6  Strengths and limitations of the thesis ... 183

Vii



8.7 Recommendations for policy and future researChl.........ccccvevvvvviiieei e 185

REFERENCES ...t e e e e e e e e e s s e e ee e e 187
APPENDIX 1 SEARCH STRATEGY IN THE LITERATURE REVIEW........c..coooiiiiiiiiieeeiiiieeeeee s 224
APPENDIX 2 DETAILS OF PAPER SELECTION IN THE LITERARJRE REVIEW .............ceeeeen. 225
APPENDIX 3 MODEL FIT INFORMATION FOR CHAPTER 6 ceeeeeeeieiieiee e 234
APPENDIX 4 MODEL FIT INFORMATION FOR CHAPTER 7 ccaeeeee it 235
APPENDIX 5 RECENT PUBLISHED PAPERS ARISING FROM T$HRESEARCH.............cccccees 236

viii



SPECIFIC CONTRIBUTION TO THE RESEARCH

The thesis refers to work that has appeared in podnlications, including three main case
studies in chapter 3, chapter 6 and chapter 7,exiadnples used in chapter 4. All those
publications involved large multidisciplinary teamBhe following sections describe the
contributions from each individual and my specdantribution to each chapter in the thesis.

Chapter 3

This chapter is based upon a paper published irsBiedical Journal (Raftemt al., 2005).
In the thesis different analytic methods were aapliThe contributions to the original paper

were as follows:

Guiging Yao conducted data management, data cadidgosting data. She led on statistical

analysis and contributed the drafting of the manpsc

James P Raftery originated the idea and initialifesl research and supervision of the

research.

Peter Murchie provided the data.

Neil C Campbell provided clinical expertise and ewsed the study.

Lewis D Ritchie provided clinical expertise in theld.



Chapter 4

This chapter draws on a paper published in the ggaao Heart Journal (Calvesttal., 2005).

The specific contributions to the published paebaow:

Guiging Yao contributed to extrapolating beyond titi@ and conducted parametric survival

analysis in choosing the best-fitting curves.

Melanie J. Calvert led on data analysis and drafiegaper.

Nick Freemantle supervised on the project and dmrted to the discussion and analysis.

John G.F. Cleland provided clinical expertise is field.

Cindy Billingham contributed advice on analysingtity of life.

Jean-Claude Daubert provided clinical expertise.

Stirling Bryan provided supervision in health ecomo aspects and contributed methods and

comments on manuscripts.

Chapter 6

This chapter is based on a paper also publishedeirEuropean Heart Journal (Yabal.,

2007). It presented model-based analysis andetblargy of longer-term cost-effectiveness of



interventions. This paper continued the develogroéthe case study presented in chapter 4,

seeking to answer a few clinical and policy relajadstions.

Guiging Yao conceived the idea and developed thdemae-analysed individual trial data
and estimated the clinical input from individuahtidata. She drafted the paper.

Nick Freemantle supervised the work and suppofhteditafting of the paper.

Melanie J. Calvert contributed by providing oridirf®@AS program code and reviewing the

manuscript.

Stirling Bryan supervised part of the work and pded feedback on the manuscript.

Jean-Claude Daubert provided clinical expertisthénfield.

John G.F. Cleland provided clinical expertise anthments at different stage of the model

outcomes.

Chapter 7

This chapter is based on a paper published in Rdiwreconomics (Yaet al., 2008). The

chapter reports a model-based study where inpatwlate populated from a trial.

Guiging Yao led on the analysis and developed tbdahand drafted the manuscript.

Nick Freemantle provided supervision of the prgjaad gave comments on the paper.

Xi



Marcus Flather provided clinical expertise in thejpct and contributed comments on the

draft manuscript.

Andrew Coats provided clinical expertise in the jpcb and comments on the draft

manuscript.

Philip Poole-Wilson provided clinical expertise aedntributed comments on the draft

manuscript.

Xii



LIST OF TABLES

Table 2.1  Overall view of all included studies 1%-1
Table 2.2  Summarized information on economic evalna 22-24
Table 2.3  Summarised information on statisticalysisa 28-29
Table 2.4  Summarised information on model basetysisa 32
Table 2.5  Assessment of quality of model structure 41
Table 2.6  List of items in Section D2 from Philgpshecklist 43
Table 2.7  Assessment of data incorporation 44
Table 2.8 Assessment of uncertainty 45
Table 2.9  Assessment of consistency 46
Table 2.10 Assessment of quality of model structure 49-58
Table 3.1  Cost effectiveness result by intervenéiod control 68
Table 4.1  Likelihood ratio statistic in differenservival functions 93

Table 4.2  The likelihood statistic and AIC basedddferent parametric 93

models
Table 4.3  Estimated hazard ratio based on expaientdel 94
Table 4.4  Projected life years using exponentiatfion 94
Table 5.1  Defining transition probabilities 100
Table 5.2  Cohort simulation for the case of reratgplantation model 104
Table 6.1 Input value and distributions 134-135
Table 6.2  Probabilities of events and associatsdlillitions 136-137
Table 6.3  Input values of costs and utilities 138
Table 6.4  Unit costs of resources used in the CAfRErial 139
Table 6.5 Model predicted survival 140
Table 6.6  Estimated cost and effectiveness in QA&NG life years 140

Table 6.7  Incremental cost-effectiveness ratios (p&LY and per LY) 141

Table 6.8  Estimated mean incremental cost per Qfdr\different 142
starting ages

Table 6.9  Estimated mean incremental cost per QAtdifferent 143
durations of follow up for the base case population

Table 6.10 Estimated mean incremental cost per QALdifferent 144

Xiii



battery life for CRT-ICD device

Table 7.1  Baseline survival function of time tcefihosiptalisation event 164
and time to sudden death

Table 7.2  Hazard ratio of hospitalisation and suditeath of Nebivolol 164
vs. standard treatment

Table 7.3  Transition probability among NYHA classopthly). 165

Table 7.4  Utility scores and initial distributioh MYHA class 165

Table 7.5  Drug dosage and cost. 165

Table 7.6  Hospitalisation, outpatient visits and\@&# cost and related 166
distributions.

Table 7.7  Baseline cost effectiveness result (ageading of treatment 166
at 70)

Table 7.8  Sensitivity analysis of ICER to age atbleginning of 167
treatment (in QALYS)

Table 7.9  Estimated event rates by model basegaed with trial 168
based result (SENIORS trial)

Table 7.10 Model predicted events at different tleregth 169

Xiv



Figure 2.1
Figure 2.2
Figure 3.1
Figure 3.2
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 5.1
Figure 5.2
Figure 5.3

Figure 6.1
Figure 6.2
Figure 6.3

Figure 6.4

Figure 6.5
Figure 6.6

Figure 6.7

Figure 7.1

Figure 7.2

LIST OF FIGURES

Flow diagram of selecting studies inréngew 13
Selecting an appropriate model type 39
Scatter plot with 90 % confidence e#ips 70
Cost-effectiveness acceptability curve 0 7
The hazard plot at different shape patara (gamma) 81
The hazard plot at different parametalses of lamda and beta 82
Cox-Snell residual plots by differentvsual functions 88-90
Estimated based on the fitted curvesolnsdrved curves 91
lllustrative example of a Markov moderénal transplantation 99
A Markov model in renal transplantationtree diagram 109

A schematic illustration of an indivilsanulation model in renal 110

transplantation

Structure of short term model 116

Structure of long term model (NYHA cld)ss 117

Model predicted survival curves for MURT-P and CRT-ICD 124

Cost effectiveness acceptability cunfeSRT-P vs. medical 125
Therapy

Cost Effectiveness Acceptability Curge€RT-ICD vs. CRT-P 126

Incremental cost per QALY gained byetiint starting age at 127
treatment

Model predicting survival with the CAREE trial age matched 128

cohort and the trial based Kaplan Meier estimatesivival
curves

Basic schematic diagram of the modatsire at a given NYHA 149
class Il

Cost effectiveness acceptability cuoreNfebivilol compared with 157

standard treatment

XV



Figure 7.3 Increment cost per QALY at differentsgéstarting of Nebivolol 158
treatment in Pounds

Figure 7.4 Model predicted mortality rate at diéfet length of treatments 159

XVi



AF

AIC

BHF

BNF

CABG

CARE-HF

CCuU

CEAC

CHD

CHF

Cl

CRT

CRT-ICD

CRT-P

CUA

Cv

CVvD

DOH

GP

HF

HTA

ICD

ABBREVIATIONS

Atrial fibrillation

Akaike’s Information Criterion

British Heart Foundation

British National Formulary

Coronary artery bypass grafting

CArdiac REsychronisation in Heart Failuialt
Cardiac care unit

cost-effectiveness acceptability curves
Coronary heart disease

Chronic heart failure

Confidence interval

Cardiac resynchronization therapy

CRT with an implantable cardioverter—deifiator
cardiac resynchronization therapy without ICD
Cost utility analysis

Cardiovascular

Cardiovascular disease

Department of Health

General practice

Heart failure

Health technology assessment

Implantable Cardioverter-Defibrillator

XVii



ICER
ICU
ITT
MeSH
MI

MT
NHS
NICE
NYHA
PDF
PSA
PTCA
QALYs

RCT

SENIORS

CUA

Incremental cost effectiveness ratio

Intensive care unit

Intention to treat

Medical Subject Headings

Myocardial infarction

Medical therapy

National Health Service

National Institute for Health and Clinical Eetlence
New York Heart Association functional class
Probability density function

Probability sensitivity analysis

Percutaneous Transluminal coronary angioplasty
Quiality-adjusted life years

Randomised control trial

Study of Effects of Nebivolol Intervention on Outges and
Rehospitalisation in Seniors with Heart Failure

Cost utility analysis

Xviii



CHAPTER 1 INTRODUCTION

1.1  Background on the epidemiology of heart disease

Heart disease or cardiovascular disease (CVD) mange of conditions which includes
coronary heart disease (CHD), cerebrovascular sksehypertension, peripheral artery

disease, rheumatic heart disease, congenital thieagse and heart failure (WHO, 2008).

CHD is the most common form of CVD. It is also knowas coronary artery disease which
refers to disease characterised by narrowing obtbed vessels supplying the heart muscle
(BHF, 2007). The condition can cause angina andt laack. Angina is most often felt as
chest pain. Heart attack, also called myocardfaration (Ml), happens when an artery to the
muscles of the heart is suddenly and completelgkaeld. Heart failure is also known as
congestive heart failure which causes the healiemmme less effective and not to supply
enough oxygen containing blood to the needs ofltbéy. It results from coronary heart
disease in most cases but it can be caused byblogd pressure. Most often it is a chronic

condition that worsens over time in the absendecatment.

Other common forms of CVD include stroke, aneurysemd cardiac arrhythmia
cardiomyopathy, all of which are related to dystimtin different parts of the heart or blood

vessels.



CVD is the most common cause of death globally. Qvéstimated that 17.5 million people
died from cardiovascular disease in 2005, represgr&0% of all global deaths. Of these
deaths, 7.6 million were due to heart attacks amdrbillion due to stroke. In the UK,
according to British Heart Foundation statisticsifB 2007), more than 208,000 deaths a year
(36% of all deaths in the UK) are accounted folD. Nearly 48% of all deaths from CVD
(approximately 101,000 deaths a year in the UK)dare to CHD. Heart attack is the major
cause of death from CHD. About 260,000 people enWK suffer a heart attack each year,
with about 30% of the heart attacks leading to lubafore the patient reaches hospital (BHF,
2005). Other forms of heart disease cause arouriD@2leaths a year. In 2005 heart disease

was responsible for around 133,000 deaths.

In 2003 the estimated prevalence of CHD in Englamad 7.4% in men and 4.5% in women
based on the Health Survey of England (DOH, 20B88¢valence increased with age with
around 25% in men and 20% in women aged 75 andlivisy with CHD. Figures based on

British Heart Foundation statistics (BHF, 2007)iaade that there are over 1.5 million men

and 1.1 million women living in the UK sufferingoim CHD, either as angina or heart attack.

Treatments for heart disease depend on the tygsedse and severity of the condition. Most
people with coronary heart disease can be managedndrolled on medications. However,
acute or worsening conditions, such as a heartlatt@quire urgent medical or surgical
interventions. The UK National Health Service (NH\gtional Service Framework for CHD,
announced in March 2000, set national standardth@prevention, diagnosis and treatment

for CHD in England (DOH, 2007).



The economic costs of CHD are very high. It isreated to have cost the publicly financed
health care system in the UK around £15 billior2@®3, of which care for those patients in
hospital accounted for about 76% and medicationlsdispensing expenses accounting for a

further 18% (BHF, 2007).

1.2 Economic evaluation in health care

The increasing demand for health care, as seeheircase of CHD, places ever growing
pressure on limited health care budgets. It isefloee important for decision-makers, when
deciding whether to cover or reimburse a partictéghnology, to consider not only safety
and efficacy but also efficiency. Economic evaloatprovides information on efficiency by
estimating the cost and effectiveness of two orartealth care alternatives and comparing
the relative difference in the outcomes (Drummendl., 2005). It provides decision-makers

with a means for setting priorities in allocatirggources.

In recent years, economic evaluations alongsideamised controlled clinical trials have

become increasingly popular as a route for gemgyatividence to allow the evaluation of
health care programs. A recent study by Sculphéh@ncolleagues indicates that nearly 30%
of published economic evaluations since 1994, dmmbron the NHS Economic Evaluation

Database are based on data from a single randorogsdcl trial (RCT) (Sculpheet al.,

2006).

The growing popularity of trial-based economic ewdilon has called for a further advance

and methodological development in the analytic apphes for conducting economic



evaluation alongside clinical trials. As will becostn in the next chapter, most analytic
methods in economic evaluation running alongsideical trials rest upon traditional
statistical analysis methods. Traditional stat@timethods in analyzing cost and quality-
adjusted life years (QALYs) face several challengesconomic evaluation at the level of
individual data (Barber & Thompson, 1998). For epnmissing data is common in clinical
trials; and it tends to be a more severe problernvwthe collection of resource usage data is
also considered. In addition, cost data are aftearacterized by highly skewed distributions
with a few patients incurring a very large costriiza & Thompson, 2000). This challenges
the normality assumption in traditional statisticaéthods for estimating the difference in

means.

Clinical trials are usually designed for speciflimical outcomes. In most cases, they focus
on clinical endpoints. In addition, the follow uerpds in most trials tend to be relatively
short. It is most likely that the impact of an imention on costs and effectiveness are not
reflected within a trial period. Furthermore, trigbpulations may not commonly be
representative of general patient groups (Buxébral., 1997). Therefore, methods for
extrapolating beyond a trial are often sought ideorto explore the potential implication in

cost-effectiveness over a longer period and wh@tyaq the results to more general settings.

However, literature reveals inconsistency on déifeer analytic approaches in conducting
economic evaluation (Barber & Thompson, 1998; Ridban & Manca, 2004). Different
methods might lead to different conclusions abdw $ame intervention. Therefore, it is

necessary to improve the quality and consistenah®fmethodology applied in conducting



analyses in economic evaluation. Such a developmendd enhance the usefulness and

reliability of economic evaluation to decision-meke

1.3 Aims of the thesis

The thesis has two primary aims, one empirical #rel other methodological. On the
empirical side, the primary focus of this thesistas provide new economic evaluation
evidence relating to selected interventions in icaabcular heart disease. It focuses on the
situation where economic evaluation was condudi@abaide a randomised clinical trial. The

cost and effectiveness of three interventions rdicaascular disease are investigated:

1. Nurse led clinics in secondary prevention care;
2. Cardiac resynchronization therapy (CRT) with amdhout the addition of an
Implantable Cardioverter-Defibrillator (ICD);

3. Nebiviolol treatment in an elderly patient grouph chronic heart failure.

The second aim of the thesis, relating to methaglodd work, is to provide practical

illustrations on the application of methodologicaspects when conducting economic
evaluation based on individual data from a tridle Thesis illustrates how to extrapolate cost
and survival data beyond a trial period and howanduct model-based analysis when input

data are populated from a trial.

1.4 Outline of the thesis



Chapter 2 contains the literature review in ecomoevaluation conducted in the area of heart
disease. It focuses on full economic evaluationdooted within cardiovascular disease
excluding stroke. The review also includes an esitendiscussion of modeling approaches

used in the literature and provides a critiquehefrtapplication.

Chapter 3 documents an empirical study of cosketffeness analysis of nurse led clinics in
secondary prevention in primary care for cardiatiepés. The study was a within trial
analysis and details of statistical methods anastithted. This chapter was based on a
published paper in the British Medical Journal (Baf et al., 2005) and was further
developed specifically for the thesis using a dédfe analytic approach. In the published
paper, only t-tests are presented in the analyss and quality of life data, whereas in the

thesis, bootstrapping methods were used for aliyses.

Chapter 4 discusses statistical properties of miffedistribution functions and their use in
extrapolating survival curves from a trial to beglom trial period. One of the clinical case
studies of the thesis, the CARE-HF study, was wsedn illustration of the approach. The
focus of this analysis was on methods for dealirty the different time perspectives for cost
and QALYs within a trial period, in which a largest occurred with the implementation of
the intervention and where, by the end of triahddg was still accruing. Methods employed
in extrapolating beyond the trial, based on a patam survival analytic approach, are
presented. The case study in this chapter wasspell in European Heart Journal (Caletrt

al., 2005)



Chapter 5 discusses methods based on a modelimgaappin extrapolating beyond a trial.
An individual simulation model based on a Markovdaling framework is reviewed and
details on how to overcome the limitations of tharkbv model are discussed. The focus is
on step-wise approaches to estimate transitiongmibties from individual data, including
Matrix algebra in converting different lengths gttes, and how to estimate hazard ratios. An
example used for illustration throughout the chagdased on a renal transplantation model

(Yaoetal., 2006).

Chapter 6 contains a case study using a model toegond a trial and draws also on the
CARE HF study. This chapter focuses on modelingr@gghes in extrapolating beyond a
trial. Details of the modeling approach and modaidation is illustrated. This study was

published in European Heart Journal (hal., 2007).

Chapter 7 is a case study using the SENIORS ffiais chapter focuses on one approach
covering both within and beyond trial analyses.tiker, the analyses extrapolated beyond the
end of the trial, but | also extended the apprdaatxtrapolate into different populations. This

study was published in Pharmacoeconomics (&fab., 2008).

Chapter 8 contains a general discussion of allissaes and final remarks on economic
evaluation conducted in heart disease. The ovemficlusions of the thesis and the

implications for future research are discussed.



CHAPTER 2 LITERATURE REVIEW OF ECONOMIC EVALUATION
IN HEART DISEASE

2.1 Introduction

The previous chapter gave an overview and outlih¢he thesis. The aim of this
chapter is to present an overview of methods useeconomic evaluations based on
individual data conducted in the area of heart afise It focuses on the analytic
methods adopted by other researchers in this diseasa. Emphasis was placed on how
costs and outcomes were collected and estimated cbst-effectiveness was analysed
and presented, modelling methods used in extrapgldieyond a trial period and
assumptions made on treatment effects and methoelstimation on survival or time-

to-event curves beyond a trial period.

The first part of the chapter considers how theepmapo be reviewed were identified
and methods used in data extraction from each sflldig is followed by a broad
critical review of the identified papers using atablished review framework, namely
the Drummond checklist. In the second part of ¢hapter (from section 2.6), it
focuses on critical review of the modelling methassed in those papers, where
modelling was undertaken. The literature on methagical issues related to

modelling approaches was discussed.



2.2 Search strategy

To identify published economic evaluation studiessdul on individual data from
randomised clinical trials for cardiovascular dssaa search was undertaken through
the MEDLINE database. The search used the termarthécost” or “economic” and
“clinical trials” in the title and abstract or “heaisease” in MeSH heading. Full details

of the search strategy for this review are presemé\ppendixi.

The database search was conducted on October Q@8 206vering the period from
January 2005 to August 2007, the most up-to-dé&teature available at the time of
search. The literature search has been conducithiorough and rigorous manner but
is not ‘systematic’ in a formal sense. The reasorthis is that it was not intended to
identify treatment effects but to provide a broaéw on the current approaches to
conducting economic evaluation based on clinidalgrin the clinical area of heart

disease.

The narrow time frame was selected because thefdine search was to report current
practice at the time the research was carried MEDLINE was chosen as it is

recognized as having excellent coverage of Englishguage papers and is well
indexed, making it the first choice database f@ard@ng by most reviews. Since the
work was not resourced to look at non-English Bsicand since it was not conducting
a review of a specific treatment effect (but indteamethodological review), the return
from the substantial additional work required tteed to EMBASE (the second choice

database) was judged unlikely to be worthwhile.



2.3 Inclusion and exclusion criteria

Two broad categories of studies were considerethfusion in the review: economic
evaluations conducted alongside clinical trialsj amodelling based studies in which
model inputs were populated by individual data franrial. The disease area was
defined as including all cardiovascular disease éxdluding stroke. The types of
economic evaluations include cost-minimisation,t-@fectiveness, cost-utility, and
cost-benefit, which means only full economic evabres (Drummondet al., 2005)
were included in the review. Studies that compareatment effects and concluded no
significant difference between comparators, whgtcast-minimisation studies, were
included. Studies that did not compare both castsedfectiveness of alternatives were
excluded as were studies in which the authors didaccess individual patient data

from a trial.

2.4 Data extraction strategy

To review the included studies, information wasraoted from each paper into four

categories:

1. The overview of the studies including study popolat (disease area),

interventions, comparators, results on clinicalcoate and costs and setting of

economic evaluation.
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2. The economic evaluation methods used in each stimbjiding type of
economic evaluation, study perspective, outcomesarements, whether a
within trial analysis or extrapolating beyond aakrand whether model based

analysis were used.

3. Statistical analytic methods used within a trialalgmsis, including costing
analysis, cost- effectiveness analysis, the ustatistical inference on the point

estimates and statistical methods in conductingyaisa

4. When extrapolating beyond a trial was conducteel réview explored whether
a model-based analysis was conducted, how the ogtatwere populated and

how the model was defined and assumptions reléditige model.

At the end of the section, a critical review of ratithg work was undertaken. It
focused on critical review of the modelling methagsed in those papers, where a
decision analytic model was used. Literature onhoalogical issues related to

modelling approaches was also discussed.

2.5 Results

The literature search identified 220 studies. Detaf the paper selection process are
illustrated in the flow diagram (Figure 2.1). Sareg on the titles and types of

publications led to 77 papers being excluded bec#us studies were review articles.
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On further review of the titles and abstracts @& thmaining papers, an additional 90
papers were excluded because the study focus iabslésign, they were not relevant
to heart disease or heart disease was not the areanof study focus, or only a partial
economic analysis with no comparison of two or miaterventions in terms of cost

and outcome was carried out. The full text of temaining 54 potentially relevant

studies was obtained. Of these, 29 randomisedcalirtrial based studies met the
inclusion criteria for review. A list of excludetuslies from the review can be found in

Appendix 2.
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Full search identified Papers

N= 220

Screen title and type of Publication
Total N=220

Publication type defined as review
Excluded n=77

Review title and abstract
Included N=143

Y

Excluded n=90:
Not economic evaluation (30)
Study design (11)

Not focus on heart disease (32)

Full copies retrieved and screened
Included N=54

A 4

Commentaries (3)

Not based on individual data (10
Methodology (3)

Review (1)

Excluded N=25:

Heart disease is not main study area (7)
Not base on individual data (8)
Not full EE (10)

Total number of studiesncluded N=29

Figure 2.1  Flow diagram of selecting studies in theeview
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2.5.1 Overview of the included studies

Table 2.1 outlines the general information of theuded studies in the review. Among
the included 29 studies, 17 concerned chronic Hadure (HF), 3 in atrial fibrillation
(AF), 3 in myocardial infarction (MI), 5 in coronaheart disease and 1 in other heart

diseases.

Among the 29 studies, 17 focused on drug intereesti 5 were for device

interventions, 4 were for care management interoeatand 3 were for diagnostic
tests. All of the included studies have their ar@iclinical trials designed to compare
interventions with placebo or current standard .caable 2.1 reported the overall view

of information which were reported on all includ&ddies.

Ten of the economic evaluations were conductethenuS, 11 in the UK and eight in
other countries. Reed and colleagues (2005) coaduat economic evaluation based
on a multinational clinical trial setting and useduntry specific costing, while
McMurray and colleagues (2006) conducted their eoon evaluations in France,

Germany and the UK.

Seventeen of the studies stated that the resuthedf corresponding clinical trials
demonstrated positive intervention benefits anddijective was to examine the cost-
effectiveness implications of the interventionenof the studies did not demonstrate a

significant benefit of the intervention from theingtal trial, 2 of those aimed to
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investigate the cost implications of the intervens, and the others investigated the

cost-effectiveness result.
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Table 2.1 Overview of all included studies
Study Population Intervention Comparator Clinical result Costresult | Setting
Angus 2005 HF Isosorbide dinitrate | Standard care | Effective Cost more USA
/hydralazine
Beinart 2005 CHD Clopidogrel Placebo Effective Cost more U.S @achada
*Bond 2007 CHD Pharmacy-led Standard care| NS Cost savin UK
medicines
Briffa 2005 MI /angina Rehabilitation Standard caré Effective ostmore Austria
Briggs 2007 CHD Perindopril Placebo Effective Cost more| Europeah
Calvert 2005 HF CRT-P Medical Effective Cost more | Europeah
therapy
Caro 2006 HF Metoprolol succinate| Standard car Effective tQosre us
Di 2005 HF Bisoprolol Placebo Effective cost saving 18 CGoies-
Feldman 2005 HF CRT-P or CRT-D Medical Effective Cost more us
therapy
Inglis 2006 HF Home-based Usual post Inglis 2006 HF Home-based interventi
intervention

*Corresponding authors




Table 2.1

Overview of all included studies (contined)

Study Population Intervention Comparator Clinical result Costresult | Setting
Mark 2006 HF Amiodarone Medical NS Cost more US, Canada &
therapy New Zealand
McMurray 2006 | HF Candesartan Placebo Effective Cost more 2 countried
Mihaylova 2005 | CHD simvastatin Placebo Effective Cost more UK
Mueller 2006 HF B-Type Natriuretic | Conventional | NS but reduced | Cost saving | Swiss
Peptide strategy mortality
O'Brien 2005 HF Physiologic Ventricular Effective Cost less Canada
pacemaker pacemaker
Pietrasik 2007 AF Rate control Rhythm NS Cost saving | Polish
control
Radeva, 2005 Heart Everolimus Azathioprin Effective Cost more Multircatal
transplantation
Raftery 2005 CHD Nurse led Standard care Effective Cost more  tl&ud
Reed 2005 HF Valsartan Captopril NS Cost more| 24 countrieé
Rinfret 2005 HF Valsartan Captopril or | Not effective Cost more us
both
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Table 2.1 Overview of all included studies (contined)
Study Population Intervention Comparator Clinical result Costresult | Setting
Scuffman & PCI Fluvastatin Control Effective Cost more Europanada and
Scuffham & PCI Fluvastatin Control Effective Cost more Europanada and
Szucs 2006 HF Eplerenone Placebo Effective Cost morg Switnerla
Taylor 2005 Ml Home-based Hospital-based NS Cost same UK
rehabilitation rehabilitation
Walker 2006 CHD-angina Nicorandil Standard care NS but reducedCost more UK
events
Weintraub Angina or Ml Clopidogrel Placebo Effective Cost mor | 28 countries
2005a EE: US
Weintraub HF Eplerenone Placebo Effective Cost morg 37 casitr
2005b EE: US
Van. Hulst 2005 | Valve surgery | Lucodepleted Buffy-coat- Effective Cost saving| Netherland
erythrocytes depleted
packed cells
Yao 200¢ HF CRT-P or CRT-D Medical Effective Cost more European
therapy EE: UK

NS Not significant.
The economic evaluation was conducted: 1, UK; 2, France, Germany and the UK; 3, Italy; 4, USA; 5, Hungary;
6,country specific cost
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2.5.2 Economic evaluation

When economic evaluation is conducted alongsideeaal trial, the “piggyback” method is
usually used to prospectively collect resource d@ald et al., 1996). This simply refers to
the collection of resource use and/or quality t& Hata within an otherwise typical clinical
trial. This might be achieved through the use ténviews, questionnaires, case record forms,

hospital notes or patient recorded diary.

The study perspective defines which resource itgnogild be collected. For example, if the
UK National Health Service (NHS) perspective wdseta the cost burden to the NHS only
should be considered. If the perspective was framtietal point of view, then further

resources used should be considered such as thefctraveling, out of pocket expense,

family or relative care and loss of productivity.

Clinical trials are usually designed for clinicahde points. In cardiovascular disease, the
primary outcome of a study is usually on clinicalterests, such as the number of
cardiovascular events avoided, or time of first lanped cardiovascular hospitalisations.
Decision-makers are interested in assessing theimaarbenefit of additional cost of a

technology for difference patients groups. Thisuresf measuring additional cost per quality-
adjusted life-year (QALY) gained or per life-yeanimed. QALYs are the recommended
outcome in economic evaluation (Pearson & Rawli@85). The Public Health Services
Panel on Cost-effectiveness in Medicine (Getldl., 1996) and the NICE health technology
assessment (HTA) process in the UK have recommeusied QALYSs in its guideline for

economic evaluation (NICE, 2007). Those are twotnmffuence bodies which had on the

conduct of cost-effectiveness analysis generalle US panel recommendations form the
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basis of the standard US textbook on cost-effestige analysis. While the NICE setting the

standards are increasingly being adopted in dilkebased analysis.

QALYs are the summary measurement of each life-yeaghted by its corresponding utility
values, which are usually measured as prefereneedbatility scores. The commonly used
for such measurement is EuroQol EQ-5D (EuroQol @§ydi990). The EQ- 5D index has a
scale where 0 is equivalent to death and 1 fulltheA negative value represents a state of
“worse than death” (Drummondt al., 2005). Other measurements of preference based
quality of life include SF-6D (Brazieat al., 2002), and the Health Utility Index (HUI2) and

the Health Utility Index 3 (HUI3) (Feerst al, 2002).

In this section, the Drummond definitions on thpetyf economic evaluation were adopted
(Drummondet al., 2005). Similarly, all studies were classifiedoirhealth sector, societal,

hospital and health sector plus private perspextive

Table 2.2 gives a summarisation of information eaorn®mic evaluation employed on the
papers. Among the 29 studies, 27 conducted a ¢estigeness analysis, in which 12
incorporated cost-utility analyses, and 2 were-oasimisation analysis in which the authors

had provided no significant treatment effects.

Of the 29 studies, 26 adopted a health care seexmpective, in which 4 of the studies
claimed to take the societal point of view. Howewtaree of the 4 studies, which claimed to
be from a society point of view, did not collectyatost data related to non-health care or

productivity loss. Raftery and colleagues (200%®)Juded direct NHS health care costs and
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private hospital visit costs and justified exclugliproductivity costs as the majority of

patients were over 64 years.

Among the 29 studies, 12 used quality-adjustedyifars (QALYSs) as the outcome measure,
27 used a life-year or mean survival time, amorugéhs studies used the trial’s primary end
point as the measure of effectiveness in the ecanewaluation. Among the 12 cost-utility

analyses, 8 collected preference-based utility oreasas part of the trial, 2 were based on

published utility values and 2 were taken from miplavailable survey data.

Twenty-three studies conducted economic evalualongside the clinical trial, in which 6
conducted within-trial period analysis and investegl the longer-term cost-effectiveness
results by extrapolating beyond the trial withoatually using a decision model. Six studies

conducted a model-based analysis to investigatiigeterm economic implications.
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Table 2.2 Summarised information on economic evalti@n

Study Type of EE Perspective Outcome Trial follow-up Extrapolating Analytic type
measure (month) beyond a trial

Angus 2005 CEA Societal Life years 12.8 Yes Statistical anialys

Beinart 2005 CEA Health care sector Life years 12 Yes Statiktoalysis

*Bond 2007 CMA Health care sector QALYs 12 No Statistical analysis
Life years

Briffa 2005 CEA &CUA Health care sector QALYs 12 No Statistiealalysis

Briggs 2007 CEA &CUA Health care sector QALYs 50 Yes Model based analysis
Life years

Calvert 2005 CEA &CUA Health care sector QALYs 29.4 Yes Statistical analysis
Life years

Caro 2006 CEA Health care sector Life years 12 Yes Model bas®lysis

Di 2005 CEA Health care sector Clinical outcome 15 No Stimial analysis

Feldman 2005 CEA&CUA Health care sector QALYs 11.5t0 16.2 Yes Model-based analysis
Life years (median)

Inglis 2006 CEA Not stated Life years 48 (median) Yes Stat@stamalysis

CMA, Cost-minimisation analysis; CEA, cost-effectiveness analysis; CUA, cost utility analysis; EE, Economic
evaluation.
* Corresponding author
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Table 2.2 Summarised information on economic evaltian (Continued)
Study Type of EE Perspective Outcome Trial follow up Extrapolating Analytic type
measure (month) beyond a trial
Mark 2006 CEA&CUA Societal perspective| QALYs 45.5 (median) Yes Statistical analysis
Life years
McMurray 2006 | CEA Health care sector Clinical outcomes 38 (median No Statistical analysis
Mihaylova 2005 | CEA Health care sector Clinical outcomes 60 No iSteal analysis
Mueller 2006 CEA Health care sector Mortality 6 No Statisticabbysis
O'Brien 2005 CEA Health care sector Life years 62 No Statistioallysis
Pietrasik 2007 CMA Health care sector Clinical outcomes 12 No iStiatl analysis
Radeva 2005 CEA Health care sector | Clinical outcomes| 12 No Statistical analysis
(Societal)
Raftery 2005 CEA &CUA Health care sector | QALYs 53 No Statistical analysis
(Societal) Life years
Reed 200! CEA &CUA Health care sector QALYs 24 No Statistiealalysis
Rinfret 2005 CEA &CUA Health care sector | QALYs 33 (median) Yes Model-based analys
(Societal) Life years

CMA, Cost-minimisation analysis; CEA, cost-effeeness

evaluation,

analysis; CUA, cost utility analysis; EE, rixuic




Table 2.2

Summarised information on economic evalti@an (Continued)

Study Type of EE Perspective Outcome Trial follow up | Extrapolating Analytic type
measure (month) beyond a trial
Scuffman & CEA &CUA Health care sector QALYs 48 Yes Model-based analysi
Kosa2006 Life years
Scuffham & CEA &CUA Health care sector QALYs 48 Yes Model-based analysi
Chaplin 2005 Life years
Szucs 2006 CEA &CUA Health care sector QALYs 16 Yes Statistical analysis
Life years
Taylor 2005 CEA Health care sector QALYs Yes Health caremect
Van 2005 CEA Health care sector Life years 3 No Statistaoalysis
Walker 2006 CEA Health care sector Clinical outcomes 18 No iSttaal analysis
Weintraub 2005a | CEA Heath care sector | Life years 12 Yes Statistical analysis
(Societal)
Weintraub 2005b | CEA Health care sector | Life years 16 Yes Statistical analysis
(Societal)
Yao 2006 CEA &CUA Health care sector QALYs 294 Yes Model-based analysi
Life years

172}

CMA, Cost-minimisation analysis; CEA, cost-effectiveness analysis; CUA, cost utility analysis; EE, Economic

evaluation,

24



2.5.3 Statistical methods in analysing cost and cost-effeveness

One of objectives in economic evaluation is to campthe difference in mean cost per person
between treatment groups. The arithmetic meahetost is an appropriate focus for decision-
making (Drummond et al., 2005). Cost data are oftéaracterised by highly skewed
distributions with a few patients having large so@arber & Thompson, 2000). This challenges
the normality assumption in traditional statistioathods for estimating difference in means. To
deal with this problem, bootstrap methods, which laighly attractive methods in conducting
cost analysis (Barber & Thompson 2000), do not ndedassumption of normality. Recent
studies have explored the use of generalised limealels and generalised linear mixed models

in dealing with heavily skewed data in cost analyblixon & Thompson, 2004).

Cost-effectiveness analysis seeks to estimate ifferethce in mean costs between treatments
divided by the difference in effectiveness, sucl@Qad.Ys or life years. The ratio is termed as an
incremental cost-effectiveness ratio (ICER), anctast-utility analysis it refers to incremental

cost per QALY gained.

Inference of the point estimate of the ICER hasught a further challenge for analysis, in which
the variance of the ratio has no obvious functidoamn. There are four methods in producing
confidence intervals: the box method, the Taylatesemethod, non-parametric bootstrapping
methods and Fieller methods (Polgdtyal., 1997). The box method calculates the confidence
intervals (CI) by dividing the lower CI in costs ltlge upper confidence limit for effects to

produce the lower limit of the confidence interfa the ratio and the upper limit of the CI by

25



dividing the upper limit for costs by the lower limfor effects. This can lead to an
inappropriately wide confidence interval for theEIR (Wakkeret al., 1995). The Taylor series
method involves estimating the standard error ef dbst—effectiveness ratio itself by a Taylor
series approximation (O’Brieret al., 1994). This method assumes that both cost and
effectiveness and ICER estimate are normally dhsted, which is it not always the case. The
Fieller theorem method is a parametric method éonguting the confidence intervals of a ratio.
It is based on the assumption that the costs afettieeness of the ratio follow a bivariate

normal distribution (Willan & O’Brien, 1996).

The bootstrap approach is a nonparametric methad tfakes no distributional assumptions
concerning the statistic in question. It employs dhniginal data in a resampling exercise in order
to give an empirical estimate of the sampling dstion of that estimate. The use of
nonparametric bootstrapping methods to produceidemée intervals around the estimates of the
ICER has been advocated by many authors (Chauehaky 1996; Briggset al., 1997; Briggst

al., 1999 & Lordet al., 1999).

There are 25 studies that were undertaken withiniah or within and beyond a trial with
statistical analysis conducted using individualadat these. Table 2.3 provides a summarised
information on statistical analysis used on thomgeps. Seventeen studies recognised the skewed
nature of the costing data and used bootstrap metfur estimation and made inference on the
point estimates. Four of the studies only reposigehmarised cost and point estimates without

any inference on the point estimates, and two eyapl@eneralised linear models.
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Among the 18 studies that conducted cost-effecégsnor cost-utility analysis, 10 used
bootstrapping methods and made inference aboupdie estimates for the incremental cost-
effectiveness ratios, and 14 produced cost-effec#gs acceptability curves (CEAC) in
illustrating the probability of intervention beigst-effective at given level of willingness to pay

per QALY or per life year gained.
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Table 2.3

Summarised information on statistical anigsis

Study Cost difference | Inference Incremental cost Inference on ICER Assumptions beyond the
effectiveness (ICER) trial

Angus 2005 Bootstrap Cl and P-value Bootstrap Cland P -value | No

Beinart 2005 Bootstrap Cl Bootstrap Cl External source

Bond 2007 Point estimates Inter Quartile Regression No No

Briffa 2005 Point estimates None Point estimate None No

Calvert 2005 Bootstrap Cl Bootstrap Cl and CEAC Parametric siadviunction

Di 2005 Point estimates None No No No

Inglis 2006 Point estimates none Point estimates None No

Mark 2006 Bootstrap P-value Bootstrap CEAC Parametric suhfivaction

McMurray 2006 Bootstrap Cl and P-value Bootstrapping Cl No

Mihaylova 2005 Bootstrap Standard error Bootstrap Cl NO

Mueller 2006 Bootstrap Standard error Bootstrap Cl NO

O'Brien 2005 Bootstrap Cl Bootstrap Cl NO

+-
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Table 2.3 Summarised information on statistical anigsis (Continued)
Study Cost difference Inference Incremental cost Inference on ICER Assumptions beyond the
effectiveness (ICER) trial
Pietrasik 2007 Bootstrap P-value N/A N/A N/A
Radeva 2005 Bootstrap Cls Bootstrap Cl No
Raftery 2005 Bootstrap and T-test P-value Point estimate CEAC neNo
Reed 200! Bootstrap Cl Bootstrap scatter plots No
Rinfret 2005 Kaplan-Meirer Cl Point estimate No Random
Szucs 2006 point estimates No Bootstrap No Observational data
Taylor 2005 Bootstrap Cl Bootstrap N/A Mean
Van Hulst 2005 Bootstrap Cl Bootstrap Not defined No
Walker 2006 Bootstrap Point Mean Point estimate No
estimate
Weintraub 2005a Bootstrap Cl Bootstrapping CEAC and scatter plot ngant hazard and used
observational data
Weintraub 2005b Bootstrap Cl Bootstrapping CEAC and scatter plot edJsn observational data




2.5.4 Extrapolating beyond a trial

The choice of time horizon is an important consatien in economic evaluations (Drummond et
al 2005) and it should be long enough to captueenthjor health and economic consequences. It
is common for an economic evaluation, when condlatengside a clinical trial, to estimate the
cost-effectiveness result at the end of a followpepod. However, clinical trials are designed to
investigate a treatment effect on clinical outcom€ertain treatments or interventions involve a
large initial cost, such as surgery or implantatbdra medical device. However, their treatment
benefit may last much longer than a trial peridde Tost-effectiveness result estimated at the end
of a trial period may be substantially differentlie treatment effects over a longer-term were
considered. Therefore, economic evaluation ofteuires projection of treatment effects and

costs over a longer time.

Extrapolating beyond a trial using a modelling agwh is a common method in conducting
economic evaluation. In the review, 7 studies haelucted beyond trial analysis by employing
a model. Table 2.4 reported the summarised resuliose model-based analyses. Among the 7
studies, 2 were based on cohort simulation whileebe are based on individual simulation, of
which 1 was based on a discrete event simulatipnoagh and 4 employed a Markov modelling
framework by allowing individuals to carry histoaypd baseline characteristics in adjusting time-

varying risks for different events.

For extrapolating beyond the trial, all the studessumed constant hazard ratios for the

intervention benefit beyond the trial; One of thedses assumed a declining rate of treatment
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benefit; Three of the studies investigated the lbaséunction by employing parametric survival

functions.

Four of the studies used probabilistic sensitiatyalysis (PSA) to investigate second order
uncertainty on the cost-effectiveness result anddyced incremental cost-effectiveness

acceptability curves (CEAC).

In the following sections, a more detailed critigokthe modelling approaches used in the

modelling papers is presented. It starts by dewetppn appropriate checklist for such a review,

followed by the review of the modelling methods apgroaches.
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Table 2.4

Summarised information on model based ahgis

Study Type of model Analysis approach| Transition pobability Assumptions on baseline| Uncertainty
fixed or varying? survival beyond a trial
Briggs 2007 Markov Individual Time and individual Exponential survival PSA and CEAC
sampling based dependence function
Caro 2006 Discrete event | Individual N/A Trial property PSA
simulation sampling
Feldman 2005 Markov Individual Time and individual Trial property PSA
sampling based dependence
Markov Individual Time and Individual Trial property PSA
Rinfret 2005 sampling based dependence
Scuffman & Markov Cohort simulation Fixed Exponential One vgaysitivity
Kosa2006 analysis
Scuffham & Chaplin | Markov Individual Fixed Exponential One way sensitivity
2004 sampling analysis
Yao 2006 Markov Individual Time and Individual Weibull survival function | PSA and CEAC
sampling based dependence
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2.6 Critique of modelling studies

2.6.1 Introduction to modelling review

The literature review presented thus far providesoaerview of methods used in economic
evaluation conducted alongside randomised cliriical data in the area of heart disease. In the
last section, all included papers were criticalyiewed. In the following sections, the focus of
the review changes to a critique of modelling gydbr those studies where a model approach is

used.

To critique the quality of the models, it is helpfo use a checklist. There are several papers in
the literature that provide guidelines for goodaticge of decision models (Halpeehal., 1998,
Chilcottet al., 2003, Weinsteirt al., 2003, Sculpheat al., 2000 & Philipset al., 2004 & 2006).

In this section, the items list was largely adoptexn the ‘Philips and colleagues’ checklist’
(Philips et al., 2006). The checklist was recommended to inforntical appraisal of

methodological quality of economic modelling stidie the Cochrane handbook.

In Philips and colleagues’ checklist, three genetadmes were suggested. Those were
“Structure”, “Data” and “Consistency”. The same tiegs were adopted in this critique and in

the following sections | will discuss the threerties in turn.

2.6.2 Structure

In Philips and colleagues’ checkilist, the structilmeme focuses on more general principles. This
review aims to critique the suitability of modepgs and simulation methods, particularly the

comparison of using cohort simulation versus irdlial simulation. Therefore, a broader and
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more detailed review is sought. The model typeschssified by Barton and colleagues (2004),
and enhanced by Brennan and colleagues (2006)g$8agd colleagues (1998) and Sonnenberg
and colleagues (1983). The reason for reviewingehtyghes and simulation methods explicitly
was to critique the relevant merits in using cohantsus individual simulation methods. While
certain types of models are deemed to be individumulation methods, e.g. the discrete event
simulation model, for Markov model and decisioreethe analytic methods are cohort based or
individual patient level based simulation. To judgeether the choice of certain types of models
are appropriate for the characteristics of theistlidiisease area, the Bartenal., 2004 and

Brennan et al., 2006 classifications were adopted.

The structure was reviewed first on type of modmtsl whether the selection of models is
appropriate for the clinical questions in study.c@elly, simulation methods and the
appropriateness of the methods chosen were revieleel following section details these

criteria.

2.6.2.1 Classification of types of models

In Barton’s paper, selecting a model type was lyirftased on the judgment on whether
individuals in the model were independent or whethere was interaction between individuals.
If it was independent, the most common types of ehaged in health economic evaluation
would be decision trees, Markov models and indialdgampling methods. However, for certain
kinds of diseases, e.g. infectious disease, indalgl are not independent. In the case of
interaction, discrete event simulation models hadbé¢ sought to account for the dependency

among subjects.

Decision Trees
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The decision tree has a simple and clear struatuveéhich all possible patient pathways can be
illustrated explicitly in a tree structure. Probaies and outcome measures can be attached to

each branch of the tree.

Markov models

Markov models are generally used to represent agtchprocesses, which evolve over time.
The disease in question is divided into mutuallgleded health states. Transition probabilities
from current state moving to another state in thet wycle are applied over a fixed time period

(Briggset al., 1998 and Sonnenbeegal., 1993).

For a Markov chain transition probabilities are stamt. This means that the transition
probability moving from one health state to anottiees not depend either on the time a patient
has spent in a given state or the patient’'s previnstory before entering that state. Markov
models thus assume that patients in a given statde treated as homogeneous groups and the
Markov chain does not have any memory for a pdsigrast disease history. These homogeneity

and non-memory assumptions are inherent in a ckdgiarkov chain model.

The simulation methods of a typical Markov mode elassified by two types. Briggs classified
them as the cohort simulation and individual simafamethods. Cohort simulation refers to a
homogenous cohort of patients distributed in anaindisease state at the start of the model. At
the end of each cycle, patients will be distributatb different health states by applying
appropriate transition probabilities. Hence the ham of patients in each health state at a given
cycle can be estimated. Individual simulation mdtihm a Markov model is also referred to as
Monte Carlo simulation (Brigget al., 1990). This refers to a situation where a largelner of

patients are generated at the beginning of the hete each patient is followed through the
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model over time, individually. The difference beemethese two methods is that although
individual patients are subjected to the same fimtibas of transition as the cohort of patients,
each individual will go through different diseas®gression pathways depending on random
variation at a particular time. Following the jeati through the model allows an overall profile
of costs and outcomes to be generated for thagrgaéiccording to the path that they follow

through the model.

Individual sampling models

In more general forms, a Markov process may alllogvgrobabilities to vary with time and the
relaxing of homogeneity assumptions. In Barton’pgraone of approaches was to use a Monte
Carlo simulation. Individual patient simulationing Monte Carlo methods can provide a
vehicle to relax the traditional non-memory and bgeneity assumptions in a Markov chain
model. This may be achieved by allowing individutd carry baseline characteristics and the
individual disease process can be recorded. Wihaneaged individuals have attributes attached,
such as age or gender, the transition probabiltees be adjusted or updated based on those
profiles. Thus, the transition probabilities candhanged according to individual characteristics

or time on treatment. Furthermore, attributeslmampdated while the model is running.

However, the definitions of modelling types are alvtays consistent, especially in the case of a
Markov model with a Monte Carlo simulation. Bartand colleagues state that it is common to
use the terms of discrete event simulation modeitate-transitional models to refers the same
thing (Bartonet al., 2004). Barton proposed that a model that haslbilgy to track individuals

is an essential part of the model structure bwthich only one individual is modelled at a time
is should be called an “individual sampling moddhdividual sampling models can also be

based on Markovian states but it can be based nfMaskovian states (Brennas al., 2006).
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When individual level simulation is applied in a Mav modelling framework, the model should

be classified as an individual sampling model.

Discrete event simulation model

In Barton’s paper, when individual patients in ad®aloare not independent, two circumstances
are considered. First, in the case of infectioggabes, the risk of an individual catching the
disease depends on how many other people alreaddyihdndividuals are not independent on
the risk of the disease. Second, in the case Wiee are limited resources, individual patients
are competing for the available resources. Disaeént simulation (DES) and system dynamics
models (SD) are appropriate in those circumstante®ES model is an individual level
simulation, which allows full representation of kamdividual's history and the interaction
between individuals. SD models which are modelbingaggregated levels are not of interest in

this review.

Table 2.5 lists the criteria in the assessment ofleh quality. There are five types of model
classification: decision trees, Markov models, wdlial simulation models, discrete event
simulation and system dynamics model. The indiMidaanpling model is sub-grouped as based
on a Markov model state or non-Markov states. jlidlgment for an appropriate model is based

on the following paragraph.

2.6.2.2 The choice of an appropriate model type

A decision tree model is simple and straightforwardllustrate a decision problem. Barton
suggests that if the time frame is short and if in@rtality of patients does not differ across
strategies, a simple decision tree is usually gppate. Briggs and colleagues recommended that

Markov models were particularly suited to modellittte progression of chronic diseases.
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Barton agreed that the main benefit of a Markov eh@dhs the easy with which recurrent events
could be represented. When a disease is consitteegberience recurrent events, such as in the

case of chronic diseases, a Markov model is ap@tepr

Barton and colleagues study provided the choia@nddppropriate model. A simple diagram has
been reproduced here for illustration of the stepselecting an appropriate modeling type
(Figure 2.2). As indicated in diagram (2.1), théeseon of the appropriate model type for a
particular health care intervention should be ma¢he key initial consideration of whether the
individuals in the model may be regarded as indéeet Where interaction is not thought to be
an important issue then the choice is between idecisees, Markov models or individual

sampling models. Where interaction is a significastie in modelling, methods such as DES

and SD are required.
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Modelling problems

Is interaction between

individuals important?

No

Can patient pathways bs
represented adequately

by probability tree~

No

Can a Markov model bs
built without needing an

axgessive number of states?

No

Individual sampling model

Yes

Yes

System dynamics model

No

Is individual-level

modelling needed?

Yes

Discrete event simulation

Yes

A 4

Decision tree

Figure 2.2 Selecting an appropriate model type

* Adapted from Barton (2004): Figure 8

A 4

Markov model




2.6.2.3 Cohort simulation versus individual patient simulaion

The taxonomy of model structure is classified ibwm broad categories: cohort models and
individual level models (Brennad al., 2006). Cohort models, also referred to as aggeeg
models, are used to examine the proportion of tdplation experiencing different events. The
key assumption in cohort models is homogeneity iwittealth states. Therefore the same costs
and utilities are attached to each event to aleptg. Individual level models are used to sample
individuals with specific attributes and follow théisease progression individually. Therefore,
each individual may have different costs and gitbased on their actual experience of events

and clinical disease stages.

Brennan and colleagues (2006) reasoned that th@tamiodel is simple and transparent, but that
the homogeneity assumption may produce inaccuratéredequate solutions. Although cohort

models can account for different attributes by e@asing the number of states, they become
unmanageable when the number of dimensions ridestasuially. Individual level simulation

models overcome this problem. They are more flexiblsimulating a real world situation.

Barton and colleagues argue that the appropriaefisohort or individual simulation methods
should consider the questions of computationaliliddsg. Individual level simulation models
such as DES and individual sampling methods uswidlyjand more time to develop and run
than cohort models. However, when individual higt®ior attributes need to be considered in a
model, those based on individual level simulaticas provide flexible ways to account for

patient pathways.

Table 2.5 lists all the items and questions to asbut simulation methods in this review. The

judgment of cohort or individual level simulatiombased on whether a decision tree or Markov
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model can represent the clinical problem withoa ¢éxcessive number of states, in addition to
whether individual level attributes or histories aeeded to inform the disease progression in the
model. If a large number of states are needechdividual level attributes are important, an

individual sampling model is appropriate.

Table 2.5 Assessment of quality of model structure

Quality criteria Question for critical appraisal

Type of models What type of model is used?

Is the chosen model appropriate for the clinicabfem?

Simulation methods Is it cohort or individual lew@hulation?

Is the simulation method appropriate?

2.6.3 Data

To critique the data component in a model, a sioorh of the checklist from Philips’ paper was
used. The rationale to make use of particular iteore the checklist in this review was based on

the judgment on whether they related to modelsldeeed alongside a randomised clinical trial.

The Philips checklist was specially developed f6€C R assessment, where input data are mostly
gathered from systematic reviews. The papers readew the current chapter are all economic
evaluations conducted alongside a single clinigall. fThus, the Philips check-list refers to a data
source based on systematic review or meta-anaiyhish is omitted from the checklist adopted

here.

The data component of the Philips checklist isdidi into four sections as follows:

Section D1: identification methods;
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Section D2: pre-model data analysis;
Section D3: incorporation of data;

Section D4: assessment of uncertainty.

Section D1 was related to data identification mdghand hence not relevant to the assessment in

this thesis, therefore it was not in the checklstd.

Section D2 concerns methods of data synthesisysisabf trial data, the incorporation of
relative risks and the accurate calculation of ditton probabilities. While data synthesis
methods were omitted from the current checklisg tther three items are included in this

review.

Table 2.6 lists the items in the D2 section. Whiteost of the checklist items were
straightforward yes or no answer, the final columthe table gives a detailed explanation when
judgments on appropriate methods are needed. Pabland 2.8 lists the items in D3 and D4

section respective. All items in Philips checkbstthose sections are included, respectively.
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Table 2.6

List of items in Section D2 from Philipsthecklist

Quality Question(s) for critical appraisal Judgment for appopriate when
Criteria applied

Data (D)

D2: Pre- Is the pre-model data analysis methodology based on

model data justifiable statistical and epidemiological techreg?

analysis

D2a: baseline
data

Is the choice of baseline data described

Yes/No

Is the choice of the baseline data justified?

Basgirobabilities may be based o
natural history data derived from
epidemiological/observational studies
or relate to the control group of an
experimental study.

If a half cycle correction has not been
used on all transitions in a state

transition model (costs and outcomes),
this should be justified

=

Are transition probabilities calculated approprite

Rates and interval probabilities should
be transformed into transition
probabilities appropriately. If there is
evidence that time is an important
factor in the calculation of transition
probabilities in state transition models;,
this should be incorporated.

D2b:
treatment
effects

If relative treatment effects have been derivednftdal
data, have they been synthesised using appropriate
techniques?

Not relevant, omitted from this review

Have the methods and assumptions used to extrapo
short-term results to final outcomes been docuntente
and justified?

lathe methods and assumptions that are
used to extrapolate short-term results|to
final outcomes should be documented
and justified. This should include
justification of the choice of survival
Function.

Have alternative extrapolation assumptions been
explored through sensitivity analysis?

Have assumptions regarding the continuing effect
of treatment once treatment is complete been
documented and justified?

Assumptions regarding the continuing
effect of treatment once treatment is
complete should be documented and
justified.

Have alternative assumptions been explored through
sensitivity analysis?

1 Yes/No

If evidence regarding the long-term
effect of treatment is lacking,
alternative assumptions should be
explored through sensitivity analysis

*Philips et al 2006, section consistency from table I1. Page 364-365
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Table 2.7

Assessment of data incorporation

Quality Question(s) for critical appraisal Judgment for appopriate
Criteria when applied

(Data: D)

D3: Data Have all data incorporated into the model been ritesd Yes / No

incorporation and referenced in sufficient detail? All data incorporated into the

model should be described ari
the sources of all data should
be given and reported in
sufficient detail to allow the
reader to be aware of the type
of data that have been
incorporated

Has the use of mutually inconsistent data beeffipe{i.e.

are assumptions and choices appropriate)?

Not relevant, omitted from the
review

Is the process of data incorporation transparent?

es /\No
The process of data
incorporation should be
Transparent. It should be clea
whether data are incorporated
as a point estimate or as a
Distribution.

Al

If data have been incorporated as distributions,tha
choice of distribution for each parameter been riesd
and justified?

If data have been incorporate
as distributions as part of a
probabilistic analysis, the
choice of distribution and its
parameters should be
described and justified

If data have been incorporated as distributions,dkear
that second order uncertainty is reflected?

Yes / No

If data have been incorporate
as distributions as part of a
probabilistic analysis, the
choice of distribution and its
parameters should be

described and justified

*Philips et al 2006, section consistency fromtable I1. Page 365
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Table 2.8

Assessment of uncertainty

Quality
Criteria
(Data: D)

Criteria Question(s) for critical appraisal

Judgement for appropriate when
applied

Assessment of | Have the four principal types of uncertainty been Yes / No
uncertainty addressed?

If not, has the omission of particular forms of

Uncertainty been justified?
D4a: Have methodological uncertainties been addressed by Yes/No

methodological

running alternative versions of the model with eliéint
methodological assumptions?

Methodological uncertainty relate
to whether particular analytic step
taken in the analysis are the most
appropriate (for example, discount
rate used)o

—Or

D4b: structural

Is there evidence that structuralertainties have been
addressed via sensitivity analysis?

Yes/No

There should be evidence that
structural uncertainties have been
evaluated using sensitivity
analysis

DA4c:
heterogeneity

Has heterogeneity been dealt with by running thedeho
separately for different sub-groups?

Yes/No

It is important to distinguish
between uncertainty resulting fron
the process of sampling from a
population and variability due to
heterogeneity (that is, systematic
differences between patient sub-

groups)

D4d: parameter

Are the methods of assessment afreder
uncertainty appropriate?

Probabilistic analysis is the most
appropriate method of handling
parameter uncertainty because it
facilitates assessment of the joint
effect of uncertainty over all
parameters

Are the methods of assessment of parameter uimtgrta
appropriate?

Where data have been incorporate

into the model as point estimates,
the ranges used for sensitivity
analysis should be stated and
justified. Probabilistic analysis is
the most appropriate method of
handling parameter uncertainty
because it facilitates assessment
the joint effect of uncertainty over
all parameters

2d

Df

If data are incorporated as point estimates,f@ednges
used for sensitivity analysis stated clearly arsfified?

*Philips et al 2006, section consistency fromtable I1. Page 365
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2.6.4 Consistency

The consistency theme focuses on two categoriegernial consistency (C1l) and external
consistency (C2). Table 2.9 lists the questionaso in assessment of the review. Again, the

last column explained in detail when judgment fopr@priateness is applied.

Table 2.9 Assessment of consistency

Quality Question(s) for critical appraisal Judgement for

Criteria appropriateness when applied
Consistency (C)

C1: Internal Is there evidence that the mathematical logic ef th | Yes/No

consistency model has been tested thoroughly before use? There should be evidence that

the internal consistency of the
model in terms of its
mathematical logic has been

evaluated
C2: External Are the conclusions valid given the data presented?| Yes/No
consistency The results of a model should
be explicable.
Are any counter intuitive results from the model Yes/No
explained? Results should either make

intuitive sense or
counterintuitive results should
be fully explained

Are any counter intuitive results from the model All relevant data available
justified? should be incorporated
into a model.

Data should not be withheld foy
purposes of assessing external
consistency
If the model has been calibrated against independen Yes/No

data, have any differences been explained?

If the model has been calibrated against independen Yes / No
data, have any differences been justified?

Have the results of the model been compared witketh Yes/No

of previous models and any differences in results The results of a model should
explained? be compared with those of
previous models and any
differences should be explained.

o

*Philips et al 2006, section consistency fromtable I1. Page 366
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2.6.5 Critique the modelling papers

Structure

As shown in Table 2.10 and 2.11, five of the stadised Markov modelling approaches but
different terms were used. Briggs used the namete'dransition Markov model”, Yao used
"Individual simulation using Markov modelling framverk™ while Feldman simply stated that a
model was used without giving a clear statemernhefmodel type. The rest just said "Markov
model”. Caro used the term "discrete event simaatnodel”. In fact it was an individual
sampling model based on the Barton classificatierom the recommendation, all of these

studies can be classified as individual samplinthoas but none had adopted the term.

Two of the studies were based on cohort simulatiod the rest of papers were based on
individual level simulations. None of the papeeparted computer running times, and only

three of the five studies conducted PSA to exptloeesecond order uncertainty.

Data

For pre-data analysis, all studies populated tmeidel based on the corresponding clinical trial.
Six of those studies were based on Kaplan Meielysisafor observed survival data and Cox
models were used to estimate treatment effectsgg8ipresented regression analysis results to
estimate the risk profile on different events adglusted patient baseline characteristics. Rinfret
reported using a Kaplan Meier survival function dmbtstrapping in analysing cost and utility

data.

Referring to the estimated baseline function faragpolating beyond the trial period, only two

papers reported that selecting candidate functierewased on the best fitting curves. Yao used
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AIC to check the best fitting model; Scuffham (2Dp@saphically checked the fitting without a

formal test.

All studies assumed constant hazard ratios appdigtie intervention effect over trial periods,

but Briggs explored the assumption using reducedradaby sensitivity analysis.

None of these studies explored the full uncertagftyhe four principal types of uncertainty as
suggested by Philips and colleagues. One way satysianalyses were conducted in all the
studies. Four of those studies explored second amzertainty through probabilistic sensitivity

analysis.

Consistency

For model consistency, none of those studies widsrateed against an independent data source.
Instead, three of the studies investigated the momiesistency by validating the result from the
model against the trial observed events. Yao pteddhe validation by model estimate survival
compared with trial observed survival which wasreated by Kaplan Meier methods from the
CARE-HF trial. Rinfret (2005) validated their mod®y estimating the rate from the model to

trial observed event.
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Table 2.10

Assessment of quality of model structure

Quality Question for critical Briggs 2007 Caro 2006 Rinfret 2005 Yao 2007

Criteria appraisal

(Structure)
What type of model is usedP Individual sampling methods Individual sampling hreels | A Markov model Individual sampling methods

Type of (based on Barton definition

models
What type of model is usedP A Markov state transition Discrete event simulation A Markov model Markov retliehg framework
(as stated by author) model based on individual simulation
Is the chosen model Yes , it reflected the natural | Yes, it provided a flexibility | Yes, it reflected the Yes. It is suitable to natural
appropriate for the clinical | history of the disease with to allow the risk of events tg recurrent events history of the disease which is
problem? recurrent events depend on individual patient recurrent and chronicle

history
Simulation Is it cohort or individual Individual level simulation Individual level simation Individual level Individual level simulation
methods level simulation? simulation

Is the simulation method
appropriate?

Yes. Individual clinical and
characteristics are important
on risk of different events

Yes. It simulated trial
population.

Individual risk profiles
are important"

Yes, it mirrored the trial and
individual disease history is
important
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Table 2.10  Assessment of quality of model structur@ontinued)

Quality Question for critical appraisal Briggs 2007 Caro R06 Rinfret 2005 Yao 2007

Criteria

(Data2)

D2 Is the pre-model data analysis methodology| Yes, reported details of No Yes, used Kaplan-Meier angdBased on AIC to
based on justifiable statistical and modelling information bootstrapping methods select best fit
epidemiological techniques? distributions

D2a Is the choice of baseline data described Yes Regort Not clear Yes
Is the choice of the baseline data justified? Basedsk equations Based on the risk of | Based on bootstrapping Based on the curve

derived from EUROPA data events methods best fitted to the trial
data
Are transition probabilities calculated Yes, based on risk equatior Not applicable Detaitsgiven Yes, estimated from
appropriately? the trial
D2b If relative treatment effects have been derivedNot applicable. Not conducted Not applicable. Not applicable.

from trial data, have they been synthesised
using appropriate techniques?

Based on a single trial

Based on single trial

Based on single trial

Have the methods and assumptions used td
extrapolate short-term results to final
outcomes been documented and justified?

Yes. It mirrors the trial risk
profile

Yes, based on
individual simulation
and adjusted risk
events

Survival function fitted and
used to extrapolate beyond
the trial

Probability function
best fitted to the trial
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Table 2.10 Assessment of quality of model structar(continued)

Quality Question for critical appraisal Briggs 2007 Caro R06 Rinfret 2005 Yao 2007

Criteria

(Data 3)

D3 Have all data incorporated into the model beenrilesd | Yes, details reported | Yes, details reported | Yes, details reported in Yes, details reported

and referenced in sufficient detail?

in tables

in a diagram and table

» tables

in tables

Has the use of mutually inconsistent data beeifipct
(i.e. are assumptions and choices appropriate)?

Not applicable

Not discussed

Not applicable

Not applicable

Is the process of data incorporation transparent?

eas@nable and
supported by a
separate reference

Yes

Reasonable

Yes

If data have been incorporated as distributions,tha
choice of distribution for each parameter been rilesd
and justified?

Runs PSA and choice
of distributions
reported separately

Details not given

Not discussed

Reasons for choig
not given, but
reported in tables

If data have been incorporated as distributionts,dkear
that second order uncertainty is reflected?

Yes, second order
uncertainty was
addressed by PSA

Second order was not
addressed

Not discussed

Yes, second order
uncertainty was
addressed by PSA
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Table 2.10

Assessment of quality of model structur@ontinued)

Quality Criteria Question(s) for critical appraisal Briggs 2007 Caro 2006 Rinfret 2005 Yao 2007
Criteria

(Datad)

D4 Have the four principal types of uncertainty beddrassed?| Yes Not fully No, only one way sensitivit| Yes

analysis

If not, has the omission of particular forms of
Uncertainty been justified?

Not applicable

Second order
uncertainty

Second order uncertainty
should conducted

Not applicable

should

conducted
Have methodological uncertainties been addressed by | No No No No
running alternative versions of the model with eliéint
methodological assumptions?
Is there evidence that structural uncertaintieehzaen Yes Yes Yes Yes
addressed via sensitivity analysis?
Has heterogeneity been dealt with by running thdeho Yes No No Yes
separately for different sub-groups?
Are the methods of assessment of parameter unugrtai Yes No, second One way sensitivity analysis | Yes
appropriate? order performed

uncertainty not

investigated
If data are incorporated as point estimates, areghges Not applicable Yes Yes Not applicable

used for sensitivity analysis stated clearly arsdified?
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Table 2.10

Assessment of quality of model structur@ontinued)

Quality Question for critical appraisal (Briggs 2007) (Cao 2005) (Rinfret 2005) (Yao 2007)
Criteria
(Consistency)
C1 Is there evidence that the mathematical logic of Yes No Yes Yes
the model has been tested thoroughly before use?
Cc2 Are the conclusions valid given the data Yes/No Yes Yes Yes
presented?
Are any counter intuitive results from the mode] No No No No
explained?
Are any counter intuitive results from the model Not applicable Not applicable] Not applicable Noplégable

justified?

If the model has been calibrated against
independent data, have any differences been
explained?

Not applicable

Not applicable

Only used internal
validation, validate from the|
trial

Interval validation and
external validation

If the model has been calibrated against Yes Not done Not done Yes and explained
independent data, have any differences been

justified?

Have the results of the model been compared Wwivles Yes Yes Yes

those of previous models and any differences i
results explained?

53




Table 2. 11

Assessment of quality of model structar

Quality
Criteria
(Structure)

Question for critical appraisal

Feldman 2005

Scuffam & Chaplin 2005

Scuffman & Kosa2006

Type of models

What type of model is used?
(based on Barton definition)

Markov model

Markov model

Markov model

What type of model is used?
(based on author stated)

Not clear

Markov model

Markov model

Is the chosen model appropriate
for the clinical problem?

Yes, based on the events rate
over time

Yes, the events are recurrent
over a longer time period

Yes the events are recurrent ov
a longer time period

Simulation methods

Is it cohort or individual level
simulation?

Cohort simulation

Cohort simulation

Cohort simubati

Is the simulation method
appropriate?

It only reflected second order
uncertainty. But between
individual variation can be
substantial

Only second order uncertainty
reflected

Only second order uncertainty
reflected
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Table 2.11  Assessment of quality of model structar(continued)
Quality Question for critical appraisal Feldman 2005 Scuffam & Chaplin 2005 Scuffman & Kosa2006
Criteria
(Data2)
D2 Is the pre-model data analysis methodology base®etails not givens Details not given Not given @talls
on justifiable statistical and epidemiological
techniques?
D2a Is the choice of baseline data described Exponidiitead to survival Yes Not given
data from the trial
Is the choice of the baseline data justified? Gatrjudge as authors did not Yes Not available
provide the rational for the
choice
Are transition probabilities calculated Yes. Based on exponential Yes Yes, rate translated to
appropriately? survival function propabilities
D2b If relative treatment effects have been derivedhfroNot applicable Not applicable Not applicable
trial data, have they been synthesised using
appropriate techniques?
Have the methods and assumptions used to Yes. Based on exponential Yes Yes

extrapolate short-term results to final outcomes
been documented and justified?

survival function and rate of
events were applied to it
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Table 2.11  Assessment of quality of model structure (contined)

Quality Question for critical appraisal Feldman 2005 Scuffam & Chaplin Scuffman & Kosa2006
Criteria 2005

(Data 3)

D3 Have all data incorporated into the model beenrile=sd | Yes, reported details in | Yes, reported in table Yes reported in table

and referenced in sufficient detail?

tables

Has the use of mutually inconsistent data beeifipct
(i.e. are assumptions and choices appropriate)?

Not mentioned

Not applicable

Not applicable

Is the process of data incorporation transparent? esY Yes Yes

If data have been incorporated as distributions,tha Yes Yes Not applicable,
choice of distribution for each parameter been rilesd determinate analysis
and justified?

If data have been incorporated as distributionts,dkear | Yes, PSA preformed Not Not

that second order uncertainty is reflected?
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Table 2.1  Assessment of quality of model structure (continu®

Quality | Criteria Question(s) for critical appraisal Feldman 2005 Scuffham & Scuffman &
Criteria Chaplin 2005 Kosa2006
(Data4)

D4 Have the four principal types of uncertainty beddrassed? Only addressed the Some of those Some of those as

parameters uncertainty

detailed as below

detailed below

If not, has the omission of particular forms of
Uncertainty been justified?

PSA should conducted

Have methodological uncertainties been addressedrinng Not Not No
alternative versions of the model with differentthzalological
assumptions?
Is there evidence that structural uncertaintieghmen addressed| Yes, sensitivity conducted | Yes sensitivity Yes
via sensitivity analysis? on the length of the benefit | analysis on

over two years discount rate
Has heterogeneity been dealt with by running thdehseparately | Not performed Yes Yes
for different sub-groups?
Are the methods of assessment of parameter unugrtai Yes Yes No
appropriate?
If data are incorporated as point estimates, aeghges used for | Not addressed Yes Yes

sensitivity analysis stated clearly and justified?
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Table 2.11

Assessment of quality of model structar(continued)

Quality
Criteria
(Consistency)

Question for critical appraisal

Feldman 2005

Scuffam & Chaplin 2005

Scuffman & Kosa2006

C1 Is there evidence that the mathematical logibef | Not done Yes Yes
model has been tested thoroughly before use?

Cc2 Are the conclusions valid given the data pres#ht| Yes Yes Yes
Are any counter intuitive results from the model | Not stated Not stated Yes
explained?

Are any counter intuitive results from the model | Cannot judge as it did | Cannot judge as it did not | Yes
justified? not provide provide

If the model has been calibrated against Not Not No

independent data, have any differences been

explained?

If the model has been calibrated against N/A N/A No

independent data, have any differences been

justified?

Have the results of the model been compared withYes Yes No

those of previous models and any differences in
results explained?
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2.7 Discussion

The aim of this chapter was to review recent swsidn which economic evaluation was
conducted in cardiovascular disease. It focusestaties where economic evaluations had been
conducted alongside clinical trials and modellirasdd studies in which model inputs were
populated by individual data from a trial. Onlyllfaconomic evaluations were included in the

review.

The results were presented in separated categamesiding an overview of the included
studies: summarised economic evaluation methods gsatistical analytic methods used within
a trial analysis and model based approaches whespekating beyond a trial. The results show
that most of the studies in the review covereddimgcal areas of chronic heart failure, atrial
fibrillation, myocardial infarction and coronarydré disease. When most of the clinical studies
were based on multinational trials, economic ev@nawas usually conducted in one country

setting. Only one study used country specific.cost

The most commonly used outcome measures in theestueere life years; only half of the
studies employed QALYs. Reviewing statistical noeld in economic evaluation within trials
has demonstrated that most of the studies haveessklt the uncertainty around point
estimations by using bootstrapping. However, mstuglies lacked details on how costs data

were collected and how aggregated costs were dstiima

Nearly one quarter of the included studies haveleyed model based analysis to investigate
long term economic implications beyond a trial. indsa Markov model was the most common
approach in the majority of studies. However, ¢hems a lack of consistency in defining the
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type of models, simulation methods and pre-datdysisa From the studies selected, it remains
generally unclear how a model was developed, or la@sumptions beyond a trial and

assumptions on baseline survival beyond a triabvaeidressed.
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CHAPTER 3 SECONDARY PREVENTION CLINICS

3.1 Introduction

The last chapter reviewed methods in economic atialu conducted alongside a clinical trial
and model-based studies, where the input data papalated from a trial data in the area of
heart disease. In this chapter an empirical stidynceconomic evaluation conducted alongside
the secondary prevention clinical trial in corondrgart disease (Raftergt al., 2005) is
presented, with the aim of illustrating common noelth which may be used to conduct an
economic evaluation alongside a clinical trial. isTincludes how cost and utility values were
collected, how cumulated cost and QALYs over tha fperiod were calculated and how the
cost-effectiveness of the interventions compareckwestimated and presented. This chapter was
based on a published paper in the British Medioatdal (Rafteryet al., 2005) and was further
developed specifically for the thesis using a défe analytic approach. In the published paper,
only t-tests are presented in the analysis costcuadity of life data, whereas in the thesis,

bootstrapping methods were used for all analyses.

3.2 Clinical background

People with mild coronary heart disease are atiqudeitly high risk of coronary events and
death. Implementation of secondary coronary preeenh primary care can reduce this risk and
this is widely advocated (Scottish Intercollegi@eideline Network, 2000). Effective secondary
prevention, such as medical interventions andtiifeameasures, eg. smoking cessation, regular
exercise, and healthy diets, can reduce the riskoafnary events and death in patients with
coronary disease (Murchi al., 2003). Most people with coronary disease aredcéwe in
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primary care, and general practitioners have beemwaged to target them for secondary
prevention. In the United Kingdom, general pramtiérs are rewarded financially for achieving
target standards (BMA NHS Confederation, 2004)vef mechanisms to improve secondary
prevention have been evaluated, of which the mostessful to date have been nurse-led
secondary prevention clinics (McAlisteat al., 2001; Moheret al., 2001; Murchieet al., 2003).

Several randomised trials demonstrated that nedadécondary prevention clinics for CHD can
improve the uptake of secondary prevention in pryncare (Campbekt al., 1998; Mohetet al .,

2001; Khuntiet al., 2007).

3.3 Overview of the nurse-led secondary prevention clios trial

Full details of the trial design have been repopesliously (Campbekt al.,1998). In brief, a

randomised controlled trial of nurse-led clinics the secondary prevention of coronary heart
disease was conducted in north-east Scotland beth@® and 1995. The trial was undertaken
in a 19 randomly selected general practices. ddaatits were a random sample of patients with

coronary heart disease but without terminal illnresdementia and not housebound.

The nurse-led clinics in primary care were desigitedromote medical and lifestyle aspects of
secondary prevention and provide regular follow Upatients in the intervention group were
invited to attend nurse-led secondary preventiamod at their general practice. For each visit,
their symptoms and treatment were reviewed, inolgidilood pressure and lipid management,
the use of aspirin promoted and lifestyle factagiawed and assessed. In addition, their
behaviour changes were advised. In the contralgrpatients received the usual care from their

general practitioners (GPs).
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The principal aim of the trial was to evaluate @airf years the effects of nurse-led secondary
prevention clinics for coronary heart disease aniube and uptake of components of secondary
prevention and to assess their impact on healthhathlity. A secondary aim was to estimate

the cost-effectiveness of the interventions compéaisual care.

The trial recruited a total of 1343 patients, ofiebh673 patients were randomised into the
intervention group and 670 into the control groull patients recruited to the study were less
than 80 years old. Mean follow up was for 4.7 gedntervention and control groups were well

matched for age, sex and practice characteridtisaseline.

The clinical study reported that all componentsegtcsmoking, were significantly different at
one year (Murchiest al., 2003), but by four years the performance of thetrod group had
improved and the differences were no longer sigaift. A longer period of clinic attendance
was associated with better uptake of secondaryeptsn. At four years the intervention group
had fewer role limitations attributable to physipabblems. There were fewer coronary events
in the intervention group with 100 out of 673 (1%)9compared with 125 out of 670 (18.7%) in
the control group (p= 0.062), demonstrating thatéhhad been significantly fewer deaths in the

intervention group with 100 (14.9%) compared wi#l8119.1%) in the control group (p=0.038).

Running clinics, however, uses resources in pringarg, especially nurses’ time, and the clinics
incur further costs from increased prescribing. e Tost-effectiveness of the intervention is
uncertain. In the next sections, a detailed codt@st-effectiveness analysis is presented with

the aim of determining whether the intervention wasd value for money.
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3.4 Methods
3.4.1 Costing

The economic evaluation was undertaken from a sdqgwerspective, including both public and
private health service costs. As most participamse older than working age, the effects

related to production costs were excluded.

Resource use information was extracted from gengeadtice case notes at baseline, one year
and four years. For each patient data were celfecin use of cardiovascular drugs, blood
pressure and lipid management, number of attendamtesecondary prevention clinics,
hospitalisation for cardiovascular events, eg. mydial infarction, and procedures such as
coronary artery bypass grafting and coronary anggtp and use of private health care. Data on
deaths, hospital admissions and outpatient atteedarwere obtained from the Scottish

Morbidity Records, linked anonymously.

The cost of admissions to NHS hospitals was caledlay assigning the appropriate unit cost
per case based on specialty in hospital. Outpattests were based on the number of
attendances multiplied by the relevant hospital aost. Costing admissions to private hospitals

was done using NHS unit cost by specialty.

Costs to primary care of running the CHD clinicsridg the four years of the study were
calculated. The yearly and total attendancesiaicslwere calculated for each group. It was
assumed that each attendance lasted one hour.coBke of clinic materials and training were
included at year one. At years two, three and fowas assumed that the only cost incurred in
running the clinics was nurse time and this wasneged at £20.00 per hour, based on Unit costs

of health and social care (Netten & Curtis, 2000Jhe total cost and annual costs of
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cardiovascular drug prescriptions were calculai@sed upon the Scottish Drugs Tariff (Scottish

Drug Tariff, 1998).

The costs of the secondary prevention clinic irgatns were based on the best estimate of
whether patients attended that year or not (earliBased on an audit of nurse time in year one
and interviews with the practices about the subsegyears, a number of assumptions were
made. Firstly, not all patients attended themicB for a baseline assessment. Secondly, patients
who attended their clinics for the first year daltsice and patients who attended in any of the
subsequent years did so only once. These assursptiere applied to both intervention and
control groups. The nurse-led clinics were onlgessible to the control group after the second

year.

Nearly all medication usage data was collectedafiopatients who were followed up to the end
of the study. Data on all patients admitted to NtdSpitals were collected during those periods.
Missing outpatient data were imputed on the basthe@average ratio of outpatient attendances

per admission for cardiovascular diseases for gimyipatients.

3.4.2 Utility scores

Health-related quality of life data were obtaingdpostal questionnaire using the SF-36 form at
baseline, year 1 and year 4. SF-36 scores werktasealculate SF-6D utility scores for each
patient in those three years, based on a previqusdlished algorithm (Braziest al., 1998). A

utility score of zero was assigned at the time phtient’'s death and for patients who were lost

to follow-up.
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Utility scores of SF-6D were derived from the SF&@hree time points: baseline, year 1 and
year 4. Missing values of the SF-6D scores atlimese/ear 1 and year 4 were imputed by group

mean imputation adjusted for age and gender aathient groups.

For values for cost and utility scores in years1i@ @, which were not collected during the study,
a linear interpolation based on the closest twantpoalues were used. If a patient died or was
lost to follow-up during these periods, the laduedao either the time of death or lost to follow-

up (Billinghamet al., 1999) was used.

3.4.3 Estimating cost

The total cost for each patient was derived by sumgnthe itemised cost at each year and
discounting at 3.5% annually. The total cost patigmt was calculated using the following

formula:

4
Costy = ¥ (COSt ;oo /(141)"™)
year =0
Wherei denoted patient$,denoted treatment group anthe annual discounting rate.

3.4.4 Estimating life years and QALYs

Effectiveness was defined in terms of life yeard @RALYs gained associated with intervention

during the trial.

Life years were estimated for each patient witlie trial, defined by the survival length from
randomisation to death. Each year was discourtt@b&o annually for years beyond the first

year.
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Lifeyears = i (Lengthof survivalin year§jyear)/(1+r)year)

year =0

The total QALYs for each patient were derived byghéng survival time by the corresponding
utility score from the SF-6D data. QALYs were aldiscounted at 3.5% annually for years

beyond the first year.

QALY = i (U, | yer (Lengthof survivalin years,, )/(1+1)*)
year =0

3.4.5 Analytic methods

Analyses were conducted according to the intentistreat principle. Kaplan-Meier methods
were employed to estimate the survival and theréodk test was used for testing the difference
in overall mortality. Bootstrap methods were enyphb for estimating difference in mean cost,
life years and QALYs between treatment groups (Ba#h Thompson, 2000). The incremental
cost per life-year gained and incremental cost@RLY was estimated for each replicate. A
bootstrap method based on 1000 replicates wastosestimate 95% confidence intervals (ClI)
for the incremental cost-effectiveness ratios amdptoduce cost effectiveness acceptability
curves at different willingness-to-pay values. afalyses were conducted using SAS software

(version 9.12, SAS Institute).

3.5 Results

Table 3.1 reported the analysis results. In thiefohg section, each of those results is presented

separately.
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3.5.1 Survival and QALYs

Survival status was known for all patients at thd ef study. There were 28 fewer deaths in the
intervention group: 100 out of 673 (cumulative the@te 14.5%) compared with 128 out of 670
(19.1%) in the control group (P = 0.038). When%£8discount rate was applied, the mean life
years’ score was 4.35 (95% CI 4.29 to 4.41) fordbwetrol group compared with 4.39 (95% ClI
4.32 to 4.45) years for the intervention group. QLYs were 3.01 (95% CI 2.94 to 3.07) in

the control group compared with 3.11 (3.04 to 3ih&he intervention group.

Table 3.1 Cost-effectiveness result by interventioand control

Control Intervention ]
Difference
(N=670) (N=673)
28
Deaths 128 100
(P =0.038)
Mean of life Years 4.35 4.39 0.04
(95% ClI) (4.29 - 4.41) (4.32 - 4.45) (-0.051t0 0.13)
Mean of QALYs 3.01 3.11 0.11
(95% ClI) (2.94 - 3.07) (3.04 - 3.18) (0.02 to 0.20)
Total costs (£) 879 1,015 136
(95% ClI) (824 - 934) (956 t0 1,074) (58 to 214)
Incremental Cost (£) per QALY 1,261
(95% ClI) (913 to 23,516).

3.5.2 Costs to primary care and overall costs to society

Hospital admissions were lower in the interventgnoup, but part of this difference was
accounted for by admissions for non-cardiovascdiaeases. For this reason we considered
alternative estimates of overall costs to sociehe including all types of admissions, the other
confined to cardiovascular admissions. AlthougthlEstimates were lower in the intervention
group, neither difference was statistically sigrafit. When the costs to primary care of the
intervention itself were combined with hospital tspghe higher cost to primary care was offset

by the lower hospital costs in the intervention ugro such that the differences between
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intervention and control groups were insignificafitherefore, costs related to primary care and

cardiovascular hospitalisation are discussed.

As shown in table 3.1, the mean cost per patienthi® control group within the trial periods was
£879 (95% CI 824 to 934) compared with £1015 (95%986 to 1074) per patient in the
intervention group, £136 (95% CI 58 to 214) higherthe intervention group. The only

difference in cost to primary care was the dir@st ©f the intervention.

3.5.3 Incremental cost effectiveness

Within the trial period, the incremental life yeagained estimate was 0.04 (95% CI -0.05 to
0.13) and 0.11 (95% CI 0.02 to 0.20) QALYs gained ihtervention group compared with

control group. Costs were £136 (95% CI 58 to 2igher in the intervention group, resulting in

an incremental cost per QALY gained of £1261 (9928 to 23516). Figure 3.1 shows a scatter
plot of incremental costs vs. incremental QALYsdzh®n 1,000 bootstrapped replicates with
90% confidence ellipis. Figure 3.2 presents th& effectiveness acceptability curve showing
the probability of the intervention being cost-etfee compared with control group even at the

value of willingness to pay at £2,000. This is wdlow the accepted £20,000 threshold.
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3.6 Discussion

In this chapter, a case study of an economic etialugaonducted within a trial was presented.
Cost-effectiveness in this study was calculatedhenbasis that the trial already had a relatively
long follow up period. The initial set-up costs welower and the effectiveness of the
intervention was observed within the trial perio@lke initial setting up cost for running nurse-

led clinics had been generally balanced withinttizé periods.

This study was the first to examine the cost-eifectess of secondary prevention clinics in
primary care. The findings were more consisteith wurrent recommendations and practice on
secondary prevention and provide a plausible espiam for the observed reduction in

mortality. The cost- effectiveness result by thd ehthe trial period presented was favourable

for nurse-led clinics. Such clinics should be raoeended in a general health care setting.

Nurse-led clinics for the secondary prevention ofocary heart disease in primary care are
relatively cost-effective compared with the thrddhaf £20,000 attributed to NICE (Rawlins &
Culyer, 2004). The intervention group gained a meé 0.04 life years and 0.11 QALYs
compared with the control group. The incrementat er QALY gained was £1261. The
clinical study demonstrated that improvements iocpsses of care and prescribing translated
into reductions in total mortality. The presentdst shows that the cost per QALY gained is less
than £20,000. The key difference in costs betwaase-led clinics compared with usual care
was the increased £136 cost of the interventioprimary care, owing to attendances at the

clinics and increased prescribing.

The estimates of cost-effectiveness remain valdydver, as the benefits found will also have

been reduced by allowing control group cross-oedgwing patients to attend the nurse-led
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clinic after the first year. The increase in bo#néfits and cost in practice depends on the pre-
existing use of cardiovascular drugs, particulatbtins, in the control group. Some of the data
were incomplete, particularly attendances at habpititpatients, but these had relatively little
effect on overall cost to society. Data on higstcactivities and important outcomes, such as
mortality, were almost complete. Where assumptiwwasee made, the cost of the intervention

tended to be overestimated.

The study was based on a random sample of germadiqes and patients with good recruitment
rates. Therefore, the sample should be represent@it general practice at that time, although
the changes may have occurred in practice sincsttlty began in 1995. The uptake reported
for some secondary preventive drugs, especialtynstawas lower than is likely to be in the
current climate of national standards and incestificg general practitioners. Nevertheless, it
was found that the clinics improved uptake of seeoy prevention by similar absolute amounts
whatever the baseline levels, even for high uptdlativities at baseline such as blood pressure
management and in practices with higher baselineldeof secondary prevention. Newly
recommended interventions, such as smoking cessatimics, may improve secondary
prevention further but are unlikely to alter grgaihe cost-effectiveness as these changes are

likely themselves to be highly cost-effective.

Methodologically, bootstrap methods were used tonase cost differences, QALY differences
and cost-effectiveness ratios and produced cordelentervals around those estimates. The
bootstrap method is a convenient way of produciongt-effectiveness acceptability curves,
which show the probability of the intervention kgpicost-effective at different willingness-to-

pay values.
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The limitations of our study were, firstly, thatsjuover half the control group attended at least
one secondary prevention clinic after the initinldy year. Rather than compare secondary
prevention clinics with usual care, the costs amuhelits of having more patients attend
secondary prevention clinics for longer were evi@da The total costs of running clinics to
primary care will be higher than the cost differeretween control and intervention groups in
this study, as an intention to treat analysis, iespany patients in the control arm receiving the

intervention in the period after the trial.

The limitation due to the way in which missing v@duwere dealt with is accepted. Multiple
imputations have been suggested as a method flaicreg missing values, which may produce
more accurate estimates of uncertainty around #paced values (Burtoet al., 2007).

However, a bootstrap method was used for the asalged its taking account of repeated
sampling around each imputed data set would inttedurther uncertainty. In this chapter,

standard methods in conducting a within trial asiglyvas focused on.

In addition, the limitation on the analytic apprbas is notable. The data has hierarchical
structure with patients nested with practices. llgeaore advanced analytic approaches should
be sought, i.e. multilevel modelling approaches ribeet al., 2005). However, this part of the
analysis aimed to present the most conventionalhoast using in economic evaluation
conducted within a trial period. The influence ¢ tpotential inference may be theoretically

acceptable.

Other studies have evaluated the cost-effectiveniegemary prevention clinics in primary care
(Wonderling et al., 1996; Langhanmet al., 1996; Turneret al., 2008). In Wonderling’s and

Langham’s and colleagues’ studies, benefits werasored in terms of risk factors and data on
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costs and savings to the health service were ineplrurner and colleagues conducted an
economic evaluation of a nurse-led disease managepnegramme compared with standard
care alongside a cluster randomised control tifdle study was implemented in 20 primary care
practices in the United Kingdom and recruited tdth63 patients with coronary heart disease
and chronic heart failure, and had a one-year Viollpp period. They demonstrated that the
nurse-led disease management programme was asso®i@h an increase in the QALYs

measured of 0.03 per year and an increase in taeN®&IS costs of £425. The clinics generated
additional QALY at an incremental cost of £13,158 QALY compared to the control group

after one year. Although their study had a re&sivshort follow up period, the results are
supportive of the current study and proved thasedied clinics were good value for health care

resources.

Despite the limitations of other studies, some camngpns can be made with the current study.
For example, the running costs for clinics pergrdtiare reasonably consistent across the trials.
Running costs for a practice population would, hesvebe much higher for primary prevention
clinics because the target population would be mader. The estimated cost-effectiveness is
much better for secondary prevention (£1236 perydar gained) than for primary prevention

(around £20,000 per life year gained).

Compared with the wider range of health intervergjothe cost-effectiveness of secondary
prevention clinics remains favourable (Raftery, P’O0The incremental cost per QALY is well

under £20,000, due to the relatively small increaseost per patient of £136, in turn due to
modest increases in drug use, even the relative$flyc statins. This pattern, however, is
consistent with other complex health service irgations, where incremental improvements in

process outcomes are more likely to be achieved wimlesale changes. Nonetheless, these
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relatively low increases in cost were linked to lttegains that were considerable in terms of

deaths, life years and QALYs.

3.7 Conclusions

This chapter presented a case study for an econevaloation conducted within a trial period.
Cost-effectiveness analysis concluded that thenviatgion was highly cost-effective. Longer-
term cost-effectiveness implications beyond thal tperiod were not explored. In the next

chapter methods of economic evaluation by extraipgidoeyond a trial period will be presented.
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CHAPTER 4 EXTRAPOLATION USING PARAMETRIC SURVIVAL
FUNCTIONS

4.1 Introduction

In the last chapter, a case study of an econoratuation conducted alongside a clinical trial
was presented. Cost-effectiveness analysis contldloat the intervention was highly cost-
effective. Longer term cost-effectiveness implioat beyond the stated trial period were not
explored. Cost-effectiveness was estimated ondbes Ibhat the trial already had a relatively long
follow-up period. The initial set-up costs were Ewand the effectiveness of the intervention

was observed within the trial periods.

However, it is not uncommon to see the situationwvimch significant cost occurred at the
beginning of an intervention, although the benefithe intervention is still accumulated long
beyond the end of the trial period (Buxtenal., 1997; Hlatkyet al., 2002). It is ethically not
possible to continue a trial beyond the point atcWleffectiveness has been established, even
though the full economic benefit is still not sdally. The economic evaluations concluded by
the end of the trials in those situations morelyikenderestimate the cost-effectiveness of the
interventions. Therefore, alternative approachesnaeded to extrapolate cost and effectiveness
beyond the trial periods. Survival analysis isenfa key approach in projecting outcomes in

terms of life year or quality adjusted life yearciost-effectiveness analyses.

Many survival analyses in the current medical ditere use non-parametric methods. The
Kaplan-Meier method is a simple approach in esimgasurvival probability for an observed

follow-up only (Collett, 1994). Cox proportional zexds models are often employed to estimate
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the relative risk of different interventions. Babh these methods are non-parametric, in which
either survival distributions or hazard functioreed to be specified. In order to project survival
time beyond an observed time period, parametriwiwair functions are frequently used in
economic evaluation (Neymast al., 2002). Whilst exponential and Weibull distributsoare
frequently used for this purpose, considerationtsoppropriateness, given an observed data, has
received little attention in the health economitsrature. Little work has been done on how
best to fit a parametric survival function based abserved data and how to evaluate the

appropriateness of a chosen distribution.

In this chapter, five commonly used parametric saivfunctions are reviewed, stressing the
characteristics of their hazard functions, and w@s$hof choosing a best fit parametric survival
function based on observed trial data are describedse approaches have been illustrated by
using an updated data from CARE-HF study (Clelaral 2006). The method was adopted from
a cost-effectiveness study of cardiac resynchrtinisaherapy (CRT) based on the CArdiac
REsychronisation in Heart Failure (CARE-HF) tri@lajvertet al, 2005). The survival analysis

methods reviewed in this chapter are based ondbak by Collett (1994).

4.2 Probability distribution functions in survival anal ysis

Standard approaches in survival analysis assumehéaime at which events occur follow a
random process or a particular distribution (Cgll@994; Lee & Wang, 2003). There are three
different ways to describe a survival probabilitgtdbution: probability density function (PDF),

survival function and hazard function.
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Probability density function is typically used tafohe probability distributions. It is the
probability that if an event occurs at tifgehe probability ok at a given time interval between

andb is often expressed in terms of an integral asvdlo
F(x) =2 f(x)d, = Pr(a< x<b)

Wheref(x) is the probability density functiom;(x) is the cumulative probability function from

timeatob.

The survival function is the probability that a gdb survives longer than

s(t)=1-[ f(u)d,

The hazard function is the instantaneous failute & timet given its survival to time. It is

expressed as the ratio of the probability densitficfion to the survival functio®(t) .

_fO__d
h(t) = s© 4, {log(S(t)}

The property of a hazard function may be of paldicinterest in health economic evaluation,
due to many probability distributions corresponditmga specific process, for example, the
clinical history of a particular disease. Eachtaise distributions would have their own unique
characteristics in its hazard function. In thddweing section, parametric distribution functions

commonly used in survival analysis literature aegiewed and their corresponding hazard
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functions described. The basic concepts and piiepest probability distribution functions are

based on the book by Larson (1982).

4.2.1 The exponential distribution
An exponentially distributed survival time corresgs to the assumption of a constant hazard. It
can be presented as follows

h(t) = A

The corresponding survival function is

S(t) = exp{-[ Ad,} =exp(-At)

When survival time is assumed to follow an expoia¢mtistribution, the implication is that its

hazard function is constant. This means that tiobability that an event occurs for the next
time period, given survival at the current timeegmot depend on the patient’s history. As time
progresses for a particular disease, the (concifjoprobability of death in successive time

intervals remains unchanged. This, however, ipfatsible in most clinical settings.

4.2.2 The Weibull distribution function

The survival function of a Weibull distribution cae expressed as follows

S(t) = expAtY)
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There are two parameters in a Weibull distributitim scale parameted and the shape
parametery. A Weibull distribution implies a monotone incseaor decrease hazard. The

hazard function for a Weibull model is given by

h(t) = Ayt

The hazard function for Weibull survival time coute increasing or decreasing with time
depending on the shape paramegerlf the shape parameter is greater than 1, thardaate
increases with time. If the shape parameter istleas 1, the hazard decreases with time. If the
shape parameter is equal to 1, then the Weibulloesito the exponential distribution. From
the hazard function, we can see thay i 1, the hazard functioh(t) simplifies to the constant

value/, which is the hazard function for the exponerdiatribution.

Figure 4.1 shows the hazard plot at different shagrametersyj. The limitation of a Weibull
distribution is that its hazard function is a mamot function of time. When a hazard rate
changes over time, for example, the hazard rateldvimcrease where a patient developed
resistance after responding well to initial treatitse In this situation, an alternative distribatio

is needed to appropriately represent the diseagggsasion process.
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Figure 4.1  The hazard plot at different shape parmeters §)

4.2.3 The log-logistic distribution

If survival time follows a log-logistic distributiothen its logarithm has a logistic distribution.

Survival function of log-logistic distribution igpresented as

S(t) = (1+AtF)™

For a log-logistic distribution, its hazard furmctiincreases initially; reaches a peak and then

decreases. The hazard function of a log-logisstrithution is given by

AB P
1+ At

h(t) =
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A standard log-logistic model has two parametdrsandB. The hazard function decreases
monotonically if3 <1, but if 8 >1, the hazard has a single peak. The hazardidunof a log-

logistic distribution has a single peak.

The following diagram (Figure 4.2) shows the hazalat at different values of lambda and

beta
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Figure 4.2  The hazard plot at different values ofdambdaA and betaf3

The advantage of the log-logistic hazard funct®that it captures both inverted, U-shaped and

monotonically declining rates.

4.2.4 The log-normal distribution

A log-normal distribution has a hazard functiontlaes characteristic in log-logistic distribution.
Its hazard functions can increase initially andchtdecrease over time. The hazard function of a

standard lognormal distribution is given as
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; (Hya"
h(t,U) == d—(log(S(t)):T(t) 0>0;t>0
M

Where ¢ is the probability density function of the nornaidtribution, and @ is the cumulative

distribution function of the normal distribution.

The hazard functions of log-normal distribution aharacterised by inverse U-shape which can
increase, reach a peak and then decrease. Tbwifg is the hazard plot for a log-normal

distribution at different values af .

Both log-logistic and log-normal distribution cae bsed to represent a typical clinical process
of a disease. For example, following a renal tréargption a patient faces an increasing hazard
of death over the first few months after the tréasiation, the hazard then decreases with time

as the patient adapts to the new gratft.

4.2.5 The Gamma distribution

The formula for the hazard function of a standaachma distribution, in which the case where

location parameter equals to zero and scale paeam@gtials to 1, can be represented as

__d _ X" _
h(t) = a (log(s(t)) —I'(y)—rt(y) t>0; y>0

Where y is the shape parameter ands the gamma function which has the formula

M(a) =t "e™'d, = Pr(a< x<b)
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The hazard function of a gamma distribution canvipl® varieties of forms depending on the

value of they parameter.

4.3 Choosing among survival distributions applied to oberved data

When individual data is available from a clinicaat one can fit a parametric survival function
into the time-to-event data and use maximum likeddhmethods to estimate its parameters. This
is a standard method in statistical analysis andtramtistical software has the functionality to

do so.

When a model is fitted it is important to assessatiequacy of the distribution for the data. One
way to perform such verifications is through residplots. A Cox—Snell residual is widely used
to check model fit graphically in the analysis af\sval data (Collett, 1994). If a model fitted to
an observed data is satisfactory, the estimatadvslifor an individual at time should be close

to the true value of a survival function at timeThe theory of the Cox-Snell residuals is that if

random variablé is the survival time of an individual andl(t) is the corresponding survival

function, the random variablelog(S(t)) has an exponential distribution (Cox & Oak&384).

The goodness-of-fit tests can be performed formiadged on likelihood ratio statistics when
comparing two nested models. In this case, as xiperential model is a special case of a
Weibull model in which the shape parameter is i&@stl as 1, and log-normal, Weibull and

exponential are all nested within a generalisedrgarmodel.

84



However, when comparing log-logistic or log-normath Weibull or exponential, they are not
nested. In this case a likelihood ratio statisan ot be used for this purpose. The Akaike’s
Information Criterion (AIC) (Akaike, 1973) or Bayasa information criterion (BIC) (Schwarz,
1978) can be used for model selections when thinge®striction does not apply. Lindsey and
Jones (1998) argued that in the case of analydinigad trial data, both BIC and AIC will give
similar results as the sample sizes are relatiselgll in clinical trials. Several authors (Clayton
& Hills, 1993; Collett, 1994, Lindsey, 1995; Burmhat al., 1995) have recommended the use of

the AIC. In this work the AIC was used to selecidals.

The AIC can be used to compare different parametaciels by a statistic that trades off a

model’s likelihood against its complexity. A loweslue of AIC indicates a better model.

AIC =-2LL+2(c+a)

Where LL is the log likelihood statisticc indicates number if parameters in the survival

distribution function andd denotes the number of parameters in the model.

In the following section, the trial data from theARE-HF study was used as an example to
illustrate how to fit parametric survival distrilbois and how to select a best fit model for the

data. SAS software was used for all analysisimghction.

4.4 The CARE-HF study

The CArdiac REsynchronisation in Heart Failure (BARF) trial (Clelandet al., 2005) was a

multicentre, international, randomised trial. Tsiidy compared the effect, on the risk of
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complications and death, of standard pharmacolibgicapy alone with that of the combination
of standard medical therapy (MT) and cardiac reByorusation therapy (CRT) without a
defibrillator in patients with left ventricular sgdic dysfunction, cardiac dyssynchrony and
symptomatic heart failure. Patients were enrode®@2 European centres; enrolment began in

January 2001 and ended in March 2003.

The primary endpoint was the time to death from eayse or unplanned hospitalisation for a
major cardiovascular event. The principal seconagargpoint was death from any cause. The
cost-effectiveness analysis was specif@epriori as a secondary outcome in the protocol and
included data from all patients enrolled in thaltriThe principal analysis was pre-specified as

the incremental cost per QALY gained.

Resource use information was collected at baseling, 6, 9, 12, 18 months, every 6 months
thereafter, and at the end-of-study. Patientslityuaf life was assessed using the EQ-5D at

baseline and 90 days post-randomisation.

A total of 813 patients were randomly assignedetteive medical therapy (MT) alone (404) or
with a cardiac resychronisation device therapy (€RT) (409). The mean duration of follow-

up was 29.4 months (range 18.0-44.7). By the étiteostudy, the survival status of all patients
was known; 383 patients had reached the primarp@nt of which 159 patients were in the
CRT+MT group, as compared with 224 MT patients (389055%; hazard ratio, 0.63; 95% ClI,
0.51 to 0.77; P<0.001). There were 384 unplanmsgikalisations for the major cardiovascular
events in the MT group and 222 in the CRT groum eXtension phase on all-cause mortality

was reported in Cleland study with mean follow-up43months (Cleland et al 2006). There
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were 154 deaths (38.1%) in 404 patients assigneaettical therapy and 101 deaths (24.7%) in

409 patients assigned to CRT (hazard ratio 0.6% @50.47-0.77, P<0.0001).

4.4.1 Estimation of time to death

Time to death was fitted to the extended phasehefdata using exponential, Weibull, log-
normal, log-logistic and gamma distributions basadaccelerate time failure models. The Cox—
Snell residual was used for an initial check of elofitting, Figure 4.3 shows the Cox-Snell
residuals from the five candidate models, from Wwhiccan be seen that both exponential and
Weibull would provide a better fit than log-logistilog-normal or gamma distributions. A
straight line with unit slope and zero intercemdioated the fitted survival model is satisfactory

(Collett, 2004).
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Cox—Snell residual plot by exponential fitted model

Exponential Gum Hozard

Figure 4.3

Cox-Snell residual plots by different stvival functions (a)

Cox—Snell residual plot by Weilbull fitted model

Kaplan-Weier Cum Hozord

Weibull Cum Hazord

Figure 4.3

Cox-Snell residual plots by different stvival functions (b)
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Cox—S8nell residual plot by LogNormal fitted model
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Figure 4.3

Cox-Snell residual plots by different stvival functions (c)
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Cox—5nell residual plot by Loglogistic fitted model
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Figure 4.3

Cox-Snell residual plots by different stvival functions (d)
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Cox—=5nell residual plot by Gamma fitted model
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Ganma Gum Hozard

Figure 4.3  Cox-Snell residual plots by different styvival functions (e)

Table 4.1 reports negative 2 log likelihood statsst This statistic is used to compare nested
models. The difference between the log likelihstatistics follows the chi-squared distribution.

Table 4.1 reported the p-value for different congmars.

The exponential model was selected as it had teerhedel fit based on the AIC (Table 4.2).
Table 4.3 reports the estimated hazard rate foMhegroup and the hazard ratios of CRT+MT

compared to MT.

4.4.2 Survival gain in CARE-HF study over lifetime

In the Calvert study is a trial-based analysis evgt-effectiveness result was presented over 29.4
months mean follow-up period (Calvettal., 2005). A restricted mean survival was estimated
for each patient within the trial on the basis bé ttime from randomisation until death or
censorship. The gain in survival associated witif @Rs estimated from the difference in mean

survival times between treatment groups.
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When the exponential was chosen as baseline funatd fitted into the extended phase of the
data, the estimates of baseline hazard for MT Ei®per year, and the survival function of the

time to death as

S(t) =exp(-0.155t)

The estimated hazard ratio of CRT+M$ MT was 0.604. By applying this ratio to baseline
hazard function, the survival over patient lifetifae the CRT+MT treatment group can be

calculated. Figure 4.4 shows the estimated surfivetion and observed survival function.
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Figure 4.4  Estimated based on fitted curves and obs/ed curves

Based on an area under the curve approach, thgelifiefor CRT+MT and MT and the life year
gain over different time points can be estimaté@this can be obtained by the different survival
time between the treatments. Table 4.4 showsdtimated life year gain at 3 years is 0.19 and

5 years is 0.46 and over 20 years is 2.52.
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4.5 Discussion

In this chapter, the most commonly used survivatfions in survival analysis were described
and characteristics of their corresponding hazamttfions compared. Parametric survival
analysis was conducted in the CARE-HF trial datatifoe to death. Methods for selecting the
best fitting survival functions for time to deathen the observed periods were illustrated and the
parameters estimated based on parametric surwaysas methods. Life years gained over

different time points after treatments were estedat

Using survival functions in extrapolating beyonttial were studied. It is easy to implement and
provides the longer-term survival property in eaoi® analysis, but its limitation is that it is
concerned with the overall survival property. Heoew cost and quality of life can be quite
different after trial periods and depend on différevents in the future. In the case of the
CARE-HF trial, further cost is related to whethkere was a cardiac hospital event or whether
batteries needed to be replaced. In order to diteHurther cost-effectiveness implication, it
would be more flexible to employ a modelling apmfvaln the next chapter methodological

issues using modelling approaches are presented.

92



Table 4.1 Likelihood ratio statistic in differencesurvival functions

Likelihood ratio

Contrast
chi-square statistic Pr > ChiSq
Weibull vs. Exponential 0.36686 0.54472
Gamma vs. Exponential 2.10038 0.3498
Gamma vs. Weibull 1.73352 0.1879
Gamma vs. Log-normal 19.4868 >0.000

Table 4.2 The likelihood statistic and AIC based oulifferent parametric models

Distributions No. Parameters AIC N2loglikelihood
Exponential 1 1309.03 1303.03
Weibull 2 1310.66 1302.66
Gamma 3 1310.93 1300.93
Log-logistic 2 1313.63 1305.63
Log-normal 2 1328.42 1320.42
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Table 4.3

Estimated hazard ratio based on exponeafimodel

Hazard Mean Survival Life year
Treatment class 95% ClI lower 96% CI Upper o
yearly time in years saved
CRT + MT group 0.155 0.132 0.181 6.6
Hazard ratio
CRT+MT vs. MT 0.604 0.470 0.777
MT group 0.097 0.081 0.116 10.3 3.7
Table 4.4 Projected life years using exponential fiction
. Life save Life save in
Life year )
in years days
Time (year) Controlled Intervention Different Days
3 2.41 2.60 0.19 70
4 2.99 3.31 0.32 115
5 3.49 3.95 0.46 166
10 5.11 6.36 1.25 456
15 5.86 7.83 1.97 720
20 6.21 8.73 2.52 921
life time 6.49 10.15 3.65 1333
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CHAPTER 5 EXTRAPOLATION USING A MARKOV MODELING
FRAMEWORK

5.1 Introduction

In the last chapter methodological aspects of ugiagametric survival functions to project
longer-term benefits beyond a trial follow-up périvere discussed. However, extrapolating
costs might present different challenges. For gtanit might be the case that for an implanted
device, battery replacement is required after abmrmof years and this is not observed within
the limited trial follow-up (as in the CARE-HF studooking at cardiac resynchronisation
therapy). To incorporate the long-term events, tangtilize observational study data, it is more
flexible to build a model to simulate the longemte implications for both costs and
effectiveness. In addition, a model developed uding data could provide a means to
extrapolate and consider related policy questiardifferent patient groups and different clinical

settings.

In chapter 2 model types were briefly reviewed aladsified as decision trees, Markov models
or individual sampling models. In this chapteg thcus is on the Markov modeling approaches
when applied to economic evaluations. This inckudtassical Markov chain models and
individual sampling models based on a Markov maodgeliramework. Methods to relax the
Markovian limitations are explored. The basic cqtcand theoretical background of Markov

modeling used in this chapter are based on the bgdkllier and Lieberman (1990).

5.2 What is a Markov model?
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A Markov model represents a stochastic process hwkMolves over time, defined by the
following five properties (Hillier & Lieberman990):

A finite number of states

Conditional probabilities

A fixed cycle length

A set of transition probabilities among Markdates

a k~ 0N e

A set of initial probabilities

First, a finite number of states are defined, uguadmed as health states or Markov Health
States. These states should be mutually exclusigeeghaustive. This property indicates that, at

a given time, a simulated patient is always in ané only one health state.

Second, the conditional probability refers to tihebability that a patient moves from one health

state to another, conditional upon his or her curséate.

The first two properties lead to the following clurstons: the conditional probability property
requires all transition probabilities to be non-adge, and the exhaustive Markov states require

that all transition probabilities at a given cyslem 1.

Third, a fixed cycle length is described as a fixedrement of time in which the stochastic
process evolves in a fixed time step over the whioie horizon. The whole length of a Markov

model time frame is, therefore, split into equalgih Markov cycles.

Fourth, transition probabilities refer to movemeamtsong Markov states from the current cycle
to the next cycle. The movement between statekdrfdllowing cycle is called an ‘event’. All

events are represented as transitions from oretstainother.
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Finally, a set of initial probabilities refers toet starting point of all the elements in the ststba
process. In the medical field such elements arallyspatients. This property defines the

starting state of a person or cohort when the paéeters a Markov model.

5.3 The application of a Markov model in health econmics

A Markov model can present a clear structure in@®estrating a patient’s disease progression or
treatment pathway, and is particularly useful ie thealth economic field. Cost is usually
allocated to a single Markov state across a singtée and utility scores are associated with
health states, usually defined by the severity disaase. Therefore, cost and utility scores can
be attached to each health state in a straightai@way. A patient staying in one state has an
associated cost and utility score attached tostsde. Therefore, the total cost and utility could

be easily summed based on a patient’s pathwaygltreatment periods.

A Markov model is frequently used in health econmewaluation (Sinha & Dag000; Stewart
et al., 1998; van Houtt al., 1997; Welsinget al., 2006), and especially widely used in the
modelling of chronic diseases (Barteeal., 2006; Tilderet al., 2007; Wyniaet al., 1998; Zhuet
al., 2005). Sonnenberg and Beck (1993) provide an inttioh to the Markov model approach
in the medical field. Briggs and Sculpher (1998gofurther details on the use of Markov
modeling when performing economic evaluation. Rdgesuch modelling approaches have
emerged in economic evaluation for extrapolatingobe trials (Macaricet al., 2006; Rinfretet

al., 2005; Rozet al., 2006; Scuffham & Chaplin, 2005; Yabal., 2007).

Many studies have used Markov modelling approadhesconomic evaluation, and several

studies have addressed the limitations of a Markmdel, employing various methods to
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overcome them (Caro, 2005; Palretal., 2004). However, relatively little work has focdsen

the methodological aspects of Markov modeling ag@roach to extrapolating beyond a trial,
especially when individual patient data from altase available. This chapter draws on the
established foundations of the Markov modellingrapph as used in the health economics field.
In particular, the limitations of a Markov modeleaconsidered and how to overcome such
limitations when employing this modeling framewaokconduct economic evaluation alongside
a clinical trial and extrapolating beyond the triele discussed. The aim is to provide details and
a comprehensive introduction both on methodologmadl applied issues. To illustrate the
methods, a simplified version of the renal transf@don model developed by Yao and
colleagues was used (Minassal., 2007; Woodroffeet al., 2005; Yaoet al., 2006), examining
long term cost and effectiveness of immunosuppregserapy in renal transplantation. Renal
transplantation is obviously not in the area ofrhdeease but the model has a simple three state
structure and is used here as an example to degbebnature of Markov model. The approach

illustrated here can be readily projected to othisease areas.

5.4  Renal transplantation model

End stage renal failure occurs when the kidneytonger function. Patients at this stage of the
disease will either require a kidney transplandialysis, otherwise they will die. Successful
renal transplantation is reliant on the use of imosuppressant agents. To model the disease
progression, Yao and colleagues (2006) employedukd¥ modelling approach in assessing the

long-term treatment effects of different therapies.
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Graft Function

Figure 5.1 lllustrative example of a Markov modelin renal transplantation

Figure 5.1 presents a simple version of a Markoairchused to evaluate the cost and

effectiveness of immunosuppressant therapies inrdament of end-stage renal failure. Three
health states are defined in the Markov model &ira¢ represented by oval shapes: graft
functional state, dialysis and death. The arrovtwéen health states indicate possible transitions

between states.

A one year cycle length was chosen in this modebld 5.1 presents, in table form, the
probabilities which need to be estimated in the etoB,, refers to the transition probability
from graft function to dialysis and,frefers to the transition probability from grafinfition to
death,P;; = (1- P12 - P13) is the probability of a patient in graft functistate remaining in a graft
function state in the next cycl€,s: the transition probability from dialysis statedeath andP,,

is the probability of a patient in dialysis stagnaining so. This equates toRy;. The rest of
the probabilities are zero, indicating no posdipitif transition directly from one state to another

in the following cycle.
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Table 5.1 Defining transition probabilities

Transitions From time t ) . .
) Graft function Dialysis Death
to time t+1
Graft function Pii( = 1-Pys- Pro) P> P13
Dialysis P,y (=0) Pay (=1 - Py - Pa) P23
Death Ps (=0) P, (=0) P33 (=1)

This information is presented in matrix form belomhich illustrates the transition probabilities
matrix for the renal transplantation model. A matelysis (Minerst al., 2007; Woodroffeet
al., 2005) based on a systematic review has estintlagelansition probabilities among the three

health states:

P, P, P, 0.920.070.0
P:(Fi)j)m: B, B, B;|] =] 0 0.750.2
P, B, P 0 0 1

WherePij (i, ] = 1, 2, 3) where denotes to stateat current cycle angrefers to statg¢ in the
next cycle) refers to the probability that a pati@nstate in the current cycle will move to stgte
in the next cycle. Please note: BI] are independent from time or any other variabjesrta

from a patient’s current state.

5.5 Analysis of a Markov model

The analysis of a Markov model in a health econoevigluation refers to recording a patient’s

disease progress pathway over time and predictmghnhealth state the patient will occupy at a
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given time in the future, based on their startitefes Once a patient’'s pathway is identified
during a period of time, cost or utility scores ¢anattached to their specific health states dt eac
cycle, which can be the total cost and outcome samzed for the entire time period. Suppose a
person in the model starts in health statevhich states is he/she going to occupy over &éjn

(=1, 2,..,n) cycles?

Before considering methods of analysing a Markowehoa particular form of Markov model,

namely the Markov chain, is reviewed. Markov chaans Markov models with one additional
restriction, relating to the set of transition pmbbities among Markov states from current cycle
to the next cycle that do not change over timis, $aid to have stationary transition probabilities
A Markov chain is mathematically tractable ( Hitli& Lieberman 1990), which will be

discussed in the next section.

There are three main methods to evaluate a Markaincmatrix algebra, cohort simulation and

Monte Carlo simulation. Each of these three methotdl be explored in turn, using the renal

transplantation model as an example.

5.5.1 Matrix algebra

Suppose all patients started in the graft funcstate. The initial probability of the Markov

model is presented as

A=(P, P, P)=@000)
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WhereAt (t=0, 1, 2, .., n) denotes the probability that patients will becytlet. Pi (i = 1, 2, 3)

denotes the probability of a patient in each statee starting point.

At the end of the first cycle (one year):

092 007 001
A=A*P=(1 0 0)*| 0 075 025/=(092 007 00)
0o 0 1

At the end of the second cycle (two years):

092 007 001) (092 007 001
A,=A*P=A*P=(1 0 0)*| 0 075 025/* 0 075 025
o o0 1 o o0 1

092 007 001
-(092 007 001)*| 0 075 025
o 0 1

=(092* 092 092* 007+ 007* 075 092* 001+ 007* 025+ 001* 1)

=(0.8464 01169 0.0367)

And so forth .... The probability of a patient stagiat graft function state and being in a

different state at the end of theh cycle is as follows:

092 007 001 092 007 001)"
A= Am*| 0 075 025|=A*P=A*P"=(1 0 0)*| 0 075 025
o 0 1 o 0 1
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The limitation of matrix algebra is the relative tiiematical knowledge required to fulfill the
calculation aspect. Thus, it needs a special prodgm conducting the algebra, and it is not

straightforward for the non-specialist user.

5.5.2 Cohort simulation

Markov cohort simulation refers to a simulation aggch assuming a hypothetical and
homogenous cohort of patients entered into the hretdéme zero (Sonnenberg & Beck, 1993).
Here the partitioning is based on the initial dsition across health states. In the renal
transplantation model we assumed that 1000 patientsred the model at the start of the
simulation and all started at the graft functiohahlth state. At each cycle of the model, the
transition probability was applied to re-distribdbat cohort into a new proportion at different
health states. Table 5.2 illustrates the renalsptamtation model over a 10 year period (10
cycles). The function at the end of the table mtesithe formula for calculating the cohort

distribution at each cycle.
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Table 5.2 Cohort simulation for renal transplantation model

t Health States
Total

(cycle) A (Graft Function) B (Dialysis) C(Death)

0 (start) 1000 0 0 1000
1 920 70 10 1000
2 846 117 37 1000
3 779 147 74 1000
4 716 165 119 1000
5 659 174 167 1000
6 606 176 217 1000
7 558 175 267 1000
8 513 170 317 1000
9 472 164 364 1000
10 434 156 410 1000

At a given cycle (wheret =1, 2, 3, ..., 10), the number of patients at eaatestas calculated

using the following formulae:

A =A—1 EIF)H + Bt—1 * P21 +Ct—1 EIF)31
Bt :A—l DF)lZ + Bt—l * P22 +Ct—1 DF)}Z

Ct =A—1 DF)H + Bt—l * P23 +Ct—1 EIF)"H

In fact, a Markov cohort simulation is a graphiegentation of the matrix algebra in evaluation
of a Markov model. By pre-multiplying the totalmber of the cohort into the matrix formula,

the exact same result as the cohort simulationbeilteached.

However, there are limitations associated with ebkimulations, the most obvious being that it

gives fixed proportions of the cohort in differestates and therefore has no measure of

variability.
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5.5.3 Monte Carlo simulation

A Monte Carlo simulation refers to a large numbeinalividuals being followed through the
model pathway individually (Sonnenberg & Beck, 1p98 the case of a Markov chain, each
individual is subjected to the same transition piolities, walking through the model pathway
defined by probabilities for the next cycle. Howeva random process dictates which path of
states the individual will follow. The implicatidor the economic evaluation is that this leads to
a different cost and outcome for each individudderEfore, the result of the estimated cost and
outcome is the mean of all individual costs anccontes, but their variability can be estimated

based on the individual cost and outcome (Brigdsc&lpher, 1998).

For example in the renal transplantation modelpsgp a patient is in the graft function state at
the current cycle; diagram 5.1 illustrates the piwlity of staying in graft function is 0.92, of
graft failure or transfer to dialysis state is 0@ the probability of death is 0.01 in the next
cycle. In the Monte Carlo simulation, a random nemRB will be drawn based on uniform
distribution and the value will be from 0 to 1. R<0.92, where the patient will stay in graft
function state. If 0.92 R < 0.92 + 0.07 = 0.99 then the patient will movelitalysis state, and if
0.99<R<1, the patient will move to death state. At thetstdirevery cycle, a random number
will be drawn for each individual, and based on shene rule as previously indicated, this will
define the patient's state in the next cycle. Tfuees simulated patients will have different

disease progressions over their treatment time.

The advantage of the Monte Carlo simulation is taatation amongst patients can be measured.

Furthermore this simulation approach provides Béity and allows one to relax a Markov
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chain assumption and offer an improvement on a Manodel, especially given modern

computer capabilities. This will be discussedatadl in the following sections.

The non-memory property of a Markov model is noplegable in many clinical settings. In
many cases in medicine, a patient’s progressiorr#gpon how long the patient has been in the
current health state and the duration of the pgsiedisease. For example, in the renal
transplantation case a patient is more likely teehi@ilure in graft function within the first year
of transplantation. After that year, once the bbdg recognised the new organ, the chance of

graft failure is greatly reduced.

One way to overcome the non-memory property of akblamodel is through adding further
health states (Bartost al., 2004). However, when a patient’s graft failure elggs on how long
ago a graft was implanted then the Markov model k& difficult to manage. Studies also
targeted the limitations of a Markov model in thes@l cycle length, in which case discrete event
simulation models can be sought (Cefral., 2006). However, this is not the focus of thisdgtu

In Chapter 2, an overview of different modeling mg@zhes was given, referring to Barton
(2004) and Brennan (2006). Both papers review diff@rent terminology is used in modelling
techniques and refer to individual sampling appiheaavhere individual patients ‘walk through’

the model.

In the following section, an individual sampling de based on a Markov framework is
presented as a means of overcoming three limigfiotraditional Markov models:
1. The non-memory Markov assumption,

2. The fixed transition probability assumption, and
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3. The inability to allow temporary events to happeithin a health state while

keeping the Markov health states and fixed cyatgtle properties intact.

5.6 Individual sampling simulation

In the previous section, three methods to evaladtarkov model were discussed. With the use
of modern computers, a set of additional variabbes easily be employed to take account of the
length of time a patient is on treatment when iftiigls go through the patient’'s pathway. This
could involve an adjustment of the transition ptubty to be dependent on the duration of

treatment. In addition, a separate set of variabbesd be employed to take account of different
temporary events associated with each health Sthtrefore, the potential risk factors could be
updated accordingly. Furthermore, we can definesiddal patient characteristics at the start of
the simulation or update them as the patient goesigh the model. Transition probabilities can

be updated at a given cycle, based on individuatattieristics and time on treatment or on their

current health state.

In the matrix algebra and cohort simulation appheacto evaluation of a Markov model, time
components into the evaluation equation could leeddFor example, if it is assumed that the

transition probabilities are time dependeRt= P(t), then in every cycle, different sets of

transition probabilities may be employed.

In the renal transplantation example, a transpthipiEtient has a risk of acute rejection. If a
patient experienced acute rejection, the probgbdft graft failure would be much higher. A
variable could be assigned to take account ofitkeaf acute rejection; therefore, the following

transition probability having graft failure will dend on whether a patient has experienced acute
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rejection or not. Although the patient is stillthe graft function state, if patients do experience
acute rejection the cost and utility will be adagstaccordingly. In addition, as the model is
running over a patient’s lifetime, the risks of tkedue to other causes will vary depending on

age and gender.

This last section takes a closer look at the mdtnimula. If the transition matrix is updated in
every cycle according to the specific risk at thate period, the non-memory and stationary
transition probability can be overcome and the mbeeomes much more flexible and able to

mirror the reality of the clinical situation.

R.EK P.K PGk
PGLR=(P tK)w= PO Ptk PitK
Ptk PK Ptk

Where p(t,k) is the probability matrix denoting a probability moving from one state to
another at a given timewith characteristick. t is the time since starting the model, wikles a

set of variables attached to each individual.

The Markov model for renal transplantation is repreed in a tree diagram as Figure 5.2 below.
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Figure 5.2 A Markov model in renal transplantationin tree diagram

This mirrors the diagram in Figure 5.1 but usesttee diagram instead of the conventional ways

of presenting the Markov model.

The Markov model can be expanded by additionalabées (known as tracker variables in the
software package TreeAge) attached to each indavid\ the start of the simulation, a cohort of
individual patients was created, based on theidgeand age at the start of transplantation. All
patients begin at the graft functional state. Acleer variableAR (t) was attached to each
individual. This tracker variable records whetpatients are having acute rejections or not. If a
patient has no acute rejection, then they willdelithe same pathway as Figure 5.2. However, if
the patient experiences acute rejection, they foilow a different transition probability as

shown in Figure 5.3.

In addition, to add the tracker of acute rejectiarset of tracker variables was used to record
time on treatment. This variable was defined bygpés age which was updated in every cycle.

Death due to other causes was dependent uporeatmtge and gender.
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Figure 5.3  Schematic illustration of an individualsimulation model in renal

transplantation

57 Discussion

This chapter reviewed the basic concept of Markodefs and their properties were investigated
in detail. Specifically discussed were the limas of the Markovian assumption and stationary
transition probability properties. However, thdiseitations can be easily overcome by modern
computer capabilities and by employing tracker alalgs to account for duration of treatment

and risk factors at each health state.

By using tracker variables in the Monte Carlo siatioin, time dependent events associated with
each health state can be taken into account aidrétveards, in terms of costs and QALYSs, can

be easily summarised.

In a clinical trial patient data are collected atiadividual level. Each patient has a baseline

profile when they enter the trial. In order to caotdleconomic evaluation alongside a clinical

110



trial and to extrapolate beyond the trial basednmueling approaches, it is necessary to model

individual pathways at the individual level.

The advantage of individual simulation is that aincclosely mirror a clinical trial, and by so
doing, the model can be validated by comparing niwelel-based results and the trial-based
results. Once a robust model is created, diffecehbrts of the population can be generated and
entered the model. This can provide research t@gofate beyond a trial, not only in terms of
the extended time-frame but also horizontally tmsider the treatment applied to different

populations.

In the next chapter, the CARE-HF trial is used ltostrate an individual patient simulation
model based on a Markov modeling framework. Dethihethodology and approaches using a
real trial are presented and validation of the nibdsed analysis against a trial-based analysis is

undertaken.
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CHAPTER 6 CASE STUDY 2 - CARDIAC RESYNCHRONISATION
THERAPY

6.1 Introduction

The two previous chapters described the commonoappes in extrapolating beyond a trial:
parametric survival functions and the Markov madglimethod based on individual patient
simulation. Chapter 4 presented the theoreticekdpmund on parametric survival functions and
details of the mathematical properties of differeatametric survival distribution functions were
reviewed. It focused on how to choose an apprtgsarvival function based on individual data
from a clinical trial. Chapter 5 discussed a Markoodelling approach in economic evaluation
and methods in relaxing Markov modelling assumiaere explored. Methodological details

were discussed and illustrated by using the reaakplantation model.

This chapter describes a model-based study using @ARE-HF study (CArdiac
REsynchronisation in Heart Failure), which was kofe-up to the economic evaluation within
the CARE-HF trial (Calvertt al., 2005). A Markov modelling approach based on imtlial
patient simulation was employed. The model providegractical illustration of model-based

analysis in which input data was populated fromttiz.

Two survival functions were the time to major cakdiscular events without hospitalisation and
time to hospitalisation. The parameters of thosevigal functions were estimated from
individual trial data. The selection of the beetl parametric survival functions were based on
the approaches discussed in Chapter 4, detailhmhvare presented in the later sections. The
best fitted survival functions were used to exttaf® those survival times beyond the trial

period.
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The individual simulation approach was employedrézk individual risk profiles and record
time on treatments. The trial population was metbat the beginning of the model simulation.
The risks of time to hospitalisation and cardiovdacevents depend upon the patient’s baseline
characteristics, duration of treatment and typantérventions. This chapter is based on a
published study (Yaet al., 2007) but the analysis presented in this thesimisextension of the

original work.

6.2 Clinical background

Heart failure is a common disease and costly imseof morbidity, mortality and resources

consumed (Cazeaatial., 2001; Stewart, 2005).

Randomised controlled trials have demonstrateddaatiac resynchronisation therapy (CRT-P)
and CRT with an implantable cardioverter—defibtdta (CRT-ICD) improves symptoms,
exercise capacity, ventricular function, qualitylitd and reduces mortality in patients with heart
failure due to cardiac dyssynchrony who have pensisnoderate or severe symptoms despite
standard pharmacological therapy (Youetgal., 2003; Bristow et al., 2004; Clelandet al.,

2005)

A within trial cost-effectiveness analysis basedimdividual patient data from the CARE-HF
trial and UK cost structures showed that CRT-P wassociated with increased costs £2,936
(95% CI £903 to £5,092) and increased quality adgutife years (QALYs) (0.22 95% CI 0.13
to 0.32) (Calvertt al., 2005) compared to medical therapy. The increnieotst-effectiveness

ratio was £13,142 per QALY gained. The results wseasitive to the costs of device and
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procedure, and indicate that treatment with CRT&R wost-effective at the notional willingness

to pay threshold of £20,000 per QALY gained.

The within trial analysis demonstrated that CRT+Mdmpared with MT alone was cost-
effective, based on observed benefits and costsvaed limited to mean 29.4 months follow up.
However, there are a few questions that remainswared by the within trial analysis. What is
the lifetime cost effectiveness of CRT+MT vs. MTWhich population parameters determine

cost effectiveness? What is the cost effectivemap8ication of adding ICD to CRT?

It is possible that CRT-ICD may appear cost-effectcompared to medical therapy but the
incremental benefit of ICD in addition to CRT-P midoe beyond the threshold of willingness to
pay (UK perspective). This could occur if the dddial costs associated with the ICD
component are high compared to any additional ltsrgiined (Abraharet al., 2002; Younget

al., 2003; Bristowet al., 2004; Clelandet al., 2005). The incremental cost-effectiveness of
combined CRT-ICD devices vs. CRT-P alone remairceriain. The model based analysis aims

to answer these questions.

The following section presents an economic modpufaied with data from CARE-HF (Cleland
et al., 2005) to evaluate the long-term incremental céfsizBveness of CRT-P and medical
therapy (MT) compared to MT alone, on incrementat@er QALY and life year gained. In
addition, the cost-effectiveness of CRT-ICD+MT T and the relative cost-effectiveness of
CRT-P and CRT-ICD, incorporating estimates of thepprtion of sudden deaths that might be
prevented with CRT-ICD taken from the results d¢ardmark trial, the COMPANION (Carson
et al., 2005) is evaluated. The incremental cost-effect®ss of CRT-P or CRT-ICD in different

patient subgroups is also evaluated.
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6.3 Construction of the model

An individual sampling simulation model based oMarkov model framework was constructed
using the approaches defined in Chapter 5. Hestlites were defined by New York Heart
Association functional class (NYHA) and death. Anthly cycle was defined in the model. At
any given NYHA class, patients face different riskscardiovascular hospitalisation and death.
Mortality was sub-classified by cause, includingttiedue to worsening heart failure, sudden
death or death due to all other causes. The fiskese events depended upon the duration of

patients’ treatment, their NYHA class and the tmeaits they received.

The model had two components: the short-term, sgoténg changes in health status and the
costs and consequences of the process of devidantapon, and the long-term effects of the
device after successful implantation (Figures 6.16.2). In the model, MT patients do not
receive CRT-P or CRT-ICD during follow up. The CRTand CRT-ICD groups received
treatment with their assigned therapy in accordavitethe successful device implantation rates

observed in the CARE-HF trial.
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( '
Successful implant | Move to long
B attempt term model
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Implantation of CRT +

'y attempt
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No further implant attempts.
Re-implantation Move to the MT group
pathway

Figure 6.1  Structure of short term model*

*Patients had a maximum of 3 implant attempts. Those patients who received a successful
implant moved to the long term model with an NYHA class according to the transition
probabilities observed in the CARE-HF trial. Where implants were unsuccessful the patient

followed the clinical pathway according to the transition probabilities for the medical therapy
group.

Figure 6.1 illustrates the patient pathway for iamation of CRT-P and CRT-ICD as defined in
the short term model. At the start of the simolata cohort of hypothetical patients is created.
Each patient is defined by age, gender and NYHAsclaAll patients enter the model at the
implant phase. The patients face the probabilityngplantation, successful implantation or
failure of implantation or death. If an implantatiis successful, the patient moves to the long
term model within a NYHA class, according to thansition probabilities observed in the first
month in the CARE-HF trial. If the implantatios unsuccessful, the patient will move back to

implantation for another attempt. Patients haveaaimum of 3 implantation attempts. Where
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implants remain unsuccessful, no further attemplisb& allowed and patients will follow the

clinical pathway, according to the medical therafmne group.

In the long term phase patients face differentsrisik major cardiovascular events without

hospitalisation, such as sudden death or unplahoegitalisation. This is dependent on their
health state, treatment group and duration ofrireat. All patients are at risk of death due to
other causes, depending on their age and gendgureFo.2 represents the structure of the long
term model in NYHA class |, if a patient does n@ ttom other causes. During each cycle of
the model, patients could stay in a stable contisitate and move among the four NYHA health
states, experience major cardiovascular eventsoutitihhospitalisation or have an unplanned
hospitalisation for a major cardiac event. Thedtrte of the model for other NYHA classes was
identical but with different transition probabiés and risk of unplanned hospitalisation. Each

clone indicates that the patient will follow thetlpaay indicated at point A on the figure.

S ain
Stay on the same NYHA class | NYHA Class 1on CRT.ICD
P d io lass lowe
rogresser o tne chass wer | NYHA Chass o CRT-ICD
stable &
Progressed to two classes lower
<] NYHA Class Il on CRT-ICD
Progressed to three classes lower
</|NVHA Class IV on CRT-ICD
Swvival due to ICD ~ 1Clone for the same transition |
Sudden death episode N
death
<] Death
smvival D r620
—_— 0 iClomﬁ H
[0 b ritatat
———2 Clone |
CABG .
; [ )
survival i Clone |
PICA e
o orommees
1 Clone
e ETnm e
Unplanned hospitalisation due to major cardiac evemnt " transplantation g
- el
no procedure events _ r-------
———— Clone
death
=7] Death

Figure 6.2  Structure of long term model (NYHA clasd)
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Stable conditions are defined as no major cardmuas events. If no events occur during a
cycle patients follow the stable branch and couttvento a different NYHA class according to

the transition probabilities at NYHA class and tteatment they receive.

Major cardiovascular events without hospitalisateme defined as acute arrests or a sudden
death episode. The proportion of such events egmrévented from the additional component of

ICD. However, in the CRD-P group or MT group thieans sudden death.

Unplanned hospitalisations were categorised by:tppecedure related, non-procedure related
and those leading to death due to worsening haiduté. As simulated patients pass through the
model cost and utility weighted life years assamawith each state they experience are

accumulated.

The initial distribution of the NYHA classes, ag@&dagender and subsequent transition
probabilities and costs associated with treatmgntMid or CRT-P+MT were based on the
intention to treat (ITT) analysis of CARE-HF. Tadditional effect of ICD on sudden death was
based on the observed and projected rate in patassigned to CRT-P in CARE-HF and the
proportional reduction in sudden death observethenCOMPANION trial in patients assigned
to CRT-ICD compared to CRT-P. Mortality for otheauses was derived from the UK
population (Government Actuary's Department (GAI)06), with variation by age and gender.
A set of tracker variables was used to record duradf treatment and patient’'s ages were

updated in every cycle.
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6.3.1 Efficacy

Effectiveness is expressed as transition probasiliamong the Markov health states. The
transition probabilities among NYHA classes diffiéiia the short and long term. In the short

term, it was assumed there was an immediate resporike implantation.

Table 6.1a shows the rates of successful devickantgiion, derived from the total implantation
experience inclusive of CRT and Control group ia BARE-HF trial. Table 6.1b shows the
estimated transition probabilities among NYHA cessafter implantation in the short term based
available data derived from 388 (94.1%) and 3809®} patients in the CARE-HF CRT-P and

MT groups, respectively.

The long term treatment effect on NYHA class wasuased to follow constant transition
probabilities if patient stayed in stable statenGewents). This is supported by the CARE-HF
trial data. In the CARE-HF trial outcomes inclugliNYHA class have been measured at months
1, 6, 9, and 12, and every 6 months thereaftere mbnthly transition probabilities from one
NYHA class to another for the long term were detifi®om NYHA classes assessed at months 1
and 6. Monthly transition probabilities were esited, based on the 5 month data by matrix

algebra on the assumption of a constant Markownghaperty during this period (Table 6.1c).

6.3.2 Estimating baseline risks

Estimated baseline functions of the time to sudalath and the time to unplanned
hospitalisation were based on the parametric saranalysis. Five parametric survival functions
were fitted using an accelerated time failure madel conducted using SAS software. Akaike
information criterion (AIC) was employed in choagithe most appropriate model. Weibull

distribution functions were selected for both o time-to-events survival time as they had the
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best model fit based on the AIC. Further detaitsgven in Appendix 3. All parameters of the
Weibull functions were estimated based on the ofesedata for the MT group in the CARE-HF
trial. Table 6.2a shows the estimated parametetgeiWeibull functions for those two functions.
Table 6.2b presents the hazard ratios of CRT-P eosdpto MT. It was reported in previous
study (Clelandet al. 2004; Calvertet al., 2005; Yaoet al., 2007). They were estimated by

adjusting NYHA class for the risk of time to thdse events, respectively

6.3.3 Estimating the risk reduction from ICD

The estimated additional benefit of ICD added toTGR reducing sudden death was based on
the observed rate of sudden death in patientsress$igp CRT-P in CARE-HF and the difference
in sudden death rates in the COMPANION trial betwgee CRT-P and CRT-ICD groups, based
on a median follow up in that trial of 16 monthstire device therapy groups (Bristaval.,
2004; Carsonet al., 2005). No additional benefit, apart from prevegtisudden death
attributable to ICD, was assumed. The monthly abiliy of hospitalisation has been reported
to be similar for CRT-P and CRT-ICD in the COMPANNGrial (0.098 and 0.097, respectively)
(Carson et al., 2005) so no further penalty was applied to CRT-Igddients for hospitalisation

rates due to the presence of the ICD component.

6.3.4 Utility data

The CARE-HF trial provided EQ-5D score estimatelaseline and 90 days (Table 6.3). Utility
scores were assumed to be dependent on the NY A cofa patient, and otherwise independent
of treatment. Utility scores measured in the CARE-tdal were mapped onto NYHA class

(Calvertet al., 2005). A utility value was assigned to each thestiate.
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6.3.5 Cost Analysis

The economic analysis was conducted from a UK Nld&pective, including device cost of
CRT-P and CRT-ICD, implantation procedure costf obfospitalisation (hospital stay during
implantation and unplanned hospitalisation), mddozae cost, and drug costs. Implantation
cost included device cost, procedure cost, intrauermedication, and hospital stay (including

ICU and CCU).

Medical care cost included outpatient visits, calayy or primary care visits, and length of time
spent in nursing or residential homes or rehakibita centres. Cost per patient per day for
medical care and drug cost were estimated from GAREKCalvertet al., 2005). The same drug

and medical care costs per day for all treatmemiifgg were assumed.

Unplanned hospitalisation for a major cardiac evems characterised by the presence or
absence of a procedure cost. Procedure costs ettli@U, CCU, CABG, PTCA, and heart
transplantation. Procedure costs were based offréfqaency and cost of events, and average

costs for ICU and CCU.

The unit costs employed have been previously reddi€alvertet al., 2005). In brief, the costs
of medications were obtained from the British Na#ib Formulary (BNF, 2006). Al
hospitalisation related costs based on Nationallthi€gervice reference costs (HRG, 2004).

Table 6.4 summarises the cost data by differemigcaies.

6.3.6 Battery life

Based upon product specifications, it was assummaidtihe batteries were replaced for surviving

patients in the CRT-P group every 6 years, andyekgears in the CRT-ICD group (Medtronic,
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2006). In order to examine the influence of battéeyon the cost-effectiveness of the CRT-ICD
device, which will vary with the device used ané #pecific programming employed, the cost-
effectiveness of CRT-ICD using a device life of €ays and 8 years were also examined. The
cost associated with battery replacement was theealeost plus one cardiac outpatient visit

day.

6.3.7 Probabilistic sensitivity analysis

Probabilistic sensitivity analysis was conductedoss all input values (apart from two fixed
parameters, the device and lead costs), togethtierseenario analysis of the assumptions within
the model. Tables 6.1 to 6.4 list all input valumsd their respective distributions used to
examine second order uncertainty (Brigg800). Each set of random input values was drawn
based on their specific distributions for everyODD, patients and the results were iterated 1000
times. Cost-effectiveness acceptability curves weoestructed to illustrate the key input

parameter uncertainty in the model.

The choices of distributions for particular paraenetwere based on a general approach by using
the distributional form that relates to the estioratof the parameter of interest (Claxtenal.,
2005). For utility values, which are bounded toOb® 1, the beta distribution was assigned. For
costs of all hospital events and procedure costgnbrmal distributions were assigned. For
polychotomous transitions, in the case of transitmrobability among NYHA classes, the

Dirichlet distributions were assigned (Briggsal., 2006).

Similarly, all treatment effects such as hazardosatwhich were estimated from a Cox
proportional hazard model in the log hazard scéteerefore, log-normal distributions were
assigned to all hazard ratios for unplanned hdggatéon, sudden death and NYHA classes with
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relative comparitors. For different events duringplanned hospitalization, a Dirichlet
distribution was assigned. The event rates of imtplion failures were based on a beta

distribution.

There is no clear-cut reference regarding how nrang should be performed fof' brder and
2" order uncertainty. Here the choice of the numbeums was based on an iterative process. In
the case of 1,000 for"2order uncertainty, an initial 500 runs were triadwhich the result
showed a high degree of variability. Then the numbas increased to 1,000, at which point
reasonably stable results were achieved from eéfferuns. Similarly, the choice of 10,000 on
the ' order uncertainty went through the same trial-ard¢ approach. The chosen number of

runs is consistent with current practice as notedrdronis and colleagues (2009).

6.3.8 Model validation

The model validation was conducted through rephgaexactly the patient cohort observed in
the CARE-HF trial. The model predicted survival v@g which could be compared with
observed survival results from CARE-HF and the hield results from COMPANION

(Feldmaret al., 2005)).

6.4 Results
6.4.1 Survival

For the base case analysis, where all mean inpuéevaised were based on 10,000 individual
simulations, and patients started at a fixed agé5ofears, the predicted median survival was
7.44,10.53 and 11.98 years for MT, CRT-P and CBD-tespectively and 75% of patients were
dead by 11.33, 15.92 and 17.92 years (Table 6duré&i6.3). The undiscounted life gained for

CRT-P versus MT was 3.09 years and for CRT-ICDu&GRT-P was 1.45 years.
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Figure 6.3  Model predicted survival curves for MT,CRT-P and CRT-ICD

6.4.2 Cost-effectiveness results

Table 6.6 and 6.7 shows the difference in codts,yitars and QALYs by group. The total cost
per patient was £26,572, £36,732 and £59,422 for, BRT-P+MT, and CRT-ICD+MT,
respectively. The mean life-time QALYs were 4.0&6and 6.75 and life years were 6.10, 8.23

and 9.16 for MT, CRT-P+MT, and CRT-ICD+MT, respeety.

For the comparison of CRT-P+MT and MT, the prohatid sensitivity analysis gave an
incremental cost of £10,160, QALY score of 1.98 difel year estimate of 2.13. This gave
incremental cost-effectiveness ratios (ICERs) qfL28 (95% CI £3,623 to £8,017) per QALY
gained and £4,769 (95% CI £3,637 to £14,704) pewykar gained. CRT-ICD+MT versus MT,
the incremental cost was £32,850, the QALY was 268 life year gained 3.02. This led to
ICERs 13,257 (95% Cl £9,864 to £17,055) of per QAANd £10,735 (95% Cl £6,254 to
£13,421) per life year gained. For CRT-ICD+MT we&w<RT-P+MT, the incremental cost was

£22,690, the QALY score 0.70 and the life years@ai0.93. The ICER here was £32,529 (95%
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Cl £24,288 to £54,040) per QALY gained, and £24,88% CI £18,169 to £82,839) per life

year gained.

Figures 6.4 and 6.5 present the cost-effectiveaessptability curves for CRT-P+MT and CRT-
ICD+MT versus MT, and CRT-ICD+MT versus CRT-P+MTespectively. Based on a
willingness-to-pay threshold of £30,000 per QALYRTGICD+MT had a probability of 0.40 of

being cost-effective compared with CRT-P+MT treatiredone.
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Figure 6.4 Cost-effectiveness acceptability curgeof CRT (+/-ICD) vs. Medical
Therapy
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Figure 6.5  Cost-effectiveness acceptability curves CRT-ICD vs. CRT-P

6.4.3 Analyses by cohort age

Patient groups who started treatment at age 557®@&nd 75 were modelled. The results are
shown in Table 6.8 and illustrated in Figure 6fepdtients received CRT-ICD at age 60, the
ICER for the comparison with CRT-P alone decreaseth £32,591 to £29,048 per QALY
gained, and for patients starting at age 55, tHeRI@ell to £25,019. For patients starting at age
75, the ICER rose to £37,808. The effect of vagytime period of follow-up in the model (Table

6.9) describes the sensitivity of the results fRTACD from the perspective of the analysis.
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Figure 6.6 Incremental cost per QALY gained by diferent starting age at treatment

6.4.4 Model validity

In Table 6.9, the internal validity of the modeltput is reported, by estimating a variety of
shorter-term effects to contrast with other modeid with the within trial analysis from the

CARE-HF trial. When the model was restricted to ower 29 months which was close to the
trial mean follow-up periods 29.4 months, the ICERE13,441 per QALY gained. This is close
to the ICER value £13,142 (€1.47 = £1) which watsmeged from the trial-based analysis
(Calvertet al., 2005). When the model was run over 6 years, beddvattery replacement was
applicable in the model, the estimated QALY gaif@dCRT-ICD and CRT-D compared with

MT is 0.90 and 0.76 respectively. These results sam@lar to the estimates from Feldman

(2005), which were 0.84 and 0.71 respectively.
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When the trial population defined by age, gender laaseline NYHA class was entered into the
model, the overall survival predicted by the mocmihpared well with observed survival in the

CARE-HF trial, as shown in Figure 6.7.

Survival Probability

0 5 10 15 20 25 30 35 40 45
Time To Death In Years

Figure 6.7  Model predicting survival with the CARE HF trial age matched cohort and

the trial based Kaplan Meier estimates of survivaturves

The effect of different battery life for CRT-ICD dhe incremental cost per QALY is described
in Table 6.10. Reducing battery life to 4 yearg tost per QALY for CRT-ICD+MT versus
CRT-P+MT was increased to £51,769. Converselyeasing battery life to 8 years reduced the

cost per QALY for this to £29,246.

6.5 Discussion

This chapter has presented a full illustration @faae study in model-based analysis with input
data populated from a clinical trial (CARE-HF). Bawetric survival curves of time to

hospitalisation and time to sudden death were a&dopt deriving long term baseline survival
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functions. The application of adjusting time depamtdrisk of events in a Markov modelling
framework was shown in detail. Death due to otlarses was separated, traced and modelled
by using UK life table data. The additional benefitiCD was investigated and different age

cohorts at the time of treatment were exploreddisdussed.

For the base case, CRT-P appears a highly costtigfeaddition to medical therapy among
eligible patients. CRT-ICD+MT also appears to betafective compared to medical therapy.
From a life-time perspective, assuming a reasonkfieleexpectancy when receiving effective
treatment for heart failure, CRT-P+MT appeared -ebf&ctive in all age groups. The cost-
effectiveness of CRT-P+MT for patients in tHe @ecade of life may seem surprising. This gain
reflects a substantial benefit on quality of lif@@ng survivors, and some increase in longevity.
The cost-effectiveness of CRT-ICD+MT is substahtigreater in younger subjects, due to the
longer potential period when the subject is at wélsudden death. The cost-effectiveness of
CRT-ICD+MT compared to CRT-P+MT was lower in oldpeople partly because these
treatments exert similar effects on quality of kified because older patients were more likely to
die of other problems if sudden death was preventedying the period of follow up in the
model (Table 6.7) indicates the sensitivity of tesults for CRT-ICD+MT to the duration of
follow-up being considered, effectively the duratiof the patients exposure to the risk of
sudden death. It also indicates the similaritytred model results to the previously reported

within-trial analysis.

This model derived analysis extends the previopsiglished within trial analysis based upon

29.4 months of mean follow up. It also further adees the work described in COMPANION

cost-effectiveness analysis which provided estimafébenefit at 7 years (Feldmainal., 2005),
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which are similar to those observed in this moddé gears. In addition, this work examines the

incremental cost-effectiveness ratio associated adding an ICD component to CRT therapy.

The analysis has a number of strengths. The egistiinical trials provide considerable
evidence for the long-term effectiveness of bothTdRand CRT-ICD but most patients were
alive and many felt well at the end of the triaRatients’ treatment does not cease at the end of
the trial and it is inappropriate to assume thatelies cease at that point. In taking a life-time
approach, important issues, such as device repltemwhich none of the existing trials have
had long enough follow-up periods to address wemesidered. Economic modelling also
enables the inclusion of data and other evidenme fa range of sources in order to examine

health policy questions (Salkedtlal., 2004).

There are a number of limitations to this analysi$ie analysis is based upon simulation rather
than the direct observation of event rates achienetl randomised trial, albeit simulation that
has been constructed from a large scale, long treaiin which the additional benefits of CRT-
ICD are addressed using individual patient datenftbe CARE-HF trial to identify potentially
preventable sudden deaths, and a further randortristdf the effects of ICD on sudden death
(COMPANION). Thus the current work may be consadern best-evidence synthesis of the
likely cost-effectiveness of CRT-P and CRT-ICDhaligh the strength of that evidence is not as
high as direct observation from sufficiently powerand appropriately designed randomised

trials.

Furthermore, the analysis was based on patieni $awellation while exploring the second order
uncertainty using Monte Carlo simulation, whichc@mputationally expensive. In the case of

baseline analyses in which the model simulatedef@ry 10,000 patients and the results were

130



iterated 1000 times, it consumed approximately @ficomputing time per case. Several studies
have developed methods to improve the efficiencythig type of modelling. One of those
methods is Gaussian process emulation (Steveasah, 2004). The Gaussian process uses
results from the patient simulation model whiclrus at various input values. Then Gaussian
process interpolates between these model runsvi suifficiently accurate estimates of the
model results that would be obtained from any osw®drof inputs. O’Hagan and colleagues
(2007) developed a method using ANOVA for efficiegtimation of mean and variance by
reducing the number of inner and outer loops. Mimaidel was based on the algebra of analysis
of variance and Bayesian statistics. The methoelsianple to apply and will typically reduce
substantially the computational burden when condgcMonte Carlo probability sensitivity

analysis for patient-level models.

These methods have been shown to reduce the campatademand substantially for suitable

models. However, the Stevenson study is based@auasian process emulator which still does
not replace the patient simulation model. The O'&tagtudy was restricted to two treatments.
Both methods are subject to further research bedfeg can be routinely adopted in practical

applications.

Several studies in the literature addressed the-effectiveness of CRT-P or CRT-ICD
compared with medical therapy (Nichailal., 2005; McAllisteret al., 2001; Banzt al., 2005;
Feldmanet al., 2005; Fattorest al., 2005; Calvertet al., 2005; Yaoet al,. 2007; Foxet al.,
2007). Five of these studies were model-based/seml(Nicholet al., 2004; McAllisteret al.,
2004; Banzet al., 2005; Fattorest al., 2005 ; Fox et al. , 2007). Calvert and colleagues (2005)
conducted trial-based economic evaluation alongdiéeCARE-HF trial. Yao and colleagues

further developed a model based analysis to extitgpthe cost-effectiveness result beyond the
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Care-HF trial and over patient’s life time. Feldmard colleagues (2005) carried out trial-based
and model-based analyses to extrapolate costwtHeess of CRT-P and CRT-ICD compared to

medical therapy beyond the COMPANION trial to 7ngea

Previous evaluations have provided varying estimatethe cost-effectiveness of CRT-P and
CRT-ICD relative to medical therapy. However, @llthose studies evaluated the incremental
benefit of CRT_P or CRT-ICD compared with medidadrapy. Yao and colleagues published
the first paper that directly addressed the cdsiegbeness of CRT-P compared to CRT-ICD.
Later that year, Fox and colleagues published fheghnology Assessment Report in which a
model-based analysis was used to estimate themeotal cost-effectiveness of CRT-P versus

CRT-ICD (Foxet al., 2007).

Fox and colleagues employed a Markov model to coen@®RT-P and CRT-ICD directly with
medical therapy and CRT-P compared with CRT-ICDr gatient’s life time for difference age
cohort. They estimated ICER of £16,735 per QALYngal with incremental QALY at 0.70 and
costs £11,630 (range £14,630-20,333). For CRTiBugeCRT-P, their result was incremental
QALYs gained at 0.29 and cost at £11,689, givindGER of £40,160 (range £26,645-59,391)
per QALY gained for a mixed age cohort. The QALYaned are much less and ICERs are
higher than the results presented in this chapBut the differences in cost are similar. This
could be explained by the fact that FOX study aéidvpatients on MT group to switch to ICD

treatment.

A strength of the Fox study is that clinical effeehess parameters (such as hazard ratio of
sudden death and hospitalisation among differematrhents) in the model were derived from a

systematic review. Resource use and costs assbaate CRT and treating heart failure in
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based on the published results largely from CARE-$t&dy (Calvertet al., 2005) and

CAMPION study (Feldmast al., 2005).

There were several weaknesses in the Fox studst, Fiadequate differentiation between patient
groups in their risk of hospitalisation or suddeeatth; second, their work was based on
published, aggregated results rather than indivighagéient data; final, there were structural
limitations that would suggest that patient progi@s was not sufficiently captured. Thus the
Fox paper did not clearly establish a more robustatid result than the analysis concluded by

Yao and colleagues (2007).

6.6 Conclusion

The model concluded that long-term treatment wigRTE&P+MT appears cost-effective compared
to medical therapy alone. The model provided zilfle way of answering several important
guestions, including: what is the additional beniefiadding ICD into the CRT?, and what were
the implications of battery replacement assumptiaindifferent time points over the patient’s
life? The model was validated by observed survinghe trial when trial population data was

entered into the model.

In the next chapter, a new case study of modelebasalysis populated by input trial data will

be presented.
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Table 6.1

Input value and distributions

Table 6.1a Implantation history (inclusive of CRT and control group in CARE-HF)

Expected Rate Success Failed Total Distributions
First attempt 0.87 409 60 469 Beta
Second attempt 0.86 62 10 72 Beta
Third attempt 0.80 8 2 10 Beta

Table 6.1b Transition probability in first month af ter implant between NYHA Class

CRT(ICD)
NYHA NYHA class | NYHA class | NYHA class o
Distributions
class | Il 1l v
NYHA class Dirichlet
I 0.298 0.459 0.227 0.016 (114.96;177.18;87.54,6.33)
NYHA class | 0.091 0.455 0.409 0.045 Dirichlet
Y (2.34;10.7;9.66;1.3)
Medical Therapy
Dirichlet
NYHA class
(38.75;114.15;198.97;25.18)
1 0.103 0.303 0.528 0.067
NYHA class 0.000 0.200 0.600 0.200 Dirichlet
v (0.25;5.65;16.45;5.65)
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Table 6.1c Long term monthly transition probabiity between NYHA Class

CRT(+ICD)
NYHA class NYHA class | NYHA class NYHA class NYHA class Distributions
in current Il 11 v
cycle
NYHA class 0.906 0.075 0.016 0.003 Dirichlet
| (92.44;7.70;1.60;0.26)
NYHA class Il 0.067 0.896 0.033 0.004 Dirichlet
(92.44,7.70;1.60;0.26
NYHA class 0.007 0.121 0.864 0.009
" Dirichlet
NYHA class 0.048 0.048 0.181 0.723 (0.54:9.64,69.13;0.69
v Dirichlet
(0.24;0.24;0.90;3.62)
Medical Therapy
NYHA class 0.7956 0.1245 0.0738 0.0061 Dirichlet
| (28.1;4.61;2.83;0.46)
NYHA class Il 0.0710 0.8448 0.0765 0.0077 Dirichlet
NYHA class (7.63;88.11;8.21;1.05)
1 0.0047 0.0893 0.8845 0.0216 Dirichlet
NYHA class (1.09;16.32;159.46;4.13)
v 0.0000 0.1064 0.1064 0.7872 Dirichlet

(0.25;2.8;2.8;19.14)
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Table 6.2

Probabilities of events and associat@listributions

Table 6.2a Weibull baseline survival functions foMajor cardiovascular events without or with

hospitalisation

Without hospitalisation

Value 95% CI Lower 95% CI Upper Distribution
Alpha-scale 0.0058 0.005 0.006 Lognormal
Gamma-shape 0.9206 0.905 0.936 Lognormal
Unplanned Hospitalisation
Alpha-scale 0.051 0.046 0.061 Lognormal
Gamma-shape 0.77 0.69 0.82 Lognormal
Table 6.2b Hazard ratio for major cardiovascular ezents without hospitalisation
HR 95% CI Lower 95% CI Upper Distribution
CRT-P vs MT 0.522 0.318 0.858 Lognormal
NYHA Class Il vs. | 1.014 0.532 1.931 Lognormal
NYHA Class Ill vs. | 1.014 0.519 1.978 Lognormal
NYHA Class IV vs. | 0.891 0.249 3.187 Lognormal
Table 6.2c Hazard Ratio for Hospitalisation
HR 95% CI Lower 95% CI Upper Distribution
CRT (+/- ICD) vs. MT 0.79 0.613 1.019 Lognormal
NYHA Class Il vs. | 1.184 0.818 1.715 Lognormal
NYHA Class Il vs. | 1.834 1.265 2.659 Lognormal
NYHA Class IV vs. | 4,991 2.974 8.376 Lognormal
Table 6.2d Death probability given hospitalisatia
Value 95% CI Lower 95% CI Upper Distribution
MT Group 0.113 39 345 Beta (39; 345)
CRT (+/-) ICD 0.074 12 162 Beta (12; 162)
Table 6.2e ICD Effect on Probability of Sudden deth
hazard ratio of ICD effect 0.367 0.215 0.626 Lognalr
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Table 6.2f Conditional probability of ‘procedures’ given unplanned hospitalisation

CRT (+/-) ICD Expected mean Observed With continuiy correction Distribution
ICU 0.0908 16 16.17
CCcu 0.3155 56 56.17
Dirichlet
CABG 0.0009 0 0.17
(16.17;56.17; 0.17
PTCA 0.0346 6.17
) 6.17; 10.17; 89.17
Transplantation 0.0571 10 10.17
No Procedure 0.5009 89 89.17
Medical therapy grou
ICU 0.0715 25 25.17
ccu 0.2562 90 90.17 Dirichlet
CABG 0.0033 1 1.17 (25.17,90.17, 1.17
PTCA 0.0204 7 7.17 7.17,9.17, 219.17
Transplantation 0.0260 9 9.17
No Procedure 0.6226 219 219.17
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Table 6.3 Input values of costs and utilities
Utility Scores
Mean 95% CI Lower 95% CI Upper Distribution
NYHA class | 0.815 0.781 0.850 Beta
NYHA class Il 0.720 0.693 0.749 Conditional Beta
NYHA class Il 0.590 0.551 0.629 Conditional Beta
NYHA class IV 0.508 0.412 0.605 Conditional Beta
Cost
CRT-P Device and Leads 7,760 Fixed
CRT-ICD Device and Lead 32,625 Fixed
Left ventricular leads 574 Fixed
Drug Cost Per Day 5.84 5.01 6.35 Normal
Days in hospital durin
_ Y ) P J 3.3 3 3.6 Normal
implantation - per procedure
Days in hospital due to unplanneg
o 11.80 10.8 12.8 Normal
hospitalisation (per event)
Days in ICU Per Event CRT(+/-)
5.7 5.23 6.17 Normal
ICD group
Days in ICU Per Event MT grouy 7.6 4.85 10.35 Nalrm
Days in CCU Per Event CRT(+/-
6.8 6.16 7.44 Normal
ICD group
Days in CCU Per Event MT group 7.8 7.42 8.18 Ndrma
Days in Planned hospitalisation
5.68 4.59 6.76 Normal
per event CRT(+/-) ICD group
Days in Planned hospitalisation
7.16 4.73 9.58 Normal
per event MT group
Rate of planned hospitalisation
0.20 81 404 Beta
CRT(+/-) ICD group
Rate of planned hospitalisation
0.17 70 409 Beta

MT group
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Table 6.4

Unit costs of resources use in the CAREFrial

Resource costs Unit Cost (£)
CRT or CRT-ICD procedure cost - 1072
Hospital stay (cardiac) Day 163
ICU stay Day 1167
CCU stay Day 310
Cardiac day case Day 112
Cardiac outpatient visit Visit 62
Primary care visit (GP) Visit 28
Residential home (private) Week 373
Nursing home (private) Week 527
Rehabilitation centre Day 179
Heart transplant - 22 558
CABG - 5925
PTCA - 2283

*Calvert et al., 2004: Table 1 Unit costs of resources and resource use in the CARE-HF trial
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Table 6.5

Model predicted survival

Mean life Years First quartile Median Third quartile
MT 7.44 2.00 5.50 11.33
CRT+MT 10.53 4.00 9.25 15.92
CRT+ICD+MT 11.98 5.08 11.08 17.92
Table 6.6 Estimated cost and effectiveness in QALYand life years
Strategy Cost (£) QALYs Life year Incremental lifeyears
MT 26,572 4.08 6.10
CRT-P +MT
36,732 6.06 8.23 2.13
(vs. MT)
CRT-ICD +MT
59,422 6.75 9.16 3.06
(vs. CRT-P +MT)
CRT-ICD +MT
59,422 6.75 9.16 0.93
(vs MT)
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Table 6.7

Incremental cost-effectiveness Ratios (pALY and life year)

Strategy Incremental ICER with 95% CI
Cost (£) QALYs Life Years £/ per QALYs £ /per Li¥ear
CRT-P +MT 5,128 4,769
10,160 1.98 2.13
(vs. MT) (3,623 - 8,017) (E3,637- 14,704)
CRT-ICD +MT 13,257 10,735
32,850 2.67 3.06
(vs. MT) (9,864 - 17,055) (6,254 - 13,421)
CRT-ICD +MT 32,591 24,397
22,690 0.7 0.93
(vs CRT-P +MT) (24,288 - 54,040) (18,169 -82,839)
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Table 6.8

Estimated mean incremental cost per QAL Yor different starting ages

) Incremental Incremental
Starting age Strategy Cost QALYs ICER
Cost QALYS
MT £30,282 4.72
CRT-P +MT
£43,404 £13,122 7.42 2.7 £4,856
(vs. MT)
55 CRT-ICD +MT (vs.
£71,245 £40,963 8.54 3.81 £10,751
MT)
CRT-ICD +MT (vs.
£71,245 £27,841 8.54 1.11 £25,019
CRT-P)
MT £28,426 4.39
CRT-P +MT
£40,591 £12,165 6.86 2.47 £4,927
(vs. MT)
60 CRT-ICD +MT (vs.
£65,638 £37,212 7.72 3.33 £11,175
MT)
CRT-ICD +MT (vs.
£65,638 £25,047 7.72 0.86 £29,048
CRT-P)
MT £26,572 4.08
CRT-P +MT
£36,732 £10,160 6.06 1.98 £5,128
(vs. MT)
65 CRT-ICD +MT (vs.
£59,422 £32,849 6.75 2.68 £12,257
MT)
CRT-ICD +MT (vs.
£59,422 £22,690 6.75 0.7 £32,591
CRT-P)
MT £23,807 3.62
CRT-P +MT
£32,304 £8,497 5.25 1.63 £5,215
(vs. MT)
70 CRT-ICD +MT (vs.
£52,387 £28,580 5.78 2.16 £13,231
MT)
CRT-ICD +MT (vs.
£52,387 £20,083 5.78 0.53 £37,808
CRT-P)
MT £21,054 3.16
CRT-P +MT
£27,671 £6,617 4.38 1.22 £5,430
(vs. MT)
75 CRT-ICD +MT (vs.
£44,922 £23,867 4.73 1.56 £15,299
MT)
CRT-ICD +MT (vs.
£44,922 £17,251 4.73 0.35 £49,863

CRT-P)
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Table 6.9 Estimated mean incremental cost per QALYat different durations of follow
up for the base case population
) Incremental Incremental
Time Frame Strategy Cost QALYs ICER
Cost QALYS
MT £26,572 4.08
CRT-P +MT
£36,732 £10,160 6.06 1.98 £5,128
(vs. MT)
Life Time CRT-ICD +MT
£59,422 £32,849 6.75 2.68 £12,257
(vs. MT)
CRT-ICD +MT
£59,422 £22,690 6.75 0.7 £32,591
(vs. CRT-P)
MT £17,066 2.52
CRT-P +MT
£20,897 £3,831 3.28 0.76 £5,051
6 Years (vs. MT)
CRT-ICD +MT
£32,723 £15,480 3.42 0.90 £17,200
(vs. MT)
MT £9,359 1.28
29 months
CRT-P +MT £12,783 £3,424 1.53 0.25 £13,441
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Table 6.10 Estimated mean incremental cost per QAL at different battery life for
CRT-ICD device

Battery life Incremental Incremental
) Strategy Cost QALYs ICER
in years Cost QALYS
MT £26,565 4.07
CRT-P +MT
£36,551 £9,987 6.09 2.01 £4,964
(vs. MT)
4 CRT-ICD +MT
£71,979 £45,414 6.77 2.70 £16,820
(vs. MT)
CRT-ICD +MT
£71,979 £35,427 6.77 0.68 £51,769
(vs. CRT-P)
MT £26,393 4.05
CRT-P +MT
£36,906 £10,513 6.16 2.10 £4,996
(vs. MT)
5 CRT-ICD +MT
£66,422 £40,029 6.84 2.79 £14,347
(vs. MT)
CRT-ICD +MT
£66,422 £29,516 6.84 0.68 £43,233
(vs. CRT-P)
MT £26,634 4.09
CRT-P +MT
£36,620 £9,987 6.07 1.98 £5,043
(vs. MT)
6 CRT-ICD +MT
£62,099 £35,465 6.77 2.68 £13,233
(vs. MT)
CRT-ICD +MT
£62,099 £25,478 6.77 0.7 £36,232
(vs. CRT-P)
MT £26,572 4.08
CRT-P +MT
£36,732 £10,160 6.06 1.98 £5,128
(vs. MT)
7* CRT-ICD +MT
£59,422 £32,849 6.75 2.68 £12,257
(vs. MT)
CRT-ICD +MT
£59,422 £22,690 6.75 0.7 £32,591
(vs. CRT-P)
MT £26,646 4.10
CRT-P +MT
£36,562 £9,916 6.10 2.00 £4,958
(vs. MT)
8 CRT-ICD +MT
£57,153 £30,507 6.80 2.70 £11,299
(vs. MT)
CRT-ICD +MT
£57,153 £20,591 6.80 0.70 £29,246
(vs. CRT-P)
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CHAPTER 7 CASE STUDY 3: NEBIVOLOL TREATMENT

7.1 Introduction

In the previous chapter, an application of a maaglapproach of economic evaluation based on
the CARE-HF trial was presented and discussed. ditapter describes an economic evaluation
of a beta-blocker in chronic heart failure for elggatients. It seeks to provide further support

for the application of modelling based analysis@gonomic evaluations using clinical trial data.

In Chapter 2 the type of the modelling was clasdifas decision trees, Markov models and
individual sampling methods. It was argued thaWarkov model is suitable for modelling
chronic disease with recurrent events. When thaulsition methods were discussed, it was
stated that individual level simulation methods vided more flexibility in reflecting the

influence of individual attributes.

A Markov model represents stochastic processesetl@ve over time. A cohort of patients is
classified by a finite number of states that aretually exclusive and exhaustive. Patient
movement among the Markov states over time is ddfiny a set of transition probabilities.
Chapter 5 addressed the primary limitation of a Kdarmodel of non—memory, whereby the
transition probabilities do not depend on how I@ngatient has been in the current state. With
modern computing capabilities, an individual sintiola model can be developed based on a
Markov modelling framework, in which additional &bsles can be attached to each patient to
record duration of treatment and changes in righilpr updating transition probabilities where

appropriate. Thus, when conducting Monte Carlo &atmn to evaluate a Markov model, a set
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of tracker variables can be created to carry aep8s$ baseline characteristics and to monitor
duration on treatments. By doing so, each patiesy be followed through the model pathway

individually and their transition probabilities nsk profiles can be updated at any given time.

This chapter presents a cost-effectiveness analysithe Study of Effects of Nebivolol
Intervention on Outcomes and Rehospitalisation eni@ population with heart failure
(SENIORS). The study aimed to compare the castiscaitcomes for nebivolol and standard
care in elderly patients with heart failure. Anindual simulation model, based on a Markov
modelling framework, is presented. The analysés wonducted using the computer program
TreeAge Pro 2007 (TreeAge Software, WilliamstowrA)MThe reason for choosing individual
level simulation was to simulate the trial popwatiand project the cost-effectiveness beyond
the trial period. This chapter is based on a gkl study (Yaat al., 2008) but the analysis

presented in the thesis is an extension of thenadigvork.

7.2 Background

Heart failure is a common condition with disablsygmptoms and a poor prognosis. In Europe,
around 1% of persons are affected, with both inmdeand prevalence increasing sharply with
age (Cowieet al., 2002; Cowieet al.,1997; Hoet al., 1993). The condition accounts for about

2% of all health care spending (Stewaral., 2002).

Several large randomised trials and meta analyaes imdicated that beta-blockers reduce the
risk of hospital admissions for worsening hearufa and the risk of death in patients with mild

to moderate heart failure (Hadt al., 1995; Packeet al., 1996; The CIBIS-II Investigators and
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Committees 1999). Shibata and colleagues (200hpwmied a systematic review which
identified 22 beta-blocker trials with the meanigeatt age at baseline for all the studies ranging

between 48 and 67 years.

7.3 Overview of SENIORS

SENIORS was a randomised, double-blind, parallelsgr multicentre, international trial

comparing nebivolol with standard care in eldedyignts with heart failure on standard therapy
who were not treated with beta-blockers (Flaieal., 2005). Eligible patients had to be aged
70 years or older, provide written informed consantd have a clinical history of chronic heart
failure with at least one of the following feature®cumented hospital admission within the
previous 12 months with a discharge diagnosis oigestive heart failure or documented left
ventricular ejection fraction less than 35% witkiie previous 6 months. Nebivolol or standard
care tablets were provided in identical packaging tablet appearance. The first patient was
enrolled in September 2000, the last patient inebdxer 2002. The date of study end was
specified as 15 November 2003 for all patientstotal of 2135 patients were enrolled from 11
countries. A total of 2128 patients, 1067 in tlebimolol group and 1061 in the standard care
group, were followed in the trial. Baseline drugages was recorded within the trial with Ace

inhibitors used in 82.1% of subjects at baselidngiotensin receptor blockers were used in

6.6% of subjects, and aldesterone antagonists g in 27.6%.

The clinical study demonstrated the direct heaghdiits in elderly patients with chronic heart
failure (CHF) treated with nebivolol compared watandard care. The primary outcome of death

or cardiovascular hospital admission occurred i patients (31.1%) on nebivolol compared
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with 375 (35.3%) on placebo [hazard ratio (HR) 0.86% CI 0.74-0.99; P = 0.039]. These
benefits included a 14% reduction in the primarjcome — composite of all cause mortality or

cardiovascular hospital admission (time to firstrmy.

The aim of this chapter was to evaluate the cdst®¥eness of nebivolol compared with
standard care in elderly patients with heart failuA Markov model based on individual patient
simulation was developed, populated with input daten SENIORS. Estimates have been
provided for the incremental cost per life year arwbt per QALY gained based on the

SENIORS study.

7.4 Model description

A Markov model (Sonnenberg, 1993) based on indafidsimulation was constructed. The
model inputs were populated from the clinical datthe SENIORS trial. In the model structure,
the treatment effect and age component on mortatityseparated. Death is sub-classified by
causes of death, including death due to heartr&ilsudden death and other mortality. The
model serves to extrapolate trial periods to pésehife time. It also extrapolated trial
population to different settings — such as a mumhnger group and enables comparisons with

other treatment effects.

Health states were defined by New York Heart Asstom (NYHA) classification and death. A
monthly cycle length is used in the model. Figuare illustrates the model structure at a given
NYHA class and a given cycle. During each cycléigmas could die, be hospitalised for

cardiovascular disease, or remain stable. Causdsath were sub categorised as: death due to
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other causes, sudden death, or cardiovascular @&dh. The risk for each event depended
upon how long a patient was on treatment and tR¥iHA class at that cycle. Risk for other

causes of death depended upon the patient’'s aggesuier.

| d-NYHA class |
i e <] NYHA_Class_|
A Stayed-NYHA class Il
Mo events | i <] NYHA Class_l
Waorse 1-NYHA Il
<] NYHA_Class Il
Waorse 2-NYHA IV

<] NYHA_Class IV

Survival sunival
———— M Clone A

death
Death

sunvival

CV hospitalisation | Stroke Clane A
Survival L death
Death

sunvival

Waorsening heart failure Clone A
NYHA class Il death
Death

Sudden death

T

<] Death

Death due to other causes

<] Death

Figure 7.1* Basic schematic diagram of the model stcture at a given NYHA class Il

*The structure of the mode! for other NYHA classes was identical but with different transition probabilities and risk
of unplanned hospitalisation. Each clone indicates that the patient will follow the pathway indicated at point A on

the figure.

Admissions to hospital due to CV causes were d¢ladsinto myocardial infarction, stroke or
worsening heart failure, in which risk of in-hogpiteath was assessed. The risk of each event
in a given cycle depended upon the patient’s hasalharacteristics, duration of treatment and
NYHA class. If no events occurred (e.g. where eatd or hospitalisation event occurred) a
patient was classified as being in a stable cantiind the patient's NYHA class could improve,
remain constant or deteriorate. Transition prdiias among NYHA class were assumed to be
fixed over time when a patient was in a stableadisestate, but the probability of remaining in a

stable disease state reduced over time.
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At the start of the simulation, a cohort of 10,00&ients was generated. Each patient was
characterised by age, gender and NYHA class. Aimmax tolerated beta-blocker dose for each
individual was also specified. Patients entereg ittodel for different treatment options in

parallel. Patients’ baseline characteristicsraafitheir profile of risk of specific events.

7.5 Model assumptions

The SENIORS study (Flathet al., 2005) recruited an elderly heart failure popuwolatvith a
mean age at baseline of 76.1 years. In orderudystirug effects on different population
cohorts, the cause of death was separated by aged lon the UK general population mortality
rate, excluding cardiovascular (type) deaths. 3Jtoely found that nebivolol treatment reduced
cardiovascular (CV) related hospitalisation and @Vated death, and had no effect on non-CV
events. By identifying the cause of death in th#y in the model we can compare directly the

effect of nebivolol in different age cohorts.

Any CV death that occurred in hospital involvedaspital stay cost. Sudden death events that

happened outside of hospital are assumed to haadditional costs.

7.6 Input data

Tables 7.1-7.6 list all input values used in thedelo The following sub-sections provide details

on how those input values were derived and estiinate
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7.6.1 Estimating the baseline functions and risk

Estimated baseline functions of the time to suddeath and the time to hospitalisation were
based on the parametric survival analysis. Fivearmatric survival functions were fitted to
observed time-to-event data using SAS software.ikkanformation criterion (AIC) was
employed in choosing the most appropriate modelibWedistribution functions were selected
for both of the time-to-events survival time asytliad the best model fit based on the Akaike
Information Criterion (Appendix 4). The baselinengual function of the time to the first CV
hospitalisation in standard care was estimated B&NIORS individual patient data. A Weibull
function was fitted for the baseline with a scadegmeter of 0.0386 and shape parameter 0.7957
(Table 7.1). Similarly parametric survival analysias employed to estimate survival property of
time to sudden death based on individual data ftbentrial. AIC indicated that a Weibull
function was the best fitted one for the baselinevigal function on standard care. It was

estimated that a scale parameter of 0.007 and sfapmeter 0.8535 for the function.

The hazard ratios for time to sudden death and ton€V hospitalisation were reported
previously for nebivolol treatment compared to d&d care ((Flatheet al., 2005; Yaoet al.,
2008). Table 7.2 presents the hazard was 0.618 @@%420 to 0.910) and 0.8849 (95% CI
0.7464 to 1.0492) for sudden death and hospitadisaespectively for nebivolol compared with
standard care. The hazard ratios of NYHA class ddimpared with NYHA class Ill/IV on
sudden death and CV hospitalisation were estimfited SENIORS study data. The hazard
ratio for sudden death (NYHA class Ill/IV as basgs 0.511 (95% CI 0.346 to 0.754) and for
CV hospitalisation was 0.5728 (95% CI 0.481 to Q)68The same hazard ratios of NYHA class

were applied to all treatment groups.
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7.6.2 Death due to other causes

The model was based on individual simulation. k& llxse case scenario, all patients started at
age 70. Gender and NYHA class profiles were sitedlbased on SENIORS trial data. Tracker
variables were employed to follow patients’ agéortality for other causes was derived from

the UK population based on age and gender spexditality excluding cardiac related death.

7.6.3 Estimates of transition probabilities among NYHA chss

The SENIORS trial collected individual patient infeation on NYHA class at baseline and
every visit thereafter. It was assumed that trensition between the first visit in the
maintenance phase and the following visit was timeaths. Transition probabilities based on
those two data points were estimated. Monthlysiteon probabilities were derived by assuming

constant transition probabilities using matrix &ige(Table 7.3).

7.6.4 Estimates of health utility scores

The SENIORS trial did not identify a differencetire distribution of NYHA classes between the
treatment and standard care groups, and providedidence of improvement or deterioration in
NYHA classes between the two treatment groups.lityJscores were applied on the basis of
patients’ NYHA class regardless of treatment asagmt. Utility scores on each NYHA class
(Table 7.4) were based on the reported resultteXARE-HF study (Yaet al., 2007). Life

years were weighted by the utility scores to edEn@ALYSs.
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When a patient experienced a CV hospitalisatiomsatitity of 0.1 was applied for that event.
This assumption was based on the difference imtyuscores between two consistent NYHA

classes.

7.6.5 Estimating costs

The economic analysis was conducted from the Natiblealth Service (NHS) UK perspective,
hence only costs relevant to the NHS were includedsts of CV hospitalization, drug costs and
GP visit costs were included. The cost of treatnfiensevere adverse events was captured in
CV hospitalisation. It was assumed that any diffiee due to nebivolol treatment was captured
by the different risks of cardiovascular hospitatisn. Tables 7.5 and 7.6 show the all relevant

costs.

Drug costs

The dosage of a patient on nebivolol treatment based on the maximum dosage, which
patients maintained during the treatment periodW@SENIORS study (Table 7.5). The unit
costs of nebivolol were taken from the British aal Formulary (BNF, 2007). Cost per mg

was derived based on the available informationpmti§ic dosage.

All patients on both treatments incurred costs dtner relevant cardiac medication. The
baseline daily cost was estimated from case nokeshwvere collected alongside the SENIORS
trial data. Unit costs were based on the Britigdtidhal Formulary (BNF, 2007). Medication
costs were based on all available information fittves SENIORS trial using individual patient
data usage and dosage. Missing doses were impsted the median value on the specific

items. The mean daily cost in pounds was estimtiede £0.493, the median £0.302 and
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standard deviation 0.969. The same value was apfidrebaseline drug cost to both treatment
groups. For probability sensitivity analysis, griormal distribution was applied to consider the

uncertainty related to daily baseline drug costs.

GP visit costs

Monthly GP visits were assumed for nebivolol pasefor the first 3 months. Subsequently,
patients were assumed to have a GP visit everye threnths. The cost per GP visit was
multiplied by the number of visits. For the stamtleare group we assumed one GP visit every

three months.

CV Hospitalisation costs

Hospitalisation costs included a subgroup of hadipdtions due to stroke, Ml and worsening
heart failure in which all other CV events and vemisg heart failure events were included.
Rates of events were derived from the SENIORS &mal the National Schedule of Reference
Costs (Department of Health, 2008) was applied.rimd@y care per visit and out-patient
attendance costs, were based on the Unit CostealtiHand Social Care (Curtet,al., 2006), a

standard source.

In the SENIORS trial, no outpatient visit data waasilable. It was assumed that every CV
hospitalisation was followed by two outpatient atteances. The same cost was applied for all
treatment groups where a patient was admitted s$pitad for a CV cause, regardless of which

treatment group they were in. Those costs arespted in Table 7.6.
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7.7 Base case

For the base case, the analysis considered a cafpedt 70 and estimated the lifetime cost per
life year. This duration was chosen to capturevihwele distribution of survival benefits. A
variety of treatment group characteristics, forirthenplication on cost-effectiveness, were
investigated. A discount rate of 3.5% annually ¢osts and benefits was adopted over longer

time periods.

7.8 Probabilistic sensitivity analysis

Probabilistic sensitivity analysis (Brigget al., 1994) across key input values was conducted.
The key input values and their respective distrdng used to examine second order uncertainty
are listed in table 7-6. Each set of random inpalties was drawn based on their specific
distributions for every 10,000 patients and thailtesvere iterated 1,000 times. This provided
us with confidence intervals to illustrate uncartgifor cost per life gained and cost per QALY

gained.

The choices of distributions for particular paraenetwere based on a general approach by using
the distributional form that relates to the estioatof the parameter of interest (Claxtehal.,
2005). For binormal data, a beta distribution wesed for binormal data and Dirichlet
distribution function were used for multinormal @afThose are standard and theoretically

justified (Briggs,et al., 2006).

155



All treatment effects such as hazard ratios wetienaged from a Cox proportional hazard model
in the log hazard scale. Therefore log-normal higtrons were assigned to all hazard ratios for
unplanned hospitalization, sudden death and NYHAss®#s. For different events of

hospitalisation, a Dirichlet distribution was assd.

In the case of unit cost of different hospitalisatievents, triangle distribution functions were
used, due to cost data being positive. Normaliligion would not be appropriate. Lognormal
or Gamma distribution may better reflect the patdmariability on those items. However, only
mean and upper and lower quartile data were availalbefining these distributions would
require additional information on the variabilitydere the choice of triangular distributions as a

convenience

The choice of the number of runs was based oreaatite process. In the case of 1,000 for 2nd
order uncertainty, an initial 500 runs were triedwhich the result showed a high degree of
variability. Then the number was increased to 1,@0@0which point reasonably stable results
were achieved from different runs. Similarly, tHeoice of 10,000 on the 1st order uncertainty
went through the same trial-and-error approach. diiesen number of runs is consistent with

current practice as noted by Andronis and collea@g09).

7.9 Result
7.9.1 Base case

Table 7.7 describes the costs, life years and QAbB¥srued by treatment groups. For the
standard care and nebivolol groups, the total pestpatient was £4,560 and £6,284, mean life-
years were 7.547 and 8.378, and QALYs were 5.1945843 respectively. The probabilistic
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sensitivity analysis provided an incremental cdsEb, 742, incremental life years were 0.831
and QALYs were 0.649. Thus the incremental costetiVeness ratio was £2,074 (95% CI

1,947 to 1,947) per life year, and £2,656 (95% 812 to 2,814) per QALY.

Figure 7.2 describes the cost-effectiveness ado#iptecurves. At a given willingness to pay
per QALY of £20,000 the probability of treatmentragbivolol being cost effective compared to

standard treatment is 100%.
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Figure 7.2  Cost-effectiveness acceptability curve aebivolol compared with standard

treatment

7.9.2 Sensitivity analysis
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Sensitivity analysis for different starting agesti@fatment is described in Table 7.8 and Figure
7.3. The incremental cost-effectiveness ratioslifer years and QALYs increase with age.
However, they are all well below the UK bench mafkwillingness to pay of £20,000 per

QALY.

6000 -
5500 -
5000 -
4500 4

4000 +

Incremental Cost Per QALY Gained

3500 4

3000 T T T 1
60 65 70 75 80

Age at Starting of Treatment

Figure 7.3  Increment cost per QALY at different ages of starting of nebivolol

treatment in Pounds

7.9.3 Model Validity

The internal validity of the model output was assesby estimating the shorter term effects and

comparing these with the trial analysis from SENSR

Firstly, the model was restricted to 21 months vétmean age at the start of treatment of 76.1
years as per the population profile specified | 8ENIORS study. The results of the model-

based analysis are presented in Table 7.9. Thet eages for all cause mortality and CV
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hospitalisation were almost identical to the thaked analysis. Sudden death was slightly lower

than the trial-based analysis (which is itselfraatied with uncertainty). This data supported the

assumption that sudden death only occurred ouksdpital, with any sudden death occurring in

hospital included in the CV hospitalisation episad&otal cardiac related deaths estimated in

the model were also confirmed by the trial basedits.

Secondly, the model was further validated by rugmifferent lengths of treatment by using the

SENIORS population.

The all cause mortality rafeggre 7.4) and all clinical events at

different time points are presented in Table 7.TDese results reinforced the robustness of the

model.
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Figure 7.4  Model predicted mortality rate at different length
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7.10 Discussion

This chapter described a practical application sihgi a Markov modelling framework and a
parametric survival function in extrapolating begiaatrial. The primary objective of this work
was addressed, employing a model-based analysikiah input data was populated from a trial.
By employing individual simulation, a trial populat can be mirrored and the result can be
validated from model based analysis and observueital events. The methodology implication
proposed in chapters 4 and 5 was revisited anstidited. The flexibility of using a Markov

model to extrapolate cost-effectiveness implicatibayond a trial was emphasised.

In this chapter, the cost-effectiveness of nebivalere estimated in an elderly population with
chronic heart failure, with severity and patientuccteristics based upon the SENIORS trial.
This is the first study which addressed the cofgetizenss of beta-blocker treatment in elderly
patients group. It was found that the routine afseebivolol in this population would be a cost-
effective strategy. The estimated results from mhedel were validated against the actual

observed events from the SENIORS study.

SENIORS enrolled a population of elderly heartuial patients with a wide range of ejection
fraction, including about one third with ejectioradtion greater than35%. There were about
1300 patients aged 70 or over in the MERIT-HF st(@tlye MERIT-HF Study Group, 1999)
which evaluated metoprolol-XL. There was reasomavidence of efficacy of metoprolol XL in
this elderly subgroup, although data was not phbbtisseparately, and MERIT did not include
patients with ejection fraction >40% in contrast 3&NIORS. Other trials, including the

carvediolol studies and CIBIS-1I (The CIBIS-II Insteggators and Committees, 1999), do not
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have large enough numbers of patients to providsomable evidence of efficacy of these beta-
blockers in the elderly. Thus SENIORS is the datge heart failure trial to specifically address
the role of beta-blockers in the elderly and tovpte clear evidence of clinical and cost-

effectiveness.

One of the strengths of this analysis was thesatibn of individual patient data from the
SENIORS trial in populating the economic model. fdétther strength is the appropriate
sophistication of the model employing tracker Viallea, which extend the Markov framework to
enable the risk of events to be varied with tinhe.addition, the model was based on individual
patient simulation. Each individual was generatngth a specific profile at the start of the
simulation. This provided considerable flexibilfigr the model to extrapolate beyond the trial

periods both in time horizon and for different paticharacteristics.

Several other studies suggest that beta-blockersdart failure could be cost-effective or even
cost saving to society (Caro et al., 2005; Cowpeal.e 2004; Levy et al., 2001; Vera-Llonch et

al., 2001). Levy and colleagues (2001) demonstrétedincremental cost-effectiveness ratios
(ICERs) of $4,140 and $8,394 per life-year gainduemv carvedilol or metoprolol are used

compared to conventional therapy, respectively. dobjects aged 60 years. Cowper and
colleagues (2004) estimated that beta-blocker fiyeirecreased survival by 0.3 years per patient
and reduced societal costs by $3959 per patient Bvgears. Caro and colleagues (2005)
predicted the positive effect of metoprolol suctgnan mortality and morbidity, as demonstrated
in the MERIT-HF trial leading to substantial sawng patients with a mean age of 63.7 years

over 2 years, from a US perspective.
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However, no other study has addressed the costtigBaess of beta-blocker treatment in elderly
patients. Since SENIORS was targeting a populahahis not commonly included in clinical
trials, the current study reported the potentiahlie economic benefit of a strategy which

incorporated routine nebivolol use for elderly pats with heart failure.

A potential limitation of this study is that theraparator for this analysis is standard care and the
additional question of the appropriateness of mablvor an alternative beta-blocking agent in

this population has not been addressed.

Furthermore, the analysis was based on patienit $awellation while exploring the second order
uncertainty using Monte Carlo simulation, whiclc@nputationally expensive. Methods that can
be used to improve the efficiency of this type afdelling (O’Hagaret al., 2007 & Stevenso&t

al., 2004).) have not been explored in this study

As discussed above, the only other beta-blockeh wetasonable evidence of efficacy in the
elderly is metoprolol XL which is not available the UK. The use of other beta-blockers
including carvedilol and bisoprolol in elderly patis is largely based upon evidence in younger
patients with a low ejection fraction. Further, other beta-blocker has been evaluated in a
directly similar population to that considered IBNHORS (in particular the age structure) which
raises questions about the appropriateness of aorgpaebivolol (established therapy in an
elderly population) with an alternative therapyhoitit direct evidence supporting its use in that

population.
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However, such a comparison could be realised byetting-based analysis. For example, there
are no direct head-to-head comparison trials betwesbivolol and carvedilol, but individual
trials in which both nebivolol and carvedilol hatkeen studied compared with placebo are,
respectively, the SENIORS (Flather al., 2005) and the CAPRICORN (The CAPRICORN
Investigators, 2001) trials. The model developethis chapter could be adopted to assess the
cost-effectiveness of nebivolol vs. carvedilol hiSlthesis focused on economic evaluation based
on a randomised clinical trial. Indirect comparissfimebivolol with other beta-blocking agents

was beyond the scope of this work.

7.11 Conclusion

In conclusion, this analysis indicates that nelml/appears cost-effective when compared with
standard treatment thresholds (Appleby et al., 2@did indicates an incremental benefit with
the use of nebivolol in this setting. This findisgould be interpreted in the context of the
available evidence for the efficacy of differenteats in different settings. In particular,
SENIORS provided large scale evidence on the éffoess of nebivolol in an elderly

population with heart failure with or without eviuee of left ventricular systolic dysfunction.
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Table 7.1 Baseline survival function of time to fist hosiptalisation event and time to
sudden Death

Scale Shape Distribution
Weibull Baseline hazard Function of
o 0.0386 0.7957 Fixed
Hospitalisation (monthly)
Weibull Baseline hazard function of sudden death .
0.007 0.8535 Fixed
(monthly)

Table 7.2 Hazard ratio of hospitalisation and sudde death of Nebivolol vs. standard

treatment
Hazard ratios 95% CI Upper | 95% CI Lower Distribution
(Expected Mean)
Time to First Hospitalisation
0.8849 0.7464 1.0492 Lognormal
Event
NYHA class I/1l vs.
0.5728 0.4810 0.9147 Lognormal
NYHA class llI/IV
Time to Sudden Death 0.618 0.420 0.910 Lognormal
NYHA class /1l vs.
0.511 0.346 0.754 Lognormal
NYHA class llI/IV
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Table 7.3 Transition probabilities among NYHA clasgmonthly)

From/to NYHA Class Distribution
I I 1 v
NYHA class | 0.977 0.019 0.004 0.000 Dirichlet
(60.25, 1.25,0.25,0.25)
NYHA class Il 0.008 0.981 0.010 0.001 Dirichlet
(10.25,1169.25,12.25,1.25%)
NYHA class llI 0.000 0.034 0.959 0.006 Dirichlet
(0.25,1.25,5.25,41.25)
NYHAclass IV 0.000 0.000 0.055 0.945 Dirichlet

Table 7.4 Utility scores and initial distribution of NYHA class

NYHA Class Distribution
I Il I v
Utility Scores 0.815 0.72 0.59 0.508 ConditionatBe
Initial distribution 0.029 0.564 0.387 0.02 Diriehl
(61;1200;824;43)
Table 7.5 Drug dosage and cost
Maintenance dose (mg) Number People Percentage Uibst (£ )/mg Distribution on Dosage
1.25 69 12.4% 0.0663
2.5 73 7.2% 0.0663 Dirichlet
(69 73 127 688)
5 127 12.5% 0.0663
10 688 67.9% 0.0663
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Table 7.6

Hospitalisation, outpatient visits and GRrisit cost and related distributions

Costs of CV hospitalisation Mean cost(£ ) Lower Upgr Distribution
Worsening of heart failure 2875 1076 3361 Triardiribution
Occurrence of stroke 2671 977 4006 Triangle distidim
Occurrence of myocardial infarction 2271 965 3012 riafgle distributions
Outpatient visit — adult 113 93 153 Triangle distitions
Prescription GP visit 34.6 Fixed

Table 7.7 Baseline cost-effectiveness result (agestarting of treatment at 70)
Incremental ICER
Cost 0
Lys | QALYs (95% CI)
)
Cost (£) LYs | QALYs £/Life year £/QALY
Standard care 456( 7.547 5.19
_ 2074 2656
Nebivolol 6284 | 8.378| 5.843 1724 0.831  0.649
(1947 to 1947)| (2814 to 2814)
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Table 7.8 Sensitivity analysis of ICER to age at thbeginning of treatment (in QALYS)
Starting Incremental Incremental ICER
Treatments Cost (£) QALYS
Age Cost QALYs (E/QALY)
Standard care 5316 6.208
60
Nebivolol 7568 2252 7.201 0.994 2265
Standard care 4889 5.692
65
Nebivolol 6862 1973 6.493 0.801 2463
Standard care 4560 5.194
70
Nebivolol 6284 1724 5.843 0.649 2656
Standard care 3993 4.439
75
Nebivolol 5424 1431 4,923 0.484 2957
Standard care 3463 3.832
80
Nebivolol 4634 1171 4.160 0.327 3580
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Table 7.9

(SENIORS trial)

Estimated event rates by model based coamed with trial based result

Events

Model based

SENIORS Trial result

Nebivolol (%)

Standard care (%)

Nebivolol (%)

Standard care (%)

(95% ClI) (95% ClI) (95% ClI) (95% ClI)
155 184 158 180
All causes of death
(14.8-16.2) (17.6-19.2) (13.6 - 18.0) (15.7 - 20.3)
5.5 5.4 5.3 4.4
Non-CV of death (5.0-5.9) (5.0-5.9) (4.0 - 6.6) (3.2 -5.6)
3.9 6.3 4.1 6.6
*
Sudden death (3.5-423) (5.8 6.8) (2.9-53) (5.1-8.1)
6.7 7.4 7.4 7.0
HF death (62-72) (6.9-8.0) (5.8-9.0) (5.5 - 8.5)
21.2 23.4 23.9 25.9
Hospitalisation (20.4 — 22.0) (22.6 — 24.3) (21.3 - 26.5) (23.3 - 28.5)
10.6 13.8 115 13.6
CV death (9.7 - 11.5) (12.7 - 14.8) (9.6 - 13.4) (115-15.7)

All patients started treatment at age 76.1 and time frame for the model was 21 months.
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Table 7.10  Model predicted events at different timéength

Events Months Nebivolol Standard care
12 8.4% 9.8%
24 17.3% 20.2%
Death all 36 24.1% 27.9%
48 31.9% 36.8%
60 37.5% 42.2%
12 2.7% 2.7%
24 5.8% 5.8%
Non CV death 36 9.5% 9.1%
48 12.7% 12.3%
60 15.3% 14.7%
12 4.1% 4.5%
24 7.5% 8.3%
HF death 36 9.3% 10.4%
48 12.0% 13.0%
60 13.2% 14.8%
12 2.4% 3.6%
24 4.6% 6.8%
Sudden death 36 5.7% 8.9%
48 7.7% 12.1%
60 9.4% 13.2%
12 14.0% 15.6%
24 23.9% 26.2%
CV hospitalisation 36 30.3% 32.9%
48 36.3% 39.0%
60 39.9% 43.3%
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CHAPTER 8 GENERAL DISCUSSION AND CONCLUSIONS

8.1 Introduction

The aim of this chapter is to revisit the objectiyoposed at the beginning of the thesis and
review how these have been achieved. The chdmardummarises the major findings reported
in previous chapters, followed by comparison withir work reported in the literature. The
main contributions of the thesis are highlightedl ai$ limitations and recommendations for

further research are also addressed.

The primary aim of the thesis is to report new enitk of cost-effectiveness studies in heart
disease. This was realised by three cost-effeas®rstudies: one in nurse-led secondary
prevention clinics for coronary heart disease iimpry care, one on cardiac resynchronisation
therapy with or without an implantable cardiovedefibrillator in chronic heart failure, and the

final one on a new drug therapy, nebivolol, comgamih standard treatment in elderly patients

with heart failure.

The second aim of the thesis regarded the apmitati modelling methodology, with a view to
providing general recommendations in using Markowedselling approaches in economic
evaluation conducted in the heart disease area.h&sigp was on the provision of practical
guidance on how to conduct model-based analysishioh the primary input data for the model
were from a trial. The focus was on extrapolatafncost-effectiveness of an intervention
beyond a trial both in terms of the time horizortle analysis and in relation to the population

involved.
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The first step of this thesis was to provide a ganeview of current cost-effectiveness analysis
and methodological aspects in economic evaluatmrdacted in heart disease. The literature
search was conducted in a thorough and rigoroushenaand provided a broad view of the
approaches to conducting economic evaluation basedinical trials in the clinical area of heart

disease.

This was followed by a case study on the nursededondary prevention clinical study,
presented in Chapter 3. This was a trial basedysisalwithout seeking long-term cost-
effectiveness results over longer periods. Thdystughlighted potential limitations of within

trial period analysis in economic evaluation.

The applications of methodology reported in thesih@&ere on methods in economic evaluation
when extrapolating beyond trials. First, the use paframetric distribution functions in
extrapolating survival curves beyond a trial waplesed, and second, a Markov modelling

framework based on individual patient simulatiorswiéscussed.

Two empirical studies were then presented in Cigfieand 7, both of which employed model-
based analysis. Parametric survival functions widgted into observed data and the most
appropriate distribution functions were adoptedextrapolate survival curves beyond the trial
periods. Markov modelling approaches based onviedal patient simulation were later

presented. The risk of different events over timd Aeyond the trial periods were estimated

from the best fitted distribution functions.
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8.2 The contributions of the thesis

The substantive contributions from this thesis aed® fall under two main areas: contributions
from the empirical components, where the focuésthree case studies of the thesis; and the
contributions from the application of methodologisaues in economic evaluation, focusing on
an illustration of applying Markov modelling mettoih conducting economic evaluation in

situations where extrapolating beyond a trial wesded.

8.2.1 Empirical contribution

The primary contributions of this thesis were oa tlew evidence on the costs, effects and cost-
effectiveness of interventions in heart diseasachbof the three case studies was novel in an
empirical sense, representing the first cost-affeness study to address the clinical question at

hand.

The first case study presented in Chapter 3 repamtsthe cost-effectiveness of nurse-led
secondary prevention clinical study. This study W= first to examine the cost-effectiveness of
nurse-led secondary prevention clinics in primaayec The cost-effectiveness analysis by the
end of the trial period demonstrated that nursedédics are highly cost-effective when

compared with usual care. The findings were morssistent with current recommendations and
practice on secondary prevention and provide asgdéiexplanation for the observed reduction

in mortality.

The second case study, presented in Chapter 6,owake cost-effectiveness analysis of a
cardiac resynchronisation device. This study waes first to address directly the cost-

effectiveness of CRT-P compared to CRT-ICD. Initold, the study took a life-time approach
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and so extrapolated well beyond the trial periad, @&xample with regard to important issues
such as device replacement, which none of theiegistials had had long enough follow-up

periods to address.

The third case study, presented in Chapter 7, wakecost-effectiveness of nebivilol in elderly
patients. The study was the first paper to addressost-effectiveness of beta-blocker treatment
in an elderly patient group. Since the SENIORSI ttargeted a population that was not
commonly included in clinical trials, the curreritidy reported the potential health economic
benefit of a strategy which incorporated routindinelol use for elderly patients with heart

failure.

8.2.2 Contribution on application of methodological apprcaches

The major contribution of this work on the applioat of methodological approaches was to
provide an illustrative guidance on conducting mdmesed economic evaluation when
individual data from a trial is available. It pides real world examples of developing model-
based analyses. This was achieved by revisitingdmental issues in parametric distribution
functions and Markov modelling approaches. It asidhie to the current health economics
literature in heart disease, enriching the liteiatwith its detailed consideration of which
parametric distribution functions should be emptbyéhen extrapolating survival beyond a trial
and how they could be adopted into model-basedysesl Chapter 4 provided detail of the
systematic steps that should be followed when dhgas candidate function based on observed
data. Chapter 5 provided a stepwise illustratibm darkov modelling property and how to
relax the classical assumptions, providing a swelelv of different simulation methods, the

weakness and strength of which were discussed.
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These methods were then applied in Chapters 6 amghrovide examples of real case studies of
conducting economic evaluation alongside clinicalg, how to fit survival functions based on

individual trial data and how to conduct model-lthaaalyses.

8.3 New evidence of cost effectiveness findings in héalisease

8.3.1 Major findings in case study 1

Chapter 3 presented a case study of an economigatiea conducted within a trial analysis,

where the focus was nurse-led secondary care premdor coronary heart disease. The study
revealed that the mean cost per patient for stanciare within the trial period was £879 (95%
Cl 824 to 934) compared with £1015 (95% CI 956 @34) per patient in the nurse-led clinics
group. Within the trial period, the incremental Q¥s gained were 0.11 (95% CI 0.02 to 0.20)
and the incremental costs per QALY gained was £X96% CI £913 to £23,516) for the nurse-
led clinic compared with the control group. Theiraated mean QALY was below the notional

willingness-to-pay threshold of £20,000/QALY.

The cost-effectiveness result by the end of thal tperiod presented favourable cost
effectiveness results for nurse-led clinics. Thial set-up cost for running nurse-led clinics
was generally balanced within the trial periodseitif one was to extrapolate beyond the trial,
the expected result would be that the interventionld still have a very low incremental cost-

effectiveness ratio.

However, what was observed in this clinical studyterms of such a long follow up in a clinical
trial, is very rare. Most clinical trial data ainfigr a short-term clinical outcome. In most

economic evaluations researchers are faced witineled to seek longer-term implications for
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cost-effectiveness results. Reliance on measurewofeshort-term outcomes is justified if the
intervention will not also have long-term effects autcome but most interventions have much
longer clinical and economic benefits than thosptw&d in the trial period. Extrapolating
beyond a trial is therefore needed in most studlesn trial-based economic evaluation is carried

out.

8.3.2 Major findings in case study 2

Chapter 6 presented a model based analysis popwiatte data from CARE-HF to evaluate the
long-term incremental cost-effectiveness of cardiasynchronisation therapy (CRT-P) and
medical therapy (MT) compared to MT alone. In &ddj the cost-effectiveness of adding an
implantable cardioverter-defibrillator (CRT-ICD) yd MT vs. MT and the relative cost-
effectiveness of CRT-P and CRT-ICD were also evellidy incorporating estimates of the
proportion of sudden deaths that might be prevemtgd CRT-ICD from a different trial

(COMPANION).

The total cost per patient for CRT-ICD+MT was £224ompared with £36,732 and £26,572
for CRT-P+MT and MT, respectively. The mean lifedd QALYs were 6.75, 6.06 and 4.08 and

life years were 9.16, 8.23 and 6.10 for CRT-ICD+NCRT-P+MT and MT, respectively.

The probabilistic sensitivity analysis showed timtomparison with MT, CRT-P+MT gave an
incremental cost of £10,160, a QALY score of 1.88 a life year estimate of 2.13. This gives
an incremental cost-effectiveness ratio (ICER) ®fl28 (95% CI £3,623 to £8,017) per QALY
gained. The incremental cost-effectiveness of QBD+MT versus CRT-P+MT, the
incremental cost is £22,690, the QALY score is 0and the life years gained was 0.93. The
ICER here was £32,591 (95% CI £24,288 to £54,040 QALY gained.
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The study concluded that long-term treatment witRT&P+MT appeared cost-effective
compared to medical therapy alone. When considéh@gddition of the ICD component, CRT-
ICD+MT was beyond a notional threshold at a wilhegs-to-pay of £20,000 per QALY, in the
treatment of patients with moderate to severe Ha#ure characterised by dyssynchrony, except

in those who have a poor life expectancy.

The analysis reported in this thesis is a furtleretbpment of earlier work on a within trial cost-
effectiveness analysis using individual patientadaom the CARE-HF trial (Clelandt al.,
2005). The result of the within trial analysis sleolthat CRT-P was associated with increased
costs, increased survival and increased qualitysaeljl life years (QALYs). The within trial
analysis suggests that CRT-P might be cost-effeaiier a patient’s lifetime, but this had not

been established with trial evidence.

This model-based analysis extends the previoudbighed within trial analysis and also further
advances the work described in the COMPANION céfsicBveness analysis which provided
estimates of benefit at 7 years, which were sintdahose predicted by the model at 6 years. In
addition, the modelling work examined the increraéebst-effectiveness ratio associated with

adding an ICD component to CRT therapy.

The existing clinical trials provide considerabledence for the long-term effectiveness of both
CRT-P and CRT-ICD but most patients were alive avahy felt well at the end of the trials.

Patients’ treatment does not cease at the endeofril and it is inappropriate to assume that
benefits cease at that point. In taking a life-tieygproach, an important issue is device

replacement which none of the existing trials had long enough follow-up in order to address.
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The model also enables the inclusion of data ahdravidence from a range of sources in order
to examine broader health policy questions. Thdehprovides a best-evidence synthesis of the

likely cost-effectiveness of CRT-P and CRT-ICD.

8.3.3 Major findings in case study 3

Chapter 7 presented a model based economic exaiyagpulated from the SENIORS trial. An
individual patient based simulation model was depetl to evaluate the cost-effectiveness of
nebivolol compared with standard care in elderlyigmais with heart failure. Since SENIORS
targeted a population, a group that are not comyniocluded in clinical trials, it is important to
understand the potential health economic impaet sifategy incorporating routine nebivolol use
in elderly patients with heart failure. In this deb, patient characteristics were estimated, based
upon the SENIORS trial and demonstrated that tiiéime use of nebivolol in this population

would be a cost-effective strategy.

The cost-effectiveness result suggested the tottl mer patient was £4,560 and £6,284; mean
life-years were 7.547 and 8.378; and QALYs were%.and 5.843 for the standard treatment
and nebivolol groups, respectively. The probahdisensitivity analysis provided an incremental
cost of £1,742, incremental life years were 0.83d @QALYs were 0.649. Thus the incremental
cost-effectiveness ratio was £2,074 (95% CI 1,917,047) per life year gained, and £2656
(95% CI 2,814 to 2,814) per QALY gained. The analysdicates that nebivolol appears cost-
effective when compared with standard treatmeneundtional thresholds of willingness-to-pay
per QALY gained were £20,000. It indicates ananoental benefit with the use of nebivolol in

this setting.

177



An important strength of the model-based analysas the utilisation of individual patient data
from the SENIORS trial in populating the economiodal. The model was validated against the

actual SENIORS results providing excellent concocga

A further strength was the appropriate sophisticatdf the model employing tracker variables
which extend the Markov framework to enable thé& $ events to be varied with time. In
addition, the model was based on individual patsmiulation. Each individual was generated
with a specific profile at the start of the simidat This provided considerable flexibility for the
model to extrapolate beyond the trial periods botlime horizon but also for different patient

characteristics.

8.4 Major findings in application of methodology

The methodology focus of the thesis has attemptegitve as an illustration of applying Markov
modelling methods in conducting economic evaluaiiosituations where extrapolating beyond
a trial is needed. The methodology aspects ingysamametric survival function in exploring the
longer-term property of an intervention were présérin Chapter 4. This chapter focused on
how to fit parametric survival functions based diserved data, drawing on authoritative and
standard sources (Collet, 1994), often used indeciing parametric survival analysis in

medical statistics. Methods on how to choose tbst litting survival curves and how to

estimate parameters in a chosen distribution fanctvere discussed and illustrated by the

CARE-HF trial data.

The research was inspired by the lack of detaitatsicleration in the current health economics
literature on which parametric survival functionsosld be employed when extrapolating
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survival property beyond a trial. In most caseqamential distribution or Weibull distribution
functions were commonly assumed and used withocatnexng the property of the underlying
data. Chapter 4 concluded that more systemaiis stieould be followed and examined before a

candidate function is chosen based on observed data

Parametric survival functions are useful in mostesaif one wants to investigate long-term
implications for time-to-events or survival. Hovegy to investigate longer-term costs or
QALYs, it depends on health states and further Bvand also potentially other costs. For
example, it is difficult to use parametric survivtal cope with future events such as battery
replacement and further CV related hospitalizaticess was seen in Chapter 6. Given that
individuals have different risk profiles based tweit age and gender, the choice of most cost-

effective options for different age cohorts is ofipy and clinical relevance.

In this case, a simulation model would provide al ttm incorporate further events and use
evidence from observational studies or the litemtilihe future costs would more accurately be
counted, which would never have been captured mveihimited trial period. It is more flexible
to build a model to simulate the longer-term imalions, both in cost and in QALYs. In
addition, a model developed based on the trial datald provide a tool to extrapolate into

different patient groups and different clinicaltsegs.

In Chapter 5, an individual patient simulation midaesed on a Markov modelling framework to
extrapolate beyond a trial was presented. A gémetraduction to a Markov model and the
overall methodological aspects of a Markov modglliramework were provided. The basic
concept of Markov models and their properties wagewed and mathematical formulae were

presented for the estimation of a Markov chain modeamitations of the classical Markov
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model were discussed, methods for relaxing thenaggans inherited in a classical Markov
model were unveiled and mathematical formula farmesting transition probabilities were

discussed and enhanced by the support of the nefitedented in Chapter 4.

An individual sampling approach was introduced amethods on how to adjust this into a
Markov modelling framework proposed. By employirrgcker variables for each individual
patient in the Monte Carlo simulation to accounttime on treatment and risk factors at each
health state, time dependent events associateceatin health state could be taken into account
and their rewards in the terms of cost and QALYsiladobe easily summarised. The

methodology aspects of this approach were suppbstedrenal transplantation model.

Two completed case studies in applying the metlpoelsented in Chapters 4 and 5 were applied
in Chapters 6 and 7. Individual simulation mode¢ésed on a Markov modelling framework
were constructed. Tracker variables were used dording individual patient’s characteristics
and risk profiles. Time-to-event survival data weseamined using accelerated time-to-failure
models and parametric survival analysis was fittedll time-to-event data. Baseline functions
on time-to-event data were fitted by the best setedistribution functions, risk profile beyond
the trial periods were estimated and used in mvdekition probabilities in the Markov models.
Model validations were presented. The two casadiesd served to illustrate how to conduct

model-based analysis when individual data are alkal

The application of methods in Chapters 6 and 7 destnated that individual patient simulation
based on a Markov model framework is a promising #exible approach in extrapolating
beyond a trial period. Trial data provide a realisvay in deriving model parameters and a

model framework can cope with different events assbciate cost and QALYs. The model can
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be extrapolated beyond a trial period and, in a@aditit can be used on different population

groups by setting different characteristics fofatiént patient populations.

8.5 Comparison with other contributions

Buxton and colleagues (1997) stated that trial-dbaseonomic evaluations were necessary
although modelling analysis is essential in realifpey argued that clinical trials give high
internal validity for comparing different treatmeriiut were often bounded by limited outcome
data usually collected during a short follow-upiper Unless the effect of an intervention is
believed to stop after the trial period, reliancenseasurement of short-term outcomes could not
be justified. This was because economic evaluaiwh policy-making depend upon the effect
of longer-term outcomes, in which the interestasmprove future health with limited health
care resources. Therefore, economic evaluatiossdoan clinical trials often need to extrapolate

beyond the trial.

The studies in this thesis have proved the clairadarby Buxton and his colleagues that trial-
based economic evaluation were not always the.idEa¢ advantage of developing model-based
analysis methods has been illustrated. This waseaeth by the economic evaluation of CRT
compared with MT in heart failure patients, througke within trial analysis and model-based
analysis for the CARE-HF trials. The differencetlie ICERs was compared and the advantage
in using model-based analysis was illustrated iraf@ér 6. Chapter 7 took further steps in

developing the model-based analysis.

Philips and colleagues (2004) undertook a reviewnufdelling in health economics and
recommended that methods and assumptions in ektaggp beyond a trial should be
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documented and that validation of the methodoldgyukl be conducted, for example the choice
of survival functions should be justified. Furtimare, they argued that life tables should be
based on all cause mortality. Chapters 6 and vesas practical examples in following these

guidelines.

Sonnenberg and Beck (1993) provided an introdudbaithe Markov modelling approach in the
medical field. Briggs and Sculpher (1998) offerkdther details on the use of Markov
modelling when performing economic evaluation. Hoeare these two papers focused on
methodological issues. In this thesis, | not ordyiewed the methodological background of
Markov modelling in principle, but further emphaisthe flexibility and advantages of Markov
modelling used in economic evaluation by relaxiome of the core assumptions and introduced

individual patient simulation approaches.

Sculpher and colleagues (2006) stated that clinrab usually provide a major source of data
in economic evaluation but also indicated that éhare several limitations in a trial-based

analysis. They recommend that a suitable time barghould be considered. In many situations,
an analysis should seek a lifetime time horizcamifintervention impacts on mortality. Costs and
benefits of interventions in health care most {iketesent different outcomes in the short-term.
In Chapter 6, | further progressed the within thaked analysis to develop a Markov model to
extrapolate the survival and cost beyond the tia incorporate further evidence from the
COMPANION trial, extending the trial population endlifferent age cohorts. Chapter 7 moved to
directly develop a model-based analysis and provide potential to compare other similar

treatment instead of standard or placebo as thlefriaime.
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8.6 Strengths and limitations of the thesis

One of the major strengths of the thesis is that lased on a thorough and rigorous literature
review on economic evaluation in cardiovascular rihedisease. The inconsistencies in
methodological approaches and lack of detail on Hwsvanalysis was conducted, highlighted
from the review, has encouraged the developmerat géneral guideline on how to conduct

economic evaluation when individual data is avddldbom a trial.

Another strength of the thesis is that methodsvedrifrom other fields, including medical

statistics and operational research, that havéitradlly been used sparingly in health economic
literature, are discussed and applied. Chaptes Based on probability theory and survival
analysis methodology, and presented the hiddenepiiep of hazard functions which are more
intuitive to economic evaluation when cost and affeness highly depend on future events.
Chapter 5 revisited the Markov modelling propetigsed on operational research and utilised
more computational advantages in developing ind&idpatient simulations based on the
Markov modelling framework. While the advantage ioflividual simulation approaches

provided flexibility to mirror a trial populationna equally provide a tool to be used on different
populations, the clear properties in Markov modahfework gives a more straight forward

modelling structure.

Furthermore, the thesis employed data from thrakwerld RCTs, as an illustration, on novel
and important clinical and policy questions. Afltbese trials were conducted to the highest
research standards, evidenced by their publicatidnigh-ranking clinical journals, and provide
real evidence of cost-effectiveness results inthdiaease. Chapters 6 and 7 were model based
analyses, providing several additional answers heybe trials, making them more relevant to

policy-making, and helped answer several ‘whatjifestions.
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Finally, the thesis reviewed the methodological kgaound in time-to-event analysis and
adopted a Markov modelling methodology in trial édhs@nalysis. It then presented completed
illustrations from deriving data inputs from a trtauilding, model structures and validation of

the models.

There are several limitations of the thesis. RiysHliternative modelling approaches in using
trial-based analysis have not been investigateditatid not compare the relative efficiency of
using other methods. The foci of the thesis weagniy on the most frequently used Markov
modelling approaches and so it provides guidelinegpplications with particular focus on these

methods.

Furthermore, the thesis focused on a particulaadis area — heart disease. Methods discussed in
the thesis might limit its use in other diseaseasr®ifferent methodology should be explored
when economic evaluation is conducted in otheedkfiit disease areas, especially in the setting
of infectious diseases where interaction betwedivitguals is important. Markov models fail to

capture such interaction.

Finally, 1 should emphasise that the thesis is thase application of methods rather than
methodological development. In the thesis | foduse individual trials and aimed to provide
guidelines for extrapolating beyond a trial. Thalgsis did not include evidence synthesis for

data input as proposed by Sculpher and colleagimdpheret al., 2006).
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8.7 Recommendations for policy and future research

On a methodological note, when conducting extramoiaof a time-to-event survival beyond a
trial, the choice of survival functions should kesed, where possible, on observed data from a
trial as the best evidence instead of making assang Investigating different alternatives in

sensitivity analysis should be encouraged.

There would be great benefit derived from more eitgdiresearch to investigate the comparison
of alternative methods in extrapolating beyondial.tiThis could be achieved by employing
longer follow up data from a trial and exploringethotential bias by artificially cutting off the

end point earlier and investigating potential ligemploying different approaches.

This thesis has used both within trial analysis amtdiel-based analysis, with a particular focus
on three case studies. Further research shouldbaucted on the relative impact of using
different analytic approaches and using more cagkes on different disease areas. This would

provide more insight and recommendations on besttige of trial-based economic evaluations.

This thesis has revisited the fundamental issugmiametric distribution functions and Markov
modelling approaches. The methodology aspectssinguparametric survival functions in
exploring a longer-term property of a disease fofiere presented in Chapter 4. This chapter
focused on how to fit parametric survival functidsessed on observed data. The distribution
functions and their hazard functions were discusdedppears that the hazard function is more
intuitive in choosing a candidate model. By inigating the hazard property, a best fitting
distribution function can be chosen to represeatuhderlying risk profile over time. Methods

on how to choose the best fitting distribution ftimes over observed data were illustrated by
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real trial data from the CARE-HF study. This isuadamental step in estimating risk profile

beyond a trial period for use in a modelling franoekv

Finally, on an empirical note, the three clinicalse studies in the thesis indicate their cost-
effectiveness results related to policy making.rde€ded clinics in primary care are highly cost-
effective. They should be recommended in a geneealth care setting. The study of the
nebivolol based on SENIORS concluded that nebivislal cost-effective treatment to an elderly
(mean 76.1 years) population with chronic heartufai It found that the routine use of
nebivolol in this population would be a cost-effeet strategy and should be considered by

policy makers.

The long-term cost-effectiveness analysis of CARE-Hial data concluded that cardiac
resynchronisation therapy (CRT-P) was a cost-affedcteatment option compared with medical
therapy (MT) alone. However, adding an implantataedioverter-defibrillator to CRT appears
to be beyond the traditional willingness-to-payesirold £20,000 per QALY gained and might

not be a cost-effective option compared to CRT-P.
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APPENDIX 1 SEARCH STRATEGY IN THE LITERATURE REVIEW

Database: Ovid MEDLINER <2004 to August Week 1 2007
Search Strategy:

#1  economic$ adj3 evaluation$.mp.

#2 economic adj3 analy$6.mp.

#3  cost$2 adj5 benefit$2.mp.

#4  cost$2 adj5 effect$7.mp.

#5 cost$2 adj5 utilits4.mp.

#6  #1 or #2 or #3 or #4 or #5

#7  heart$2.ab,ti.

#8 Heart Diseases.mp.

#9  #7 or #8

#10 trial$2.ab,ti.

#11 6and 9and 10

All limited to abstracts and english languagd sr="2005 - 2007"
mp = title, original title, abstract, name of swrste word, subject heading word
ab = abstract

ti = title
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APPENDIX 2 DETAILS OF PAPER SELECTION IN THE LITERA TURE
REVIEW

No. | Study Scope of the Reasons for
Review Exclusion
1 Ali and Antezano 2006 Title Review
2 Andriolo 2005 Title Review
3 Ballok 2005 Title Review
4 Barnes and Howards 2005 Title Review
5 Bartlett 2001 Title Review
6 Bieniarz and Delgado 2007 Title Review
7 Bjork-Eriksson 2005 Title Review
8 Boersma 2006 Title Review
9 Bryant 2005 Title Review
10 Bryant 2007a Title Review
11 Bryant 2007b Title Review
12 Burnier 2006 Title Review
13 Castelnuovo 2001 Title Review
14 Chattipakorn 2007 Title Review
15 Chaudhry 2007 Title Review
16 | Cheng 2006 Title Review
17 Chiappa 2007 Title Review
18 Chiasson 2006 Title Review
19 Chircop and Jelinek 2006 Title Review
20 Clark 2007 Title Review
21 Clegg 2006 Title Review
22 Clegg 2007 Title Review
23 Collins and Gurm, 2007 Title Review
24 Cooper 2006b Title Review
25 Croom and Plosker, 2005 Title Review
26 Croom 2005b Title Review
27 Dauerman 2007 Title Review
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28 Daviglus 2006 Title Review
29 Ebrahim 2006 Title Review
30 El-Menyar 2005 Title Review
31 Ermis and Benditt 2006 Title Review
32 Feringa 2007 Title Review
33 Field and Sweeney 2006 Title Review
34 Franco 2005 Title Review
35 Garner 2005a Title Review
36 Garner 2005b Title Review
37 Gendo 2005 Title Review
38 Gillis and Willems 2005 Title Review
39 Hadian and Pinksky 2006 Title Review
40 Hancock 2005 Title Review
41 Holmes and Wood, 2006 Title Review
42 Jamieson and Naghavi 2007 Title Review
43 Jolly 2006 Title Review
44 Kapur 2007 Title Review
45 Lazzaroni 2005 Title Review
46 Lim 2007 Title Review
47 Lowe 2005 Title Review
48 Macdonald and Taghian 2007 Title Review
49 Maclure 2006 Title Review
50 Mangoush 2007 Title Review
51 Menasche 2006 Title Review
52 Menasche 2006a Title Review
53 Merchant and Laborde 2005 Title Review
54 Naccarelli 2005 Title Review
55 Nielsen 2006 Title Review
56 Nilsson 2006 Title Review
57 Novak 2007 Title Review
58 Papadakis 2005 Title Review
59 Parry and Fetridge-Durdle 2006 Title Review
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60 Pell 2007 Title Review
61 Petchetti 2007 Title Review
62 Psychosocial Outcomes Workgroup of | Title Review

the Nursing and Social Sciences Council

of the International Society for Heart and

Lung Transplantation 2006
63 Ryan and Rittershaus 2006 Title Review
64 Sackner-Bernstein 2005 Title Review
65 Sharples 2006 Title Review
66 Siddiqui and Scott 2005 Title Review
67 Solheim 2006 Title Review
68 Stevenson 2005 Title Review
69 Taylor 2005 Title Review
70 Thomas 2006 Title Review
71 van Geijn 2005 Title Review
72 Vidaillet, 2005 Title Review
73 Vidaillet and Greenlee 2005 Title Review
74 Ward 2007 Title Review
75 Wyse 2005 Title Review
76 Yokota 2007 Title Review
77* Title Review
78 Anderson 2005 Title and abstract Not EE
79 Ashraf 2005 Title and abstract Not EE
80 Bentkover 2007 Title and abstract Not EE
81 Danilouchkine 2005 Title and abstract Not EE
82 Duffy 2005 Title and abstract Not EE
83 Fischell 2007 Title and abstract Not EE
84 Fox 2006 Title and abstract Not EE
85 Hacker 2005 Title and abstract Not EE
86 Horn 2006 Title and abstract Not EE
87 Huybrechtst al, 2005 Title and abstract Not EE
88 Ishikawa 2007 Title and abstract Not EE
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89 Kristiansen 2006 Title and abstract Not EE

90 Miraldi 2007 Title and abstract Not EE

91* | Non English Title and abstract Not EE

92 Newcomb 2005 Title and abstract Not EE

93* | Non English Title and abstract Not EE

94* | Non English Title and abstract Not EE

95 Ogah 2006 Title and abstract Not EE

96 Rashba 2006 Title and abstract Not EE

97 Richards 2005 Title and abstract Not EE

98 Seow 2006 Title and abstract Not EE

99 Shelton 2005 Title and abstract Not EE

100 | Slagboom 2005 Title and abstract Not EE

101 | Smith 2005a Title and abstract Not EE

102 | Smith 2005b Title and abstract Not EE

103 | Smith 2005c Title and abstract Not EE

104 | Stramba-Badiale 2006 Title and abstract Not EE

105 | Vanek 2005 Title and abstract Not EE

106 | Varga 2005 Title and abstract Not EE

107 | Yan 2007 Title and abstract Not EE

108 | Alisky 2007 Title and abstract comments

109 | Speidel and Hilleman 2006 Title and abstract mroents

110* | Non English Title and abstract comments

111 | Inaguma 2006 Title and abstract Heart disisaset
the main study area

112 | Nuijten 2007 Title and abstract Heart diseasmt
the main study area

113 | Simpson 2007b Title and abstract Heart dissasat
the main study area

114 | Zethraeus 2005 Title and abstract Heart diseassat
the main study area

115* | Non English Title and abstract Heart disease is not
the main study area

116 | Willan 2005 Title and abstract Methodology
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118 | Fenwick 2006 Title and abstract methodologyystwt
based on individual
trial

119 | Hallstrom 2006 Title and abstract methodoldggy not
based on individual
trial

120 | Fintel 2007 Title and abstract Not base onviddal
data

121 | Gerber 2006 Title and abstract Not base owiihaial
data

122 | Gerhard 2006 Title and abstract Not base awmithal
data

123 | Hay and Sterling 2005 Title and abstrac Neelbazn individual
data

124 | Hirsch 2005 Title and abstract Not base orviddal
data

125 | Jongerden 2007 Title and abstrac Not basadividual
data

126 | Martikainen 2007 Title and abstract Not basendividual
data

127 | Pignone 2007 Title and abstract Not base awithaal
data

128 | Sanders 2005 Title and abstract Not base ovidioh!
data

129 | Shrive 2005 Title and abstract Not base orviddal
data

130 | Bampidis 2005 Title and abstract Not heartatise
Hypertension

131 | East 2006 Title and abstract Not heart disease
Hypertension

132 | Haas 2006 Title and abstract Not heart disease
Hypertension

133 | Joffres 2007 Title and abstract Not heart disea
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Hypertension

134 | Love and Benson 2006 Title and abstract Natt ligsease
Hypertension
135 | Plans-Rubio 2006 Title and abstract Not headate
Hypertension
136 | Saito 2006 Title and abstract Not heart disease
Hypertension
137 | Siddiqui and Scott 2006 Title and abstract Ingztrt disease
Hypertension
138 | Storrow 2005 Title and abstract Not heartatise
139 | Tokatli 2006 Title and abstract Not heart dése
Hypertension
140 | Zeeuwe 2006 Title and abstract Not heart desea
Hypertension
141 | Ara and Brennar2007 Title and abstract Not heart disease
142 | Brennan 2006 Title and abstract Not heartadise
143 | Fernandez and Griffiths 2005 Title and abstragtNot heart disease
144 | Gokce 2007 Title and abstract Not heart disease
145 | Kilonzo 2007 Title and abstract Not heart dsgea
146 | Lester 2007 Title and abstract Not heart disea
147 | Lofdahl 2005 Title and abstract Not heart alsge
148 | Lundkvist 2007 Title and abstract Not heastdse
149 | Marcus 2007 Title and abstract Not heart disea
150 | Mason 2005 Title and abstract Not heart deseas
151 | Obuchowski and Modic 2006 Title and abstract t IN@rt disease
152 | Ritzwoller 2006 Title and abstract Not heasedise
153 | Simpson 2007a Title and abstract Not hearadise
154 | Slichter 2006 Title and abstract Not heartalise
155 | Smith 2006 Title and abstract Not heart diseas
156 | Tracy 2006 Title and abstract Not heart diseas
157 | Bramkamp 2005 Title and abstract Review
158 | Cooper 2006a Title and abstract Study design
159 | Hochman 2005 Title and abstract Study design
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160 | Jolly 2007 Title and abstract Study design

161 | Kapur 2005 Title and abstract Study design

162 | Krumholz 2005 Title and abstract Study design

163 | Matchar 2005 Title and abstract Study design

164 | McQueen 2005 Title and abstract Study design

165 | Nichol 2005 Title and abstract Study design

166 | Rose 2007 Title and abstract Study design

167 | Rosenman 2006 Title and abstrac Study design

168 | Sweeney 2006 Title and abstract Study design

169 | Pietrasik 2007 Full paper within trial analysis

170 | McMurray 2006 Full paper within trial analysis

171 | Inglis 2006 Full paper within trial based-
longer follow up

172 | Paez and Allen 2006 Full paper Not EE

173 | Mueller 2006 Full paper within tria

174 | Pearson 2006 Full paper Not based
individual data

175 | Di 2005 Full paper within trial analysis

176 | Briffa 2005 Full paper within trial analysis

177 | Reed 2005 Full paper within trial analysis

178 | van Huslt 2005 Full paper within trial anadysi

179 | O'Brien 2005 Full paper within trial analysis

180 | Raftery 2005 Full paper within trial analysis

181 | Radeva 2005 Full paper within trial analysis|

182 | Szucs 2006 Full paper within trial and
beyond trial

183 | Mark 2006 Full paper within trial and
beyond trial

184 | Feldman 2005b Full paper within trial and
beyond trial

185 | Angus 2005 Full paper within trial and

beyond trial
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186 | Calvert 2005 Full paper Within trial

187 | Beinart 2005 Full paper Within a trial and
beyond a trial

188 | Weintraub 2005a Full paper within trial and
beyond a trial

189 | Weintraub 2005b Full paper within trial and
beyond a trial

190 | Briggs 2007 Full paper yes - model based

191 | Yao 2007 Full paper yes - model based
analysis

192 | Scuffham and Chaplin 2006 Full paper yes- mbdséd
analysis

193 | Cram 2006 Full paper yes - model based
analysis

194 | Caro 2006 Full paper yes- model based
analysis

195 | Stecher 2006 Full paper Not based on
Individual data

196 | Scuffham and Kosa 2006 Full paper yes - moatsbd

197 | Rinfret 2005 Full paper yes- within trial and
model based

198 | Mihaylova 2005 Full paper yes - within trial
analysis

199 | Bond 2007 Full paper yes - within trial
analysis

200 | Taylor 2007 Full paper yes- within trial
analysis

201 | Murray 2007 Full paper yes- within trial
analysis

202 | Walker 2006 Full paper yes - cost study

203 | Caro 2005 Full paper Not full EE

204 | Dawkins 2006 Full paper Not full EE

205 | Del 2007 Full paper Not full EE
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206 | Feldman 2005c Full paper Not full EE

207 | Giada 2007 Full paper Not full EE

208 | Girling 2007 Full paper Not full EE

209 | Gregory 2006 Full paper Not full EE

210 | Kaul 2005 Full paper Not full EE

211 | Lopez 2006 Full paper Not full EE

212 | Mozaffarian 2007 Full paper Not based on
individual patient datal

213 | Banz 2005 Full paper Not based on
individual patient datal

214 | Kohli 2006 Full paper Heart disease is not|
the study focus

215 | Lindgren 2005 Full paper Heart disease is not
the study focus

216 | Miller 2005 Full paper Heart disease is not
the study focus

217 | O'Connor 2005 Full paper Heart disease is ngt
the study focus

218 | Olsen 2005 Full paper Heart disease is not
the study focus

219 | Hallstrom 2005 Full paper Not EE

220 | Quist-Paulsen 2006 Full paper Not EE

* No authorslisted on Medline
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APPENDIX 3 MODEL FIT INFORMATION FOR CHAPTER 6

Table 1 Model fit information for time to suddeeath

Model Model Akaike information criteria
Weibull 690.4505951

Exponential 726.4328276

LLogistic 727.5760968

Lognormal 733.5597493

Gamma 725.3366251

*The smallest AlC produced the best fit

Table 2 Model fit information for time to hosgitation

Model Model Akaike information criteria
Weibull 1870.338

Exponential 1871.126

Gamma 1881.631

LLogistic 1887.1

Lognormal 1934.674

*The smallest AlC produced the best fit
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APPENDIX 4 MODEL FIT INFORMATION FOR CHAPTER 7

Table 1 Model fit information for time to suddeeath
Model Model Akaike information criteria
Weibull 660.8083
Lognormal 662.4853
Exponential 663.4678
LLogistic 663.8212
Gamma 664.1923
*The smallest AlC produced the best fit
Table 2 Model fit information for time to hosgitation
Model Model Akaike information criteria
Weibull 3692.615
Lognormal 3696.761
LLogistic 3702.224
Gamma 3711.657
Exponential 3738.396

*The smallest AlC produced the best fit
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APPENDIX 5 RECENT PUBLISHED PAPERS ARISING FROM THI S
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1. Yao, G., Freemantle, N., Marcus, F., TharmanatRanCoats, A. and Poole-Wilson, P.
A. (2008). Long-term cost-effectiveness analysis@bivolol compared with Placebo in
elderly patients with heart failure — an individuphtient based simulation model.
Pharmacoeconomics, 26(10): 879-889

2. Yao, G., Freemantle, N., Calvert, M. J., Bryan, Faubert, J. C. and Cleland, J. G. F.
(2007). The Long-term cost-effectiveness of caraegynchronization therapy with or
without an implantable cardioverter-defibrillat&uropean Heart Journal, 28: 42-51

3. Raftery, J. P., Yao, G. L., Murchie, P., Campbill,C. and Ritchie. L. D. (2005). The
cost effectiveness of nurse-led secondary preverdiaics for coronary heart disease in
primary care: four- year follow up of a randomigedl!. British Medical Journal, 330:
707

4. Calvert, M., Freemantle, N., Yao, G., Cleland,Billingham, L, Daubert, J., Bryan, S.
and on behalf of the CARE-HF Investigators (2005} ast-effectiveness of cardiac
resynchronization therapy: results from the CARE4H&. European Heart Journal, 26:
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5. Miners, A. H., Yao, G., Raftery, J. and Taylor, R.(2007). Economic evaluations of
calcineurin inhibitors in renal transplantationliterature review. Pharmacoeconomics,
25(11): 935-47

6. Whitehurst, D. G., Lewis, M., Yao, G. L., Bryan, Raftery, J. P., Mullis, R., Hay, E. M.
(2007). A brief pain management programme and phlsieatments for low back pain:
results from an economic analysis alongside a nambd. Arthritis Rheum, 57(3): 466-
73.

7. Copas, A. J., Farewell, V., Mercer, C. H. and Y@0(2004). The sensitivity of estimates
of the change in population behaviour to realistianges in bias in repeated surveys.
Royal Statistical Society Series A, 167 (4): 57%59

8. Yao, G., Albon, E., Adi, Y., Milford, D., Bayliss., Ready, A., Raftery, J., Taylor, R. S.
(2006). A systematic review and economic modehefdlinical and cost-effectiveness of
immunosuppressive therapy for renal transplantatiorchildren. Health Technology
Assessment, 10(49)
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9. Woodroffe, R., Yao, G. L., Meads, C., Bayliss, Beady, A., Raftery, J. and Taylor, R.
S. (2005). Clinical and cost-effectiveness of neir@nunosuppressive regimens in renal
transplantation: a systematic review and modellistudy. Health Technology
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D.(2005). Cost effectiveness analysis of imatiniesgiate for the treatment of patients
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