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ABSTRACT

Antimalarial drug resistance is a major cause of the increasing burden due to P. falciparum
malaria. Artemisinin-based combination therapies (ACTs) are now recognised to be the ideal
choice for the first-line treatment of uncomplicated malaria, in order to achieve two beneficial
outcomes: improvement of treatment efficacy and delay in the development of drug resistance.
However uncertainties remain about the current and future benefits, risks and costs of ACTs and
in particular how these outcomes are affected by differences in malaria epidemiology, health

care settings, human behaviour and implementation strategies.

This thesis seeks to address these uncertainties by creating a comprehensive, dynamic, bio-
economic model of malaria transmission and the spread of drug resistance, which incorporates
vector factors, human immunity, human behaviour, drug characteristics and costs. Central to
the model is a biological model, developed in collaboration with a mathematician, which
outputs the proportion of drug resistant infections and the incidence of new and recrudescent
infections. Parasite biomass is also tracked in order for human “infectiousness” to be measured

and fed-back into the model. Sub-models are used to calculate severe malaria, deaths, costs and

cost-effectiveness.

Data were obtained to develop and populate the model. This included a community drug usage
survey in Cambodia, which was undertaken in order to document the adherence and coverage
rates to ACT following the implementation of locally blister-packaged ACT. Coverage was
found to be extremely low, and the use of artemisinin derivatives on their own was widespread.

However, both of these outcomes were improved by interventions to increase coverage,

particularly village malaria volunteers.

Application of the model in a low transmission setting suggests that with a 10-year time-frame,
switching from monotherapy to an ACT is very cost-effective and results in overall cost savings
in a range of scenarios. High coverage rates with an ACT are required to delay the spread of
drug resistance if resistance has already arisen to one of the partner drugs. Running the model
with data from Cambodia suggests that even in settings with low coverage, the change will be
cost-effective and significant benefits are gained from the implementation of the specific

delivery interventions. Strategies for optimising the implementation of ACTs are discussed in

light of the findings.



TABLE OF CONTENTS

ABSTRACT......... . rressssssesseseranssssenrenes Creeresntessrrsstansetnnnteresersettaserbasssanass sesessesseassrnsnassanennes 1
TABLE OF CONTENTS ..................... —rehReeEnNERNEEEsNNEsesIstennsINERSteseseseeseseeLIEeNisITesITestIsaeRsIREIEIES S 2
LIST OF FIGURES AND TABLE ...ccocereeesstsssetsssssarssessssssessossssessssossssasssssssnssssenssnessssnsesssssssanssansosss 9
STATEMENT OF WORK .....ccoccceetcressensrsesssosssrasaseossrasssseens cesssesssasens sessserreseses OO §
ABBREVIATIONS ...coueerereeccecssnnsessssseresssscesseess CeseerisenessessntsaartrnesttratneresssnessErtsnLLstrsetsassssntresrEEteress 17
ACKNOWLEDGEMENTS..cccceevsrereesereease vessssensresansesssssasanns veeteressussresssstessanssssesasaesesasessesssasess voeeee 19
CHAPTER 1 BACKGROUND .iccteieeserrsetescorcsssscsssscsssesssnsses teseresnsresssasssranserensresterastetssettanararesss 21
Lo ], I tTO0UCHION et euereenereressnessrseersanssssssnesssnssssrsessnsnssentsnssesnssssesssnsssssnsssassanesssensonsrassesssnssnsessans 21
1.2. IV ALATI 1uu . eenreeennrensnenssssssnnssenesssssssnssssnsssssssssnssssssesssansssnssssssssssssssssssossnssnsssssesnssessnsssersssannes 25
1.2.1. The malaria life-Cycle ..., 25
1.2.2. CHNICA] INAJATIA cevvvveneereereensssessecessssassssssessesssssssrasssrsessssesasssrsssssassarassssanssssesssssssassnes 26

) 202 DR s 1511 1o o o3 T b1 20 OO 27

1.2.2.2. Malaria in PrEGNANCY ciceeecnesieisserssssnesssnesassnsaesarssssssussssssansssessssessssssanssnsssasssasssss 27
1.2.2.3.  DIQZNOSIS coierereresviarereiessssnsessosssnensssorssssnsssssssssserssnsresasansseisssassisesnssossssasssansasass s, 28

1.2.3. Epidemiology .cccvvcimineiiniiniieiiiemienieinmmes et 28
1.2.4. Antimalarial drug resiStance . 29
1.2.3. Artemisinin-based combination therapy (ACT)...cccovvvnnniiiiniinnininnnincinenciine 32
1.2.6. Combating antimalarial drug resistance........ovuieinennninniee e, 32
1.2.7. Antimalarial drug policy — the current SItTUALION ....c.ovvereriieriissnesinienneninseenereen, 34

1.3. I DOMIA e i eereeeeeereneeramnesersnrssnassesssssassssssssssssssssnessassssnsssnssatossronssastessssseanserssanssssnnnuesnnsons 36
1.3.1. General backgroUnd ......cvveeieeiieemccnnisinnninssisnieisannimnismsss s 36
1.3.2. The health CAre SYSIEIM .uureeernreerssnsterssnisisssnnsessesssssssssisasseesssssssssssrsssasssssreranssssasesesss 36
1.3.3. MaIaria in CamDOMIA...uuueeeeieireserssnseressnssnssessserresssessastonesssssrrsersssssssessosssssssssssssssassnns 37
1.3.3.1. Epidemiology..cciciciiincnnsinniniiiensionnninsmessmemssiorssnmiesisnniiinimiisissisansan, 37
1.3.3.2. Malariad CONMIOL.unn i inreieieetstiseenraeseatescsernererosstsssssissssnsssssestasasesssssesnatssstseness 38
1.3.3.3.  Antimalarial drug poliCY ....cccervrverrvrmseniiecrinnmsmmininsmeneiessiis s, 39

1.4, SUIMIMIAIY ccerereriirnnneieessnrssesssiniessisansssens cosssassersenssssrsnasatesiosssassissarssssosnessasssassssnsssssnasassans 43
.S, OULIINIE OFf LHESIS cveeerenerenserssessarersssersersorsenrrssersssssnsnsesssnssssssssnsessarsassssssssresisssssssissitsesssrantnse 43
CHAPTER 2 LITERATURE REVIEW ..ccccesesnrsneesseccese resssseressennsnesssesstssesass vestssasersens A" ¥:
2.1, ECONOMIC CVAIUARLIONS vevvrrrererserrsssenserssssonsasasssssssinsrssnsatsssssssssssrsisnessanritnsstossssssnssssssssenssrs 44
2.1.1. Definition and type of evaluation....c.iuiiieniiinniinia 44
2.1.2, The theOretiCal DaASIS. e erereeescrersstssssreesssresstnssssasssesssssrsrnsesssnsssstsnsrassssastansssssssissssnsssses 45
2.1.3. The role of models in economic evaluation .....e.ueiieessienissnmsanreneeisnmenaesseens, 46
2.1.4, Types of MOELS ...cuiiiininerineiinimnen s 47
2.1.4.1.  Decision-analytic models......cccciumrniiiiiinimnanniininnnnen, 48
2.1.4.2. Markov chain MOdelS..ccicccivnivesceiieecissrrensessrensersisssssssnmmsseissssiesnsesssssisssrsnsessssnns .48
2.1.43. Monte Carlo (Stochastic) Simulation......ccoemreniciinninnne i, 48
2.1.44. Other modelling approaches based on decision trees and Markov chains.......... 48
2.1.4.5.  Mathematical MOAeIS.civeierreerrreriissiisecesrsesseesarsmiersionestnmsmnsieisieestsemensnmmiseesses 49

2.1.3, General problems with economic models.......ocvcvicinnnnninnnnne, 49
2.1.6. Validation of €ConOmMIC MOAELS evrererierrrreriserssrerssneerseresssaressesssssssssronsssssesssssssessssses 49

2.2. Economics and Malaria......cccccvresirirererreesireessensserseansnsestnissssssssssasonessssiosssssntarmanassssssessesss ., 30
2.2.1. The economic burden Of diSEASE ...overerrrrersicrnreriserenistsrnessisereresssersessssressssesssessessnnses .50
2.2.1.1. MacCroeCONOMIC STUMIES cievieerarersrerrerrnsssisssssssarsssssssssessessssssesssresssrasssssssssssssannensnes 50
2.2.1.2. MICroeCONOMIC STUAIES cuvireiireereresesrrerararasnssesssessesnrssssserssssssssrsssssssasssssssraensssnnares 51

2.2.2, Economic evaluations of antimalarial treatiment. .cveeeeieevrnesiiesseriersersrerrecesseessnsssssnes 53
2.2.3. Economics Of antimicTrobIal FeSIStanCe. o ieieiiuiieeernrererteseenesesssseeraresssassesssssssereesssnserss 59
2.2.3.1.  Interventions to control antimicrobial drug resistance......c.oorereerrrneriessnsereessnanes .59

2



2.2.3.2. Methodological ISSUES......ceiviiiirnnnersnneesmniiimieresimisiienstremiseissseessessireieseeessans 60

2.3.  Mathematical models 0f MAlaria.....c.ccveeeerninninreeniinnieeimmseeeemessissiasnos 62
2.3.1. Mathematical modelling of infectious disease epidemiology ......ccvvvreeerrrerearvennes .62
2.3.2. Modelling malaria transSmiSSION ccuviiiiiienteaiimeecnetisesiniisneimeensninernneresenssens .62
2.3.3. Modelling antimalarial drug resistance ......ciivviiiiireiiniiiinniiiinireinenisissnereresessens 65

2.4, CONCIUSIONS. 1 ueereireressisssrrerssesnnisssssseressnsnnssesssssasenssssssnsassessssnresssessssssssssssssnessssssasssansssssses .69

CHAPTER 3 AIMS, OBJECTIVES AND METHODOLOGY ..cceeeeraerecnnsse S S ) |

3.1, AIMS ANA ODJECHIVES...uuuieieirrrenrirsssestniessssstiiesssneernisssiessssisesssssessssssssssssssrnssasssnnassossavervasss 71

3.2.  Overall approach and study framework......ccccccecriiriniininicninnin. 71

3.3.  Economic analysis — Conceptual frameworK.....ccccuuviccniisnvicsnneniennnensiinesseesenaeseene 73
3.3.1. G0als and PErsPECLIVE .....iccviiinniimineisiniasiimmse et 73
3.3.2. Time frame and population ..., 76
3.3.3. OSES e erurrrenrereresrunnrrerrrsnneresssosmersseaseassonsersnassssnnnesesassnentssiesssenasesssssangesserantesoressssssss 77
3.3.4. OULCOIMES .urvrecrerreririeneeternerermrrsrsessssettiesserenaessssessesseetsereressesssnsnsnsssesnasnssssssssssssssaessons 77

3.3.4.1. Number of clinical Cases......covvcrererermmemreieiiiiiiierecnnnriesesrerissssssssssanssensesessssssssnnsens 77
3.3.4.2. Number of treatment failures ..cccveieeriiernniieniinsenneenieenemmsmme, 78
3.3.4.3. The consequence of treatment failures .......cccccevvrenrcnnncninnneennnn e, 78
3.3.4.4, TOtAl COSES 1riereerirersressrrrerennnesneerersteisserseserersansnnesssssarsstasssstssssessaesssssssasssntesnsssssssrss 78
3.3.4.1. DALY S . tttiiietiiiinrriiriierssseeissrensntesremsssmerteessesssrresisssssstanesssssastasssssssrtresssssasssons 78
3.3.5. oMM PATALOTS .. eveererererensarneeeisssnnrnsesssrsnnnsmssssssssnnsisssesssaranessssssssarsansessssanssssssiaensssssnaats 78

3.4,  The development of the bio-economic model.......cccoiiiiiniennnirnn, 79

3.5, Parameter €SHIMALES ..uuurueeeeicrrevrereniisreressenieessessssstsersisssssssanstesnestssssinanansiossssensessssssrnarssses 30

3.6.  Primary data collection in Cambodia.....ccciuirrriiinineiininemnnoneennen., 81

3.7. Running the model. .t e .81

CHAPTER 4 DEVELOPMENT OF A BIO-ECONOMIC MODEL.....c.ccoetuncesnnssssnsasssanssses 84

4.1. INtrOAUCTHION..ueieeeierriiisnssrensesissnsinrenissisimereessisssensssisssssannestesssssannsntessssrsssnssassasstasssossnsssssses 84

4.2.  The overall structure of the bio-economic model.......ccvvieiniininnnenonaen., 84

4.3.  The core biological Model ..........oueeerirermenneineenmmnnmmmsenmemmssmmoam. 86
4.3.1. An outline of the preceding models ... 86
4.3.2, Computer PrOSrammMIING coouiieimermsseerisssneisiinmsimsermsatsisimrsismmiosstsiamesmmeemoe. 88
4.2.3. A general description of the core biological model .......cccovvnniiiiicnnninnnnniiinnniinn., 88
4.2.4. One iteration of the biological model........ccourivirnneeniiniienin ., .90

4.4,  Parameter eStIMALES ...cvvviverirernreiserirnerrsessssssrnsessssssssenssssssssnnnsessssssssstsnssssorsnsesssssssanssessenes .94
4.4.1. USES Of QAL vcreerrsrneriienissinesrnniornesensnnissenssnsasssnessssssssssnsssssasessusssnsssssansssnssssnensnnossesss 94
4.4.2, SOUICES OF AALA 1rveiiirerrssssrisesseressrnserisrsnenssssntssssnassesasesisssnnsissssnssssssssossnesesinanssaeasores 94

4.5.  Details of the biological MOdel.....uvererienierenernisnnnisiinisiene.. 95
4.5.1. MeEaSUTING PATASIEES . crieeerrrreirsrnressisisaneisssssstesessssssnaeissssnsnsessssarsessssssssessssansessnnaes 05
4.5.2. Infections in the human hosSt ......courereicneninmenmmmmimie i, .95
4.5.3. Period of chemoprophylaxis ... .97
4.5.4. Symptomatic INfECtionS. .. e .97
4.5.5. Parasite growth and maximum parasite density.....ccuvvenercnnninanneninnn., 97
4.5.6. Likelihood of treatment, .. ...cvcveveeriiemmmvennennenineiiiimsnmmsisiiiieiesssaieeseeess s .99
4.5.7. “Migrant” or dormant infECtiONS .....ouieeerrerertinecriirensnnirnsiesnemmenm. 100
4.5.8. Duration of INTECLION . .cveeeisinrieererersineiinetisismnisssiisnseseisms e 101
4.5.9. IIMIUNILY 1veivrereresiinersnessineesraeesinessssseesnensssessisnnmmsaessisnessssanissssessssesssanssansesiassssasses . 102
4.5.10.  Gametocytes and infectioUSNIESS..uivitiniresssninniniimii e . 109
4.5.11.  Infectivity t0 MOSQUILOES..iciiiirnrinsssensineinimisniiiiiiiesi e, 111
4.5.12. Vectorial dynamics and inoculations from mosquitoes to humans.......c.cciuvenne... 111
4.5.13, DrUE CharaC el IS ICS iierererrereesseesrrmressarsssersessessnssissssesinsesssessesasarssssssessassesssssenssassnses 112
4.5. 14, DIUG rESISTANCE ictvicriicreriaerertiiinersiessseassssssssissenisesassisressssentssssesssesarsassessssssssaessasess 114
4.5.15. FallUIe TaleS.cciveriiiirerriiiisiseersisierassssessnnestssessinnnasesessstnnntessesenssaseessssssnnsrerssssanansssnns 115



4.5.16. Characteristics Of 1eCrUdesCent N e tIONS .. uuuieeecersererressssoscssassrersessssesasresssssessssnses 116

4.5.17. TIE INTEIVAIS. it iieneirerenrerenniereserrerersessrnessersrnsconssssassassersssansssnssasssnsansssannsonsntasssssses 119
4.6. 1012 15 Lo Yo =1 K- TR 119
4.6.1. Severe oUtCOMES SUD-IMNOACL. .. iiiiirirreisierniereisiesseresssssseesressssssnsesssessrsassrsssssssssssss 119
4.6.2. J ST :RT5 (0] 00 30101 4 Lo ¢ L) A 121
4.6.2.1. COVEIAZE ...uvvenerererreirnrrnenieisineesiiseireeissismeesisomsasnserssomsstrnsssssstessstarsssstsessnsses 121
6.2, 2. A QD IO IO eruvrnenrreecestrsecsnsssserssssassesstresssssssssnsssnsrasssssssssssssssnsenssasssssnassnsnonnesssnsees 123
4.6.3. Cost-effectiveness SUD-INOAEC] iviiivieiiiriierrsersecransssrersaresssssrassonaseasssssissasessansssssrnsens 125
4,6.3.1.  First-lin€ drug COSLS cuuiiiiimiimiinimmmiininiciomminmnisnmismmensmmmeemstiensnmes, 125
4,6.3.2. Total cost 0f Malaria treatmMent....uiiciecremsennssssecrserseesserieessrersestssearassressssersessasses 126
.0.3.3. DAL Y Sueiiiiiiririnerressertasserrssssrsssssrssnsiessassenssssssssssssesessasssasssronsssrnssesnssssrnnnssessaaress 127

4.7, ASSUNMIPLIONS.ceerererrerersrensreraesrossssstnsrsrssssssnestssesssssasnorsssssarsstannssisssesssssansssssssssasasasssssanse 128
4.8, SUIMMATY . .uieiiiiiiinrreereesiesienmensersinesansiatasistiesiimiatiessnnttstessessisnesisssssseessesesstssassnsssssans 129

CHAPTER 5 SYSTEMATIC LITERATURE REVIEW:ADHERENCE TO

ANTIMALARIAL DRUGS...ccccccttsnsnncscsssarnssssassssssssassssessssnsaseessessaosossonssssssasssoss 130

5.1. Materials and methods.....cc.cvvvecrnnincriiniinnriniiiserrn s 130
5.1.1. Blister pacKaging......ccovverersnsnssressnninniniineisinsnninssnsaisssnissnssnsenisanssssmt e nssssseses 130
5.1.2. Criteria fOr INCIUSION civvivreerecrreersescniiniisiiiisissssssiiestssesnsisisenansesnersosssssssssases 130
5.2, RESUIS uriiiererriiiiiiiieiereiissranrsesierrsnesesstesssssnsressesssnssessssaessinssasssssssansnsrassartsssasssnnrsssstssssaness 131
5.2.1. Studies 1dentifIed.....ccveriiiciiiiierrrcirerrsnreneiessnressssiseresssssssnnrnssssiassrsessssnsssssansasonsnse 131
5.2.2. TYPES Of StUAIES.....evrrerrereeriiriisnissiiiiicise s essesss sa s snasss st sn e s a st 0 . 132
5.2.3. StudY POPUIALIONS..cecueeiierniirisseiiessiisrissteessesiirisnsssesns s sessssnsssstetbassmsanssnssssnns 133
5.2.4. DD T I IONIS 1 e eeseeesinneserenssesissaneesennerssstiessaassssssesesssnesissssssessssnassssasnsnesassssosernsssnassosses 133
5.2.5. Measurement of drug usage of adherence........ccvvevviiennninnennnicinicn. 134
5.2.5.1.  DIUZ GSSAYS..cccvcerrsireeisssssisnessressssnssansisssesorsarssnssiostessssesssnsissmnsisssmssstsssasssseraess 134
5.5.2.2.  Other MEASUIES ...vveerurreevrsrerssssrarsisrsseeresssrsesresssssmesrismssssesiosssssssesssmesstissssssssnsnns 135
5.2.6. Adherence to clinic-prescribed antimalarial drugs.....cccvniiinniniiinnn., 135
5.2.6.1.  CRhIOroqUINE ......ocevirvinenieninneimnssiissnminisieenstsisesinemisiineemem e 135
5.2.6.2.  Chloroquine and primaquing ........ccveessiieernmnsossssosiissssnsnnansseieeo 135
5.2.6.3.  Quinine and tetracycline or doXycyline ...cccuureviiinnnrinicnnnssinnnisnnionine. 136
5.2.6.4,  Artemisinin monotherapies and combination therapies......c..cocrinsiiinicnnnnne, 136
5.2.7. Antimalarial drug usage in the COMMUNILY ..cccvvveinvinrnnneinnmnniinisesnoinme, 136
5.2.8. Interventions to improve adherence.....veiieinmniemenmmieeem 137
5.2.8.1.  Clinic base INtErVENtIONS...ccvrrsreesirrtrisssssseessrssnrsesssssssesssssisenssessssstssssssinsssanssonss 137
5.2.8.2. Community base interventions iuueericiinisinerermmmeiiiiatismimmimiemm. . 140
5.2.8.3.  COSt Of INtEIVENTIONS 1eeverrerersvnnrervrnsrsrsstresrssaisesssissessssaisisissssssssssssssssssrsnitassissnss 141
5.2.9. How much does adherence affect clinical outcomes.....occvecvmeirerinnissiiniiinninnien, 144
5.2.9.1.  CRIOTOQUINE ...uvvivrierinsnrermrenmiienesissisrenissiamimismmsimaseiesimss et et 144
5.2.9.2.  Chloroquine and primaquine ......coouesieneninsenssnmmesisiniinsmiese. 144
5.2.9.3.  Quinine and tetracyCling .....cicvevrmririsinesmnniinrissinsssnmssnmmesiniinmi, 145
52.9.4. Artemisnin derivative monotherapy .....cccccvvinicniiiisnnnnnnnnnnn... 145
5.2.9.5. Artesunate and mefloQUINE ......ccceevreriieiveiininiiieninssssimmimmen, 145

5.3, DISCUSSION vuruvrerirrrrerereivsnreresestrsessrerismsesssssseessssstesasssssssorsestisnssstssesssssssssssntestansissssosennness 148

CHAPTER 6 PRIMARY DATA COLLECTION IN CAMBODIA:

COSTIING STUDY ceeeeecreressessssssonssersssssssssssssasssssssssssssssssssssssssssssssssssanasansssssasssssss 153

0.1,  SPECIIC AIMS..uiiieeiierieiriiininreeeisisiresinrsesssesiseeessessaasasssssenuetssiesisananisssesseninsssessrases 153
6.2.  Background.......cccveeerrnmiieiiiiiininsiisssneniisssssiniinimnsienininssssnissesses sainniesssissesniessses 153
6.2.1. Blister-packaged artesunate and mefloquine......cccvinnninnncinniieno, . 153
6.2.2. Rapid diagnostic tests (RDTS)....cceenmeennminmnunnmiminmnneennnnesnian, 154
6.2.3. Interventions to improve access to early diagnosis and appropriate treatment..... 156
6.2.3.1.  OULreach ClIINICS cooiveiiiriveresrseesierserssssssssrsnnessesssninsaniessesisiseesraranessssessssssnnnrereserss 156



6.2.3.2.  Village Malaria Volunteers (VIMVS) ...cccererceriressessrsesssssssssssssseseerssssseressesessenaes 157

0.3. MEthOAS oocviiiiiiiciiccnrenecne st e s sanes e et e ss s sae s n e b e e be s sba s s b e e be s ns R e sbaerbeane 157
6.3.1. Cost of blister-packaged artesunate and mefloquine.......vrcvvvevensinnrsnierinninenensane, 158
6.3.2. Cost of rapid d1agnostic eSS vimiiienininniiiniminiiiesmmresee s 159
6.3.3. Costing Interventions tO INCIEASE ACCESS vveirrersersesresressenrerierssrsssssrosessassssansasressesess . 159

S0 J9C T (RN © 1311 (=7 T o VO OO PO SRRRPRY . 160
6.3.3.2.  Village malaria VOIUILEETS ....cccveriiiieiniiieeiineiineeessaeesesenssssnniessontessssnesssaossresans 161

0.4, ReSUMS. .o e e e rae s e ba s s e st e s s barasa bbb e s Rs e R abess 162
6.4.1. Blister-packaging and drugs......ccccevniiinininiinniinimnieie s, 162
6.4.2. Rapid d1agnostiC tESIS ...uueiiireiiieiieimieiiiiiminmiemieessrmnssnesesies e 163
6.4.3. Interventions tO IMPIOVE ACCESS cuuuurireiiisirsnnsireeenessssersasrsrnossosssssinnnsrsssssssnsrsosssnses 164
6.4.4. Inputs for modelling ... e e 164

0.5, DISCUSSION cuiivrrirerrireeeriererrrereree i erercestesesessensiesssasnsssressassansnrssessstnesssssasssssrersanneisssassessnsans 165

CHAPTER7 PRIMARY DATA COLLECTION IN CAMBODIA:
COMMUNITY-BASED STUDY OF TREATMENT SEEKING

BEHAVIOUR AND DRUG USAGE....cccccerveraeranssssensens sessessessernustesarsssnnnssssennans 167

7.1, SPECIIC AIMIS.iiiiiiiiisirsinenrenrreiisireserneeesersstanriestsisesssesssssssastsssesssnssrassansssssasssssstessssssssassss 167
T.2.  MENOAS cureeeerrrieiririeseienneeeeeeiissierssieetnesssessransantesssssossssssnsssensessomsnnsensssserssssnasssssrmssssssas 168
7.2.1. STUAY AESIEN.ciiiiiiririimirriii e a s a s e a s a s e e 168
7.2.2. Sample size calCulation....ccoveriiveeriennieiiiness s 168
7.2.3. SILE SEIECIION .vevvsvvereeeeriinenrerraraeerssrsesesirnsnrressssesasanassssssrssassosssassansssssnansssransssssnssnses 168
7.2.4. Screening of households ..., 170
7.2.5. ‘Questionnaire development and piloting......ccvinireerninniinnnnenennn.. 170
7.2.6. The QUESTIONNAITE tovvvierienriesreeniisssersinnnnineersonsntisssrssassivesssssnnaesssessessrssnnsennessassansasans 170
7.2.7. Drug identification board .........ccecveiicrnernniimmmnesmismnsienimmenmesnesmnso, 172
7.2.8. Blo0Od tESHING ..cevirieiirieieiiiiiirnneeiiineoissnnnsrenennessiesnmsisesssssssssnaniestnnessseesessssinnntsisesssnns 172
7.2.9. EthiCS and CONSENL....iiiiiiiiireiiiiiereriressieeestarsessnnsssnnasssssssssesssssasaassssssnsnssssssssnnsosssnns 172
7.2.10.  Data entry and analysis ....c.cevemrneermiinniinsineeniinennnieismmmemssismiessieisssees 172
7.3.  General analytice approach and definitions......ceeniiinimnneniesmneinne.. 175
7.3.1. General approach v s 175
7.3.2. 39 €01 T [=3 o 5 o 1T PP PP PP T TSPTIS TIPS 175
7.3.3. DIUZ CAtEEOTIES cvvvvrrrrrrersersrsnersissinensssisionssaisestssssssrsnsasiesssisaessssssssisssisssssasssssrassssans 175
7.3.4. A QNEIENCE 1iviviieiirieiiiriirinrsesesesseerereresosrssenarsrastsnesnsrsssssssssitansesssesssssatessesiosssesassssssns 176
7.3.5. SOCIO-ECONOMIC SATUS..evereerrereersssarerreresserersrssanaesaesasssssssssnnesosssarssnnrssssssensassasnsssess 176
Tid,  RESUILS..cciuirueriieecsisssessssissssssessssssssansarsssererrensessssasenssessnesserssssnnssssnsssnsssssssnsssssssassisssssssnsans 177
74.1. General CharacteriSTICS viuviiinereireisrirssnnetennrieesessssssrsasssentsnesssssssssinassisesssssannssosssnanns 177
7.4.2. Results from the household module......cevvrivirreiinnnn., 178
7.4.2.1.  SOCIO-€CONOMIC SLALUS vvvervrrreerrrsrarnersssssrssssenssserssvasnsnsssssanssssnessssssssssaressssnasesssss 178
7.4.2.2.  POVErtY INAICAtOrS .ivuvvuierisnniiisssnsosrisneesissssmsienersmisssinesenismssssinsimsen, 179
7.4.3. INAIVIAUAL data.eeiiiiiiiiciiieeeiinrreenesarierteesesssisssssmmmsseseessaniesnsisssassanansessmasasssnes 179
7.4.3.1.  General description 0f ilIN€SS v..eccvvvrviminiinniinnninin, 180
7.4.3.2.  Treatment with modern drugs......ccemmmsmmiinnimiies s, 180
74.33. Timing of treatment ......cccuvnmnnnmimninimiieernmn e, 180
7.4.3.4. Number Of treatmMents .u.uvviiieiiierereereriiioneimme e 181
7.4.3.5.  Source Of treatmMent. .ucuivesirrenrsneriseiestinmsisccssssorsesssrssssrrssssssssersssessssssissrassanss 181
T.4.3.60. DiIaNOSIS ivieriierirerireisssssinnesiossossssssrestssissssssesmesesessstesssisissasssssassstessssssssssssarnasees 182
7.4.3.7.  Drug treatmMent......ccccririieinisnsnunisinsnnitsiisniseerssssssmrssinsasisssrsimiiameees o, 183
T4.3.8. AQREIEICE ...cvvvecirierenrnreresiensisensssissssisisterisssssssssssssssirasuneasnirtssesssessissntesssessans 185
7.4.3.9.  Rapid diagnostic test reSUlLS ... e, 186
7.4.4. P At ETIt COSTES . teererirerrererrerssersersosssssssrsasusrsssssassssnssessasesissssssssensasstossessosssessssssssasnsnnsans 187
7.4.4. Inputs for MOdelliNg.....uviiiiviniineeimnnimeei e, 189
7.5, DDISCUSSION ... eerreeeeneenneeusaasenserrioesssrrresssnsssssssmasststestesnessessnessssssosnsssenssasseessesssssinannsesess 191
7.5.1. F U T TESCATCH. .. ivisrrerrriesseissereresssraneeesserssnsessisessrusestssssanessosanaentesssnassessannesssnnsssons 196
7.0, CONCIUSION 1auticiisireerecrarereressaresstsnsrerereasretsiessnninsstinirtesesssiertestoseenestansesrsesssnssssasasssessessss 197



CHAPTERS8 MODELLING ANTIMALARIAL DRUG RESISTANCE AND

ARTEMSININ-BASED COMBINAITON THERAPY: RESULTS.....cccceveees 199
8.1.  OVerview Of the Chapter.. ... e rsssessssnsesssesessssresss 199
8.2,  PreSentation Of FESUILS ..oiiciieiiieiiiiiiiiiiirneeiiseereesssssessareesesossossssnseessssassaneressssssonsssnnsnnsense 201
8.3.  Base-case scenario — The continued use of MONOtherapy......cocvvverevireenineerenneencsneeenane 202
8.3.1. Results of the biological Model....ueuiiiiiinniieninirerererereereesessssesserens 202
8.3.1.1.  Drug reSIStance ciieeimiimiiiriiiiiriiniineinnieneereeseesresessesasessessesssssassssnnesessssssassnne 204
8.3.1.2.  Recrudescent INfECtIONS .uvuvvvvrrirerrissersisssereereesresssrnnsssssssssersssoseserssssassssessonsansoess 204
B.3.1.3.  NeEW INTECHIONS tviiviiiiirinriiire i rerreeiees s esssssressssisssssersesssanssesnessessesessssenssas 205
8.3.2. Results of the sub-models ..o s cneeriessieseeeseseneenans 207
8.3.2.1.  Severe infections, and deaths.....iicrceerircicereecsorsisicseresresssisessssesressesssessssrosssssssses 207
B.3.2.2,  COSES trererrrirrreerurscsseersnecstruesiisrsnstsiersrssesersasnassrerssnssssssssesnssasassosesassosessnnansassensennse 208
8.4.  Monotherapy versus combination therapy.....cccueniciinernnnenenineniicessereneresesseessessssssans 211
8.4.1. OULCOINES 11evrrernrensrnrrensiserasissersessnsssssssssarasnasesssessntssssiasssntsssssenssessasssesssssenssssresssnons 211
8.4.1.1.  Drug resistance and number of InfecCtions .....ccccvvverreninreivcsrseniernereresennnennns 211
8.4.1.2.  Severe malaria and deaths....ccccreiiirrreiiiieeieiieennnnineeieninineserirsssserssnmeniensessresens 213
8.4.2. 0SS e eueeraesrerusrerenrseseenssonsssesnersensssanesserassssrsersnssennsssssnasssstsnsersnsersonssisanssanasssensssosorss 213
8.4.3. Cumulative results and tImMe fTameS . .coviviiiiiieereieeereicieessresrerrisersesesresssessseses 214
8.4.3. COSt-C I ECtIVEINESS tivieirrrrererierreerernssisiisserentesesssnssesreeeessssnntesssasssesssnesssssassnnsrsssesssnans 217
8.5.  SenSItiVILY ANalYSIS uueeeerirrveneeninnineiiinissinienineinsissrressiesmmssmstissineseesssssssssssessssossssssasae 220
8.5.1. Sensitivity analysis of biological model
8.5.2. Sensitivity analysis of inputs for the sub-models......cccoiernrnvnnninnnnen. 220
8.5.2.1.  Severe malaria and mortality rates......cccvouvnrunreerrinsininiseciimneenneieemn. 223
8.5.2.2. DALYS and diSCOUNTINE ....vveercermnereerersnnerasrereerosssssssssssnnarssssssiossssssssssanssssnsssanses 223
8.6.  SCENATIO ANALYSIS. cecrerierincrsneissostisssinsscssressesssesienssnsisssesseesssssessssssssansssainsssnnessssssssanssans 226
8.6.1. Different drug and treatment COSLS...uuiemrnmrcrarinnmssisionieesisssmsssssssssesesesseessans 226
8.6.2. COVETAZE TALES ...ccrnicirenieriseiiiisnnesisntsiistesisnrmssrisssesssanisssressssasssssesesassssassasesantens 228
S T RN 5 § (=)o - U U 228
B.0.2.2. 0SS tiveeirerssrrnrenrernesresssonsssesiassssssretnansnstarenessrrritrnttarestesrsessesteasastisensssessssisssasernes 230
8.6.2.3. Cumulative costs, effects and costs-effectiVENess . vccvuiiireerarenrivernenisimenn . 232
8.6.3. Choice of drug and timing of SWitCh.....ccceiirirerinienieiniinien. 237
B.60.3. 1. B 0L tirreirerierennerrnernrerernussnsssessesssiessenssossssansssissnosssassssassssssssssssssssssosssnsorsonssnrass 237
8.6.3.2.  Costs and Cost-effECtIVENESS vuvvvererireranrenressrsssnisnscsensrarenesmeesssossssissssamsessasssssinsses 238
8.7.  Application of the model to Cambodian data ..........cceurviernsmnninnniiienn.. 244
8.7.1. LT OQUCTION . . e cerrerererersreesinnnsrersrssrsesesserneesteneessssisossssssssstnrnssssssessssssssssssssssassrasenss 244
8.7.2. Inputs and parameteriZation ......ccueiieiisssninmsinmineiserneansennemesesss. 244
8.7.2.1.  TYPE Of PrOVIACT iiviiiiiiriirennienennerinnisnssnienimmsisinemsmnessssisesiennenminnitiomemissas. 245
B.7.2.2.  COSES trverreerssrrsrsrsnsernssinrtnosesssautossassearsrastonsssseresssossnssesssssasssssestassseentossonansannennasnrs 245
8.7.2.3.  Level of drug resistance......cccvmrrnreniiiincnnerenenimneresiniesesiniieme 246
8.7.2.4.  Treatment rate ad time to receiving treatment .....covcinieeninienneninnme, 246
8.7.3. RESUIES .uveeriersuerneeessersesssrssssssessssssassonsssssssnsesssssasbassstsssstsssisssanssessasssssssssssnnarsessssnnans 248
TR0 T DD 25 & (=) 13RO OO 248
B.7.3.2.  COSES tienrrirriierereererasessenssnnssirerrasssnssssssessssnrensssssrssnsesssrotsrasstanssisenritassestserrasssssssess 252
8.7.3.3. oS - e IVENESS . vieeurriiriirereerereerraensesssssersesnarenssnesseriisseresssstssantrasssssssssssssnsssans 253
8.8, SUMMAIY ..eiriiirririiinren ittt srses s aars s s s st s s e s s saa s T s ssssans e s sossabaaanessnans 257

CHAPTER 9 DISCUSSION I: METHODOLOGICAL STRENGTHS AND

WEAKNESSES AND DISCUSSION OF RESULTS. ....... vasrsssssessasessssannsnsesins 260

9.1  Methodological strengths and weaknesses.....c.iuiiinrinnincnninnnnnoee, 260
0.1.1 Conceptual framework .......ccorviirerinminnnin 260
9.1.2 Primary data collection in Cambodia......cccivnmminnnnnnniien, 262
9.1.3 Secondary data cOllection....cciiiiinmrererrsimmneriniimmmiem i, . 266
9.1.3.1. Review of antimalarial drug usage Studies. ..., 266
9.1.3.2. Other parameter Stimates.....ccccemueimisrceninnnniisnenesnmemeeeimimmms, . 266

6



9.1.4 Development of the bio-economic MOdel.....cccieeriiiiiinenninirenrineniseseseensesssesmersressens 267

9.2 SUMMATY Of TESUILS..ccieerieiiiiirrerriviccirnieeriiaeesseasinsressneesssssassarrassessssssasnsacssssresssnssnns 274
0.2.1 Primary data ColleCtion..cieiiiiiiisiiiiieniiisneresiiiseeissesiossssssansesnesssssossssssssrssasersssssnsnsnsssss 274
0.2.1.].  COSHING 1veeverreeirrnrresiiseerersinreeressssinneessessessersresssssnnsssssssnsnesssssnassessosrassessanasssanassnes 274
9.2.1.2. Community-based study of treatment seeking behaviour and drug usage.......... 275
0.2.2  Parameter €StIMATES . cvuvierereeeeetrenesirisesrirernieisrennerettessasmsrsssssesersssassanssrasssressesssssssssesesssos 276
0.2.3 Review of antimalarial drug usage StUdIES......ccccceereirinrenneerririinsisienereseesssorseesssssansssses 276
S0 Y (o (3 111 o 1< A0TSR 277
0.2.4.1. Factors affecting transSmiSSION....ciiireiiineriirsanicsssnnmeniessssnsasessessrneessssssacsssaersnss 277
0.2.4.2. Factors affecting the spread of drug resistance .....uevvierienrennreneenenneenen, 278
0.2.5 ModellIing reSulls. .o e, 278
0.2.5.1,  Drug reSiStanCe....cccrvvurrrecrireniersrseeerarsstneressssssesessessssisssssesssessassssinsssssssssnessersanes 278
0.2.5.2.  TTanSIMISSION .cveeviveeiieiirirreriienierstnteseeeeretenesssienteresesesesseanssesassassssensstonssssenseessesessers 282
0.2.5.3. Importance Of MIZratioN ....cccunmemminneiniiminnninsiminmniemsesm . 283
0.2.5.4. Severe malaria and MoOrtalify..ceccieeeiireiiineiineeneresesttsniseseesssnme. 283
0.2.5.5. The impact Of ACT .....ciriiiiiieniiciinreenseneenenesssssessessentesssissessessssrnsases 284
9.2.5.6. The importance of the coverage rate with ACT .....cccccvvreeervvrnreeeniinrenicininennnenenn, 285
9.2.5.7. Application of the model to the Cambodian data.........c.ccovcorveeiiiiiicriniinnecninnnnee. 286

0.3 CONCIUSION. ..ctitiierirriseirerrrrereeseisiersrernteraseeissseransenerssassossanssessssssarsssssrsansnrnessisssssssassesssnnases 286

CHAPTER 10 DISCUSSION II: POLICY IMPLICATIONS AND RESEARCH

PRIORITIES ..cccevemrrarensesasssanssacssssasasscssises roesveressassrsansasansans seessnsesasesessrssanesensns 288

10.1  Policy ImMpliCatioNS . cccccecisieiiniinerercesinnnressinnsmsesisisssissssmmsssissssnmsmisresnsesseemisseio s 288
10.1.1  Drug resistance and ACTS. v 288
10.1.2  COVETAZE. ..ieviiierirerriiiitinnarssenstesninsisneinmmmessiimsesiessssstsrssssssserssssssssssrsssisssssssssssnnsersasess 289
10.1.3  Artemisinin MONOthEIADY ...cuiieueerininiririiisiiimmesssimmmmtsseeiieenieimestseierresmsies, 289
10.1.4 An integrated apProach .....ccoieeeerriiiinmeinisinnnciicsninies s, 290
10.1.5 Community based InterVentionS...cuiiceiiiniiiiinneeisnimsmsemonmmmman, 291
10.1.6  AQREIENCE...civrererrereeeinriarerivesnnresesinsesianssssestessssnessssmassesssasnssisssansssatassssntssnsnsasssss 292
10.1.7 Biological diagnOSiS cieeeenrsneerrsssrsressieneemsnneimninismmiissssnensesensansssteisissimme, 293
10.1.8  Choice of combination therapy and timing of SWitch .......ccovveiriiivinininnienninnine, 294
10.2  Research priorities....cciiciireinieeinsiiinrniineeiisesnsiaesssnnsieesisnsisesneinssesao 295
10.2.1 Antimalarial drug usage in Cambodia........cceiviiinvnnnsnninnnennnnnninnnnne, 295
10.2.2 Treatment seeking behaviour and antimalanal drug usage...........c.e.ee.. P 296
10.2.2.1. Tr eatment seeking for “malaria”.......ccccieeremniiiinnnnennnniene oo, 296
10.2.2.2, AQNETEN CC.uurternrrerrerrrirenereieseersessssunessisesssntnsnsssssssasssseressassssssananssesssesssantsssoisanessoss 296
10.2.2.3. Effe CLIVENESS tiivviiienreeniieseiiniiisorsnreeeerssssamsnniesesisssssssssssisstnsiessnesssisannaesssennnesssess 296
10.2.2.4. Interventions to improve community drug USAZE.....ccerseesernresrmessrasassssriarssssessans 297
10.2.3 Malaria and antimalarial drug resistance.......cociiniinnnneien, 297
10.2.4  Further development of the thesis model ......c.covviniiimninieiniie. 299
10.2.4.1. Checking the model for validity ....ccccccvinnnmmmnieniinnnnninmnininennn . 299
10.2.4.2. Developing and modifying the model .....ccoviiivivniniiinineininennn, 300
10.2.4.3. Applying the model ......ccocivvriiiiiniinninissiennsinesesoemmeess 302
10.2.5 Alternative modelling approaches. ..o, 304
10.2.5.1. “MIi CIro” apPPrOaCheS..cvvveiiirerersrsssnrinsmnnnininsrerteriemnissisesinminestisensiossssnsoserssnnnasensens 304
10.2.5.2. “MaC 10" apPrOACHES .vvciiriieriirsesinissssiniiinistiisstessnisemeaanisnsnes o 305

10.3  FINal CONCIUSIONS...ceutiiiiiiiiiiriieriieinieneeeessiensensssesseesissssesssssassesessssnesensssssnssssnsesssssnesssenes 306



ANNEXES .c.iiceetseesessseessessoscesneesssansosssssssesssresssssrsssscsssassssssssasssstssstssssssnsassessssssosessonnsss cossonanasssassessss 308

Annex 1 Background information...iesses. seesesssrassassssesessaneassssesseeseres N srsesasnisesnanssnnsssnassesers S U
A.l.l. ATTCITHISINIILS tevveereerersereresseessssersssassssssansssessratssssasessassssosssosssrssssarssnsssasssasssssasessnssossans 308
Annex 2 Cambodian development and economic iNAICALOTS susessssssrssssassorsssanssssssansonsossosassasessssens 310
Annex 3 Classification for in-vivo antimalarial drug resistance StUdIES wsssissessesssesssrssossscnsseas vooees 312
A.3.1l. WHO 1996 ClasSifICatION..cvurreererrerersrresessssranerenrerssssssseisrseanssnsnesnensiasnassssssssossinnssnssnns 312
A.3.2. Revised WHO Guidelines - 2002 Classification ..ccccccivvicrneerrvnneenmmnnicassiseiimmmsness 312
Annex 4 Antimalarial drug policy and incidence of malaria in Cambodia ceuesessssecsresscsessasnscasens 313
Annex 5 Conceptual frameworks for economic analysiS essessssstsessonsarssssrssasrasassassosassasassasasss . 315
Annex 6 Parameter €StIMAates coensssrccsnsecsssenes eeeIresEesEsseITNITIEEsRETEEeRORENRINYSEISRRESSaSPeIRNSIIORRRRIORRONISbRSROSS .316
A.6.1. Order of Presentation.....cieccmisiseriessierenmesnninsieitsse s 316
A.6.2. ROWS 2Nd COIUMMNS..iiereeirerieiionminiiminieninimiemeimemssesssssmssiomssiiissmissiesesaesisrasenns 316
Annex 7 Immune functions and formula for calculating infectivity of humans to mosquitoes338
A.7.1. Immunity Function 1 (based on likelihood of symptomatic malaria) ...........cc..ce.c... 338
A.7.2. Immunity Function 2 (based on parasite density) ..., 339
A.7.3. Immunity Function 3 (based on likelihood of severe malaria)........ccoccceiinennnnnnnnns 340
Annex 8 Original documentation from community-based survey in Cambodia)....ceesesecsasses 338
A.8.1. Letter to Head of VIIlage...vvvvvreiiiicnmmennininininmiiniisinninisssensieeee, 342
A.8.2. COMSENT FOTTN 1.vvvereeersesssrersssssssnsesssnsssssieeessssssssssnssassontssesssssssssansisssssssansssantesssansessssrenes 343
A.8.3. QUESTIONAITES vevververesserserssersressessesiossstsnarssnisssisnsssnissssissssnsessessssersioressesssssssssssissssassanss 343
Annex 9 Additional results from the household survey in Cambodia.....coeeerercessscstcsssnssacsssscsassnes 363
Annex 10 Modelling results for a high transmission SEttings useseesesssssses vossssasnasessenes SR ) | |
A.10.1. UL COIIICS  cevressseeeserressssssnnsrsasessrsssansssssnssssssasensssrssssssssssssnssssasnsrsonsssensstssttorsssssssassonsss 370
A.10.2 0SS vurnurereersneereesasrsnssnsesesssssnsansesssnssssessnssstessrannntesssssssssbarnanesosssessusnessitssessiorsanaesssssss 371
A.10.3. Cumulative COSt-E i eCtIVEIIESS curerrerirnnnrieriiecierierrssssrieessissssnrereeieemismosisssess 371
Annex 11 Sensitivity analysis of biological model....ccesserseessnes E—— vesessenseserssasessasssssanss wee 375
Annex 12 Additional results from scenario analysis modellingoeeeceseescscsserssssssssnssesercnncsseseasassnes 383
REFERENCES .coictctttrieersoressesessessossossocens csessssrseesnsssastessessnnrnns cesrsessssessesseresasrsrasesasssensssensassssesenes 385



LIST OF FIGURES AND TABLES

Figures
Figure 1-1: The malaria Hfe-CYCIe...uuvrieniiieinnininiiesernenieisessessssssinessesiessssssessessasssessessssssssessoses 26
Figure 1-2: Estimated incidence of clinical P. falciparum episodes resulting from local
transmission, country level averages, 2004..........oooccciieiivrierienneenereentervreerseersnersesesressassens 31
Figure 1-3: Drug resistance to P. falciparum from studies in sentinel sites, 2004.......cccoecvveecreernenns 31
Figure 1-4: Official incidence of malaria by geographical distribution (2001). ...c.ccecvvvervrirnvvennnenn, 41
Figure 1-5: Resistance to chloroquine, SP and mefloquine in Cambodia in 1991......cccceecvrcvrvreennen. 41
Figure 2-1: Steps in the development and use 0f MOdels.....ccivvviivrrininniniicnnenicnieerreeseneresnens 63

Figure 2-2: Schematic diagram of Koella’s model of malaria transmission adapted to incorporated

resistant and SENSITIVE PAraSIteS.....comeemereiiiiinmiininiiininniiiiesisitrststestts e ssssensss s . 65
Figure 3-1: Study framework .....cccoccnvrrnienncsnnmminieiinmsienemsiensmeniseemens 75
Figure 3-2: Schematic diagram of one iteration of the model......c.oveviiviiniiiniiinniininiine, 80

Figure 4-1: Diagram illustrating the relationship between the different components of the bio-

L O OIMN I TTXOM] oo inii oo e e+t tseasssestassesssesnsnssesserssssssnsssssossssssesssessssanassssssnssssssnssnraseses

introduction of resistance and changes in drug POlICY ..uiviiiccnniininiiene. 89
Figure 4-3: Introduction of patent infections into first iteration of model.....cccoevevveevenicnincnenina, 90
Figure 4-4: Determination of likelihood of symptoms by @ge .....cccccvevrimiiriecnniniiiiinnncinnininnnninnnn 91
Figure 4-5: Assignment of treatment fyPe.....ccoccnrieisieeniinreiiinninnsiimiiiisismseasm—.s——e. 92
Figure 4-6: Schematic diagram of where immunity influences age-stratified likelihoods in the

INOACL e iiriiereiireireeeiier i rrse s et o st se st s ss s st s e ess s sbenssesbnresessssssranasssbnnsseratssssnesaranssnntsesases 107
Figure 4-7: Course of parasite and gametocyte density in a single infection......c..ccverineniiinineen, 110

Figure 4-8: Diagram illustrating the calculation of infectiousness of the human population to

MOSQUI0ES At €ACH ITETATION ..vvvveverreerrrrsersmrrisiisieteesieciinrteissiesssnessisiraesosnsrsessrtserssessnsssssanns
Figure 4-9: Schematic diagram of the course of parasitaemia and gametocytaemia during the course

OF A T T UA S Nt N T IO, . tiviveerrsrsreressresssssseessrsssssssssssssessassssseassssssssssssssssssssssssonsssssestsasssnsuss 118

Figure 4-10: Diagram illustrating severe cases as a consequence of initial infections and

T T S O I O I OTIS. cenienrerrerenrenreecessesessssnssssseseessenssssssssansassssesssssssnstssssssosnsensssssnsnnsrssssuysnsass 122

Figure 4-11: Diagram showing the sigmoid relationship between resistance and severe malaria or

9910} o #:1 b1 OO OO U OO 122
Figure 4-12: Diagram of the decision-tree used to calculate costs of first-line drugs in the economic

analysis and the “untreated” and the “CT coverage” rates ......cccummirimniinnnnniinmnimmneeme, 124
Figure 5-1: Results of [iterature SEarch. ..ovcueiicciivieeicrenesesiieneceriecsnessissiessnssmsssemssessenmesnn 138

Figure 5-2: The relationship between dosing and therepeutic response to antimalarial treatment in

SEINISI IVE ANIA T SISTANIE INT EC I OIS 1oiiriieeersssenseesssesssssssssnssesssssssessnnssssssssssonssrastasssrsssersssnssssnraesnses 151



Figure 6-1: The blister-packaged A+M4 and Malarine....cccveveeniuenreiiiesneiieeisessesesesseeesssrsesssssesns 155

Figure 6-2: The Paracheck® RDT .....cviivvveinneeinininiiinessiessinsiissesissemsesssssssesssssssssesssnsessanssssssssrssns 155
Figure 6-3: Breakdown in costs of blister-packaged drugs..oueeemiineenninsieisieeisseesseessersssesesssens 163
Figure 7-1: Map of study sites in Cambodia......ceeerimniiiiiiniimmninemnieene e 169
Figure 7-2: Identifying villages in the health centre catchment area .......c.cceceveeeennnvirninnessisenenens 173
Figure 7-3: Packages of tablet mixtures, as commonly bought for the treatment of malaria......... 173
Figure 7-4: Drug identification BOArd ...........cocviiiimnieciinnmnnneeeenereneenminnsssssesseesssssesessresnsens 174
Figure 7-5: Sokhoen, one of the research assistants, interviewing respondent.........cc.coervenveerirsvenne 174
Figure 8-1: Sequence of presentation of results in this chapter..........ccicenirnnnernenrennnnn, 200
Figure 8-2: Spread of drug resistance to drug A with continued use of drug A monotherapy........ 204
Figure 8-3: Recrudescent infections - a) total number of cases b) by age group.......ceeovervvrrennees 205
Figure 8-4: Annual incidence of patent and treated Infections..........ccceveeeeverreevineeesinnseesesseesnenen, 205
Figure 8-5 Annual incidence of a) patent and b) treated infections by age group .......c.cccecuveneene., 206
Figure 8-6: Total number of patent infections showing the proportion due to recrudescent compared

O NEW INTECHIONS ..ecivrrereeeisiiueeeerirnrarerssssissstessssenesssaesesinansessensarsesssnenessasassssorsassesanassersnesranesss 206

Figure 8-7: Annual incidence by age group of a) severe cases, b) deaths and ¢) case fatality rate. 208

Figure 8-8: Annual costs in the base-case scenario (continued use of monotherapy).......ccoevvveeeee. 210
Figure 8-9: a) Resistance and b) annual EIR with ACT compared to monotherapy..........coeenuinneee 211
Figure 8-10: a) Number of new (treated) infections and b) recrudescent infections with combination
therapy compared t0 MONONEIADY c.uveeveveririrereeiineeseersiseeessssnessseesstessrssesssrssessssssssssinsssessess 212
Figure 8-11: Numberiof a) severe cases and b) deaths with combination therapy compared to
INIONOTNEIADY cceurreeeirererirenerereeiserersosissnntensssesentnesssssstessessesssssrsnrasstersssnasesseissessssnnnrsossssrsnsssosssans 213
Figure 8-12: Annual direct costs of a) first-line drug alone b) all direct treatment costs for malaria
ORI 214
Figure 8-13: Cumulative results comparing outcomes with monotherapy compared to combination
L1015 2 o) O ORI 216
Figure 8-14: Cumulative cost of first line treatment........cceveveernrieeenrsrscsiimensiisnsie e, 217
Figure 8-15: Cumulative cost-effectiveness of combination therapy (at 100% coverage) compared
1O MONOTNEIAPY OVET LM covuiieriiriricireeiiresinrsssnessraesrnsetesssersessanssotsesssensssonnesssressssssnesianssssssnnns 218
Figure 8-16: Effect of different coverage rates with ACT (drug AB) on resistance (to drug A) and
OULCOITIES 1uuivireuiiiiniseersuassersessnnnessressrersessensonssssesssissesssssessssessoststssaessnssssssossesntsssseressssssntoanesesnsnns 229

Figure 8-17: Cost of first-line drugs and of total (direct) cost of malaria including recrudescent and

severe infections by level of coverage with combination therapy ......ccvveenvivivinnicniinininne, 231
Figure 8-18: Graphs showing cumulative effects by coverage rate and time frame.........c.veevnenen. . 233
Figure 8-19: Graphs showing cumulative costs by coverage rate and time...........c.oeevvviivirirnnnnne, 234

Figure 8-20: Cumulative incremental cost-effectiveness in terms of cost per case averted and cost

per DALY averted by coverage rate at years 2,5 and 10......covvveriniiivinnnninnninniniiinnnnn, 235



Figure 8-21: Cumulative cost-effectiveness planes showing effect of coverage rate with ACT
compared to monotherapy on cumulative incremental cost of drugs compared to cumulative

Incremental DALY S QVEITE™......ccvveveeciinrisiisinnssssesssssessssessesssesssessssesssessesssossessesssssssssnessassas 236
Figure 8-22: Drug resistance to drug A comparing the effect of switching to drug AB versus drug

BC at different levels Of resSistance t0 drUZ A ...oueeieeeiieiiiieierieceieeeeeresnssssssseesseessssssesssnsssssss 237
Figure 8-23: Graphs comparing outcomes between switching from drug A to drug BC and to drug
AB at different levels of resistance t0 drUZ A ....c.cvvvvieieiitiinniiiriiie e osseressesessessnersesses 240

Figure 8-24: Annual cost of first line drug and annual direct cost of treating malaria comparing

monotherapy (drug A) to switching to drug AB or drug BC at different levels of drug

TESISTANCE tO ATUG Aottt serrre s sresssbeessabsesbaesanesanesesseessneseesresssenasesnses 241
Figure 8-25: Annual outcomes predicted by model for Cambodian Scenarios .........oeeveeessvererneenen 249
Figure 8-26: Annual costs predicted by model for Cambodian SCenarios.......ccoeevvererervrsrererennens, 254
Figure 8-27: CE planes comparing the incremental cost of first-line drug and delivery interventions

with DALY averted for the different Cambodian scenarios. ........coiiennneenieeneiienenn, 256
Figure 9-1: The rate of spread of resistance to a combination therapy as predicted by

L aXIMINALAY A e00eeeveerereesineriressnieneeiarssssteessssssnestensssnnessasessansassssssnssssnsessessnsessnssssrssnesisnsensessasses 279
Figure 9-2: Age-stratified failure rates predicted by the model in the base-case scenario with

monotherapy starting at 1% resistance at YEar 1 .......ccicceiernereereriinneeenieeerneresnesmsimensnneen 281
Figure 9-3: Cumulative cure rates at day 28 for mefloquine 15mg/kg (M;s), mefloquine 25mg/kg

(M;s) and mefloquine plus artesunate (MAS3;) on the Thai-Burmese border........ccvnenneennen. 281
Figure 9-4: Drug resistance in KwaZulu-Natal (KZN) and Mpumulanga in South Africa ............ 282
Tables
Table 1-1: Antimalarial drUg PriCES ....cmrrrmmvrimriririrsisesiesennssrsssssesisssessssssssssessstssssessssensaens 24
Table 1-2: Summary results by year of results of in-vivo antimalaria] drug resistance studies and

antimalarial drug policy in Cambodia.........vceviisniiniiiniinini e, 42
Table 3-1: Relationship between objectives and methodology ....cuiverneimiscnnimnen., 74
Table 3-2: Chain of events for Clinical OULCOMES...uivuvrririisnieesernisnsinesiisessasssessersssessassnesssnesseraes . 83
Table 4-1: Summary of the refinement of the biological models from model 1 to model 3............ . 87
Table 4-2: Facets of immunity and data used in Model........oviriirnvnnninisinnesnecnoneoeen. 108
Table 4-3: Aspects and manifestations of drug reSiStANCE .uvuvuvveiviireriresrieesiesrenienieseseessneens 114
Table 5-1: Descriptive studies of adherence to prescribed regime-health centre (HC) based......... 138
Table 5-2: Community based studies comparing antimalarial drug usage to national drug policy 139
Table 5-3: Studies of interventions to improve community antimalarial drug usage . .................. 142
Table 5-4: Studies of interventions to improve patient adherence — health centre based................ 143
Table 5-5: Studies examining the clinical outcomes in unsupervised patients (effectiveness)....... 146

11



Table 6-1: Cost Of PACKAZING 1.cvvvcriiirreriicinnnieie e e ssaesssnssbsbessaesbessosasessesnassesanes . 158

Table 6-2: Cost of antimalarial drUES......ccicvvneerireeerirninenseneeeineresmsiiiessenmeeeeeeseessessesssssssssnss . 159
Table 6-3: Cost of staffing for the outreach InterVeNtion .......c.vvevcnenininnicnneeneineeesen. 161
Table 6-4: Cost of blister-packaged artesunate and mefloquUIne .......cccveviviriiinnnnnnieniecennieesaen 163
Table 6-5: Summary of the annual fixed costs of the outreach and VMV interventions............... . 164
Table 6-6: Estimated activity and fixed cost of interventions per capita, per patient seen and per
PALICIIE LICALEMA ..uveeieririerrrernsesrssesesssssssssssresssssssssrssansssssasssssrsssssorssassssessessasessssssinsasssssssssnsnsnsnnnee . 164
Table 7-1: Possible indicators derived from QUEStIONNAITE .....vvvvvrrnivrerrerersssierivressersriressssssorsanessrsens 171
Table 7-2: Summary description of SAMPIE ...ccvvviiiiniiiniiniir 178
Table 7-3: Median duration of stay DY diStriCt.....cvviiiiennnrermmmenneernnieieiinenineneresssomsiesne. 178
Table 7-4: Proportion of households who had to borrow money last year .........ccovereenriienvniennnnens 179
Table 7-5: Proportion and likelihood of receiving modern drugs for most recent episode of fever 180
Table 7-6: First source of treatment DY INterVENtION .....uvveiereiisirererereesiessesersvineeriesssenesssesssssessasennans 181
Table 7-7: Proportion and likelihood of patients seen by a trained or “formal” provider for the most
TECENTE CPISOAEC..uuuuuverereersirnrersrersartureernesssirisanseesssssnesssorsssarassssssssnsanesessossanessassntessssanssessssnsssnsanns 182
Table 7-8: Proportion and likelihood of having a biological diagnosis for most recent episode of
(5317 PR PO . 182
Table 7-9: Frequency of biological diagnosis by provider type (all contacts) ......ccoovevirreeniennnnnn 183
Table 7-10: Percentage of different antimalarial treatments received in the last 2 months, by
INTEIVENLION AIEA (11) vevveersrvererrserssresressisesssastossesssssnnesssnasnessassibansisssantsensssnsesssssesssssstssasesassvess 184
Table 7-11: Proportion and likelihood of treated patients receiving A+M for most recent episode184
Table 7-12: Adequate duration of treatment (for most recent treatment).......o.cevevenrviisnsesieniesennnene 186
Table 7-13: Proportion “adherent” to artesunate and mefloquine regime by type of provider...... 186
Table 7-14: Likelihood of positive study RDT ......cccvvvmnnnniinininee s 187
Table 7-15: Costs for most recent treatment episode by intervention area.........ccunuvvnsosssinernes . 187
Table 7-16: Cost (US$) of most recent treatment by provider type ..c.ovvevvininimsineiiincenies 188
Table 7-17: Cost of different treatments for most recent episode (USS) ...c.oevereiiiirivininnnnennnienne. 188
Table 7-18: Proportion and likelihood of spending greater than $1 treatments for malaria ........... 189
Table 7-19: Parameter inputs for “behaviour” sub-model derived from results of the survey ...... 190
Table 8-1: Characteristics of monotherapy (drug A) and ACT (drug AB) ..c.ccvvvirivivninvnninnnninane 203
Table 8-2: Values of variable parameters used in base-Case SCENATIO....cuiiivinissnitssissnissstisernines 203

Table 8-3: Cumulative effects, costs and cost-effectiveness of combination therapy (100%)

compared to monotherapy at 1, 5 and 10 years.......c.ccomuinnniiinnninnemnnennnenesnne o, 219
Table 8-4: Summary of sensitivity analysis of biological model undertaken by WP for a low

tranSMISSION SEIEINEG. .vervsisrressssssresssnisssssiosssisssssnssnssnsteesnsnneisiesstsssssas st s e s et as et s st b e e se s nsenes 222

Table 8-5: Sensitivity analysis of input values of likelihood of severe malaria and death with 5 and

1 0-Y AT LIIMI@ fTAITIES. . cvuveerernrvrrrenrrerreireserantesisernssssesssesssssesassnessettsasssssssssstsneaerstssssossssssssssnenntasens 224

12



Table 8-6: Sensitivity of the incremental cost-effectiveness of ACT compared to monotherapy to
assumptions about DALY S....c..ciiieimiiiismsseses s 225

Table 8-7: Sensitivity analysis of total direct costs and cost-eftfectiveness of ACT to cost
assumptions, at 10 years. (The cost used in the incremental CEA is the drug cost alone)...... 227

Table 8-8: Cumulative costs, effects and cost-effectiveness of switching to drug AB (artesunate +

SP) from SP at 1% resistance to drug A (SP)...ccvivininniinnicininineninnniiensienoes 242
Table 8-9: Cumulative costs, effects and cost-effectiveness of switching to drug BC (artemether-

lumefantrine) from SP at 1% resistance to drug A (SP)....cccvvvvrvniiiinnininnniennninen, 243
Table 8-10: Maximum failure rates input into sub-model to calculate overall failure rates............ 247

Table 8-11: Calculated coverage rate and failure rates to monotherapy mefloquine (drug A) and the

ACT, artesunate and mefloquine (drug AB) in non-immune host..........cceveinenvinnssinsnnseniiane, 247
Table 8-12: Cumulative effects, costs and incremental cost-effectiveness of switching policy to

ACT with and without interventions to improve coverage, with a S-year time frame............ 250
Table 8-13: Cumulative effects, costs and incremental cost-effectiveness of switching policy to

ACT with and without interventions to improve coverage, with a 10-year time frame.......... 251

Table 8-14: Annual cost of first line treatment and total (direct and indirect) costs showing

distribution of costs between provider and patient........ccuveernircinnnneni, 255

Figures and tables in the annex

Figure A4-1: Incidence of malaria in Cambodia.......cvrnreiinianncnniinieniiniimsies..

Figure A6-1: Example of column headings .....cccoeeremiiscnmnnininninnneniiine,
Figure A7-1: Simulated curves of the proportion of symptomatic infections by ages in different

transmission intensities by the non-linear immunity function described by Equation A7-1...338

Figure A7-2: Simulated curves of logjo(parasite biomass) in different age groups and different

transmission intensities as described by Equation A7-2 ..., 339
Figure A7-3: Simulated curves of the normalised data of treatment failure rate in different age
groups and different transmission intensities based on Equation A7-3 .....ccovvivininiiinnnnnnne, 340
Figure A10-1: The spread of drug resistance in high and low transmission settings.......c.uueivease, .370
Figure A10-2: Annual incidence of new patent and treated infections in low and high transmission
settings with monotherapy and combination therapy at 100% coverage .......ciiviniiiiniienn, 372
Figure A10-3: Annual incidence of new patent and treated infections with monotherapy in a high
transmission Setting, bY GZE GrOUD cuveeirriereisersiossninssstmnemessieissiessieiesmssisiimin, 372
Figure A10-4: Annual incidence of recrudescent infections and number of DALYs.................... 372

Figure A10-5: Annual direct cost of drugs and of treating malaria (including recrudescent and

severe infections, in low and high transmission settings with monotherapy and 100%

COMbBINAtION thErapy ....cccvvevvniernrniennesnisisienssarse st s bt ss s b e sr e e s b e 373

13



Figure A10-6: Cost-effectiveness of combination therapy (100% coverage) over time in a high

transmission setting compared to low tranSmission SENE ....cccveeeerrrereenireeeisrsreerssiessiseenenns 373

Table A2-1: Cambodian ECONOIMIIC INAICAt0IS ... ireeeerereresenreressessesssesssessssssssessrenssensesssssnrsessossssnns 310

Table A 2-2: Household expenditure and consumption data from Cambodian socio-economic

SUIVEY 1900 ... iiiriieitienriiriiiiietrireernenscisesesmisssesrosssssersassssssessersossensssensssnssessssrstsssenaesssessssssress 310
Table A2-3: POVErty INAICAtOrS ...c.cciiiiriieirminnininenriniesieessiessineeisnsessessoressssnessasessssssssesssessassanssness 311
Table A2-4: Health related indicators from the Cambodian general population census and the

demographic and health SUIVEY.......ccicieiiinniiiiiirnr e sessenssssnessnnes 311
Table A2-5:0ther indicators from Cambodian SOCIO-ECONOMIC SUIVEY v cuverirmmrrrirececrressnansressnans 311
Table A4-1: Dosing of artesunate suppositories for children under 6 years old........occeereceerirenenne 313
Table A4-2: Dosing of blister-packaged artesunate and mefloquine......cc.cceevvinererericinieinsnnnnineeens 313

Table AS5-1: Types of costs and consequences relevant to the economic evaluation of health

DIOZTAITIIICS ...vuuusererereuresseserressseseessiessessersanmenssstasssssssssesssssssssssssenmmsnsnssssssenessennsesstssosssssasssssassas 315

Table AS5-2: Conceptual framework of economic analyses of malaria control from “Guidelines for

cost-effectiveness analysis of vector CONrol” ..., 315
Table A6-1: Malaria infection in the human host ......cc.ceievierreercrneen 318
Table A6-2: Age-stratified data used in immune fUNCHONS ......ccevvereieireririiincinreeerieereee, 320
Table A6-3: Input parameters for non-immune host for “zeroing” immune function.......c.o.ueee. 321
Table A6-4: Characteristics of asymptomatic INfECtIONS ...cccvevecsrenreininrmsinieninnerennsneeesiessne, 323
Table A6-5: Characteristics of symptomatic infeCtions ....vuiesviiiisranesssnensinisienienene. 324
Table A6-6: Recrudescent INfectionS ....cccevrvremiiiiiiniminnnieeitennsmiees s, 325
Table AG-7: VeCtor fACtOrS.. . iveeeerireiirnerereeranrioieinsissssineenseiseissssssesssissarsrsiessaransrseissssnisssessissens 326
Table A6-8: Clinical outcomes-Severe malaria and mortality ...coeuieeniniiennncninnen, 328
Table A6-9: Behaviour — Diagnosis and treatment .....c.cccouneiiecnmmnnienninsennennemmienimemson, 330
Table A6-10: Implementation - strategies to improve adherence .......cueemnninnminnccinninisnnininn, 331
Table A6-11: Direct costs — OPD treatment of uncomplicated malaria.......ccovivnivnnnnnienine, 332
Table A6-12: Direct cost -IPD treatment of complicated malaria ......ceereeeisinccininniini, 334
Table AG-13: INAITECE COSES .ivverrrivrerinnreeresirissesreresesssssssessrssassassnnssnasssssesisstsesas sanssssssassessasansnonns 336

Il T SIS ANCE. . veiiernrerereerreneensssssserserssstassssssssessssessssasssssssaessanssebtssassasnarstassssanasessessssessssesssorsen 337

Table A 9-1: Summary description of the areas in which the community based treatment seeking

and drug usage study toOK Place........cuerrviccrimnineniies s 363
Table A9-2: Size of land owned by households by distriCt..........cccveiminiinininnniinnnni.., 364
Table A9-3: Months of food shortage in the last year........ccceevvremiininanannn, 364
Table A 9-4: Years of SChOOlING ..uvvviniiecciiimmminnimiiiieiiissssiserensesssnsnees .364
Table A9-5: Building material for walls ......ccvriiereninniinniii e, 364
Table A9-6: Building material for roof.......ccoieiiiiniiiiiioiiniieresesessesssssis s, 365



Table AG-7: INUM DO Of Araft ANImMalS .. iieeeeiieeeeiereeeerennsensssrssssessesssssssssssssssnnsssnsnssssnnmsnnnsssssessssssssss s 365

Table A9-8: Ownership 0f means Of tranSPOIt...c..ivvriieeiiiininreennieir s reeseressssesess 365
Table A9-9: Ownership of means of telecOMMUNICAtIONS ....vciiveivrirniivreierninriiresresrsssrssseroness 365
Table A9-10: SOUICE Of WALET ...cviieireriseinerciennrcreesnrne s eisesaese s e stesressssessesresaenessanebenesasesansens 365
Table AD-11: Age distribution Of SAMPIE.......cceeeviinrnnieeiiieinseeieesserecssesssesssesssessessssssessessssssnsens 366
Table A9-12: Logistic regression analysis of likelihood of being seen by formal provider for recent
episode of malaria liKe ilINESS ....ccueerivicinenriininiiniinnceiere e see e s sen s ssasannes 366
Table A 9-13: Likelihood of biological diagnosis by diStrict........ccevvvrrcnirinrnnennneneerninseneen, 366

Table A 9-14: Logistic regression analysis of likelihood of receiving biological diagnosis for

recent episode of malaria IIKe 1INESS cuuivvviicrvvnrreemmeninieiiiiirerrenseecanareeesse e sisssseseeessens 367

Table A9-15: Logistic regression analysis of receiving A+M for recent episode of malaria like

LI NS5 0 uuieriirrurereesireteseessneaesee s aesanesbeaserasessre aesbae st s e assan e sRt e e s s R e s R e s e e R e s eRe b e sRe e e s ebas e e beenans 367
Table A9-16: Average duration of treatment by antimalarial regime.....cuvevvereeirrenrerenienennneesnne, 368
Table A9-17: Type of treatment by Provider ......coceeeerinetinnersneneiemmeinmssnmsmas, 369
Table A10-1: Cumulative cost-effectiveness of combination therapy (100% coverage) over time in

2 high tranSmiSSION SEIIME ..viccirverrerirrerneeessniueressorsnnesissssrneneesssnsiesssssensessssesssssssessnsosssnsessssanasss 374
Table A11-1: Parameters tested in the sensitivity analysis with code.......cccuviivinnncniicninnenieinne 375
Table A11-2: The partial rank correlation coefficients of the input parameters and the outcomes in

low transmission setting with monotherapy (Scenario A) .....cccevvvecnnninnenneeeenninie, 376
Table A11-3: The partial rank correlation coefficients of the input parameters and the outcomes n

low transmission setting with ACT (Scenario B)..o.cccvniiniiininininiieneneneen. 377
Table A11-4: The partial rank correlation coefficients of the input parameters and the outcomes in

high transmission setting with monotherapy (Scenario C)....ccciimenneennnniiniiniunenininn, 378
Table A11-5: The partial rank correlation coefficients of the input parameters and the outcomes in

high transmission setting with ACT (Scenario D) .....ccevecmimnnenuinnenmiisssansisnee, 379
Table A11-6: The results of the sensitivity analysis shown as the statistical summaries of the

OULCOMES 1N thE 4 SCENATIOS.cuerriureeiireerrsrerersassemrsesssrnessssineeismmsesinsssseesssssieinsssstannessstimnnssssnass 380
Table 12-1: Cumulative costs, effects and cost-effectiveness of switching to drug AB (artesunate +

SP) from SP at 20% resistance to drug A (SP)....uvcvviiiiinnnininrinnmnesnennnn., 383
Table 12-2: Cumulative costs, effects and cost-effectiveness of switching to drug BC (artemether-

lumefantrine) from SP at 20% resistance to drug A (SP)..ccccvmniiiinecinnenninnenninien, 384

15



STATEMENT OF WORK

The development of the bio-economic model was a collaborative project between a

mathematician, Ms. Wirichada Pongtavornpinyo (WP) and myself. The work presented in

Chapter 4 is a result of that collaboration. We were jointly involved in the conceptualisation and

designing the structure of the model. WP was mainly responsible for the mathematical

programming. My role included ensuring the biological realism and applicability of the model
throughout the development of the model. I was also chiefly responsible for the collection,

selection, interpretation and some of the transformation of the model parameters. The
construction of the clinical and economic sub-models described in Chapter 4 and all of the

application of the model presented in Chapter 8 is my own work, except for the sensitivity

analysis on the biological model presented in Section 8.5.

The systematic review of studies of adherence to antimalarial drugs presented in Chapter 5 was

published as a paper, co-authored by Professor Nick White. I initiated the study and undertook

the majority of the work including the initial conceptualisation, searching and selection of the

literature, synthesis of the data and writing. Professor White was involved in reviewing and

editing the final manuscript.

All of the work presented in Chapters 1,2,3,6 and 7 are solely my work. I was also responsible

for the construction of the tables of parameter estimates in Annex 6.

Shunmay Yeung, PhDé;digate

I certify that in my judgement the above is a true statement of Shunmay Yeung’s contribution to

A |

Professor Anne Mills, Supervisor

the thesis.

16



A+M
ACT
AIDS
AL
AMR
AOR
ARI
AS-AQ
AUCgam
CBA
CEA
CFR
CHW
CI
CNM
DALY
DDT
DFID
DHFR
DHPS
EDAT
EIR
FDA
FU
GDP

GFATM
GSR

HIV

ABBREVIATIONS

Artesunate and Mefloquine
Artemisinin-based Combination Therapy
Acquired Immune Deficiency Syndrome
Artemether-Lumefantrine

Anti-microbial Resistance

Adjusted Odds Ratio

Acute Respiratory Infections

Artesunate and Amodiaquine

Area Under Curve (of time versus gametocyte density)
Cost-benefit Analysis

Cost-effectiveness Analysis

Case Fatality Rate

Community Health Worker

Confidence Interval

National Malaria Centre (Cambodia)
Disability Adjusted Life Years
Dichloro-diphenyl-trichloroethane
Department for International Development
Dihydrofolate reductase-thymidilate synthase
Dihydropteroate synthase

Early Diagnosis and Appropriate Treatment
Entomological Inoculation Rate

Food and Drug Administration

Follow-up

Gross Domestic Product

Global Fund to fight AIDS, Tuberculosis and Malaria
Gametocyte Switching Rate

Human Immunodeficiency Virus

Histidine Rich Protein 2

Information, Education and Communication
Insecticide Treated Net

Khmer Rouge

KwaZulu-Natal

Minimum Inhibitory Concentration

Ministry of Health

17



MRSA
MSF
NA
NGO
OR
PCA
PCR
PDR
PF
PIEMP
PPAM

Q7T7

RCT

US§
VC
VMV
WHO

YLL

Methicillin Resistant Staphylococcus Aureus
Médecins sans frontieres

Not Available

Non-Governmental Organisation

Odds Ratio

Principal Component Analysis
Polymerase Chain Reaction

People’s Democratic Republic
Plasmodium Falciparum

Plasmodium Falciparum Erythrocytic Membrane Protein
Pre-packaged Antimalarial drugs

Quinine

Quinine and Tetracycline for 7 days
Resistant

Randomised Control Trial

Rapid Diagnostic Test

Sensitive

Sulfadoxine/Pyrimethamine

Tetracycline

Tuberculosis

United Nations Development Programme
United States Dollars

Vectorial Capacity

Village Malaria Volunteer

World Health Organisation

Wirichada Pongtavornpinyo

Years of Life Lost

18



ACKNOWLEDGEMENTS

First of all I would like to thank my supervisors Professor Anne Mills and Professor Nick
White, without whom I would have never become involved in this fascinating and challenging
endeavour. I could not have asked to work with two more inspiring, generous and supportive
mentors and I feel immensely fortunate to have been given this unique privilege. I would also
like to thank Wirichada Poﬂgtavompinyo (Pan), my collaborator and dear friend with whom I

spent many a late night and early morning squinting at a computer screen and trawling through

papers. Her patience and humour ensured that “the model” came to fruition and that the

process was as fun and exciting as it was. I would also like to thank the Wellcome Trust for

their generous support of this study.

At the London School of Hygiene and Medicine, my friend and colleague Catherine Goodman
has always been there for support and advice and I thank her for the generosity and kindness
with which she has offered these. I also thank the members of my advisory committee, Paul
Coleman, Sylvia Meek and Professor Gill Walt for their early guidance and to the rest of the
staff of the Health Policy Unit for their continued support. I must also thank my fellow PhD

students for creating a supportive and stimulating environment in which we each embarked on

our own disparate studies. In particular I would like to acknowledge the help of Lucy Okell for
helping with the statistics and proof reading.

In Thailand, as well as Professor White and Pan, I have a long list of friends and colleagues at
the Wellcome Trust Oxford-Mahidol Tropical Medicine Research Unit in Bangkok, that I am
indebted to. It is impossible to name them all but I hope they realise that each and everyone
was important in making my stay in Thailand the wonderful and productive experience that it
was. In particular I would like to thank Paul Newton for his encouragement and support, Nick
Day for his insights with modelling, Kasia Stepniewska for her statistical advice, and Poom for
her unswerving support. I would also like to thank the rest of the malaria team including
Professor Sasithon Pukrittayakamee, Kesinee Chotivanich, Kamolrat Silamut, and the
wonderful administrative staff including Patchari Prakongpan, Jiab and Phung. Finally I would
also like to thank the extended Wellcome team up in Mae Sot including Liz Ashley, Francois

Nosten and Rose McGready as well as Dr Mayfong Mayxay in Lao PDR.

There also numerous people in Cambodia to whom I am deeply grateful and without whom I
could not have carried out the fieldwork and have learnt so much. Firstly, I wish to thank Dr
Doung Socheat, the director of the National Malaria Centre, for his enthusiastic support of my

study. I would also like to thank the rest of the Centre but in particular Sim Kheng and Sinoun

Muth for their friendship and support. I am very thankful to my wonderful team of researchers:

19



Khoen, Thavy, Sokhouen and Thouep. They were far more dedicated than I could have hoped
for and through very difficult conditions taught me so much about field work and Cambodia. I
am particularly indebted to Dr Reiko Tsuyuoka of WHO, who not only gave me invaluable
technical support throughout my stay but also a home and precious friendship. I am also very

grateful to Professor Wim van Damme of MSF who first invited me to Cambodia and to Louis

Goubert the MSF malaria co-ordinator who involved me so deeply in the activities of malaria

programme. I would also like to thank Sean Hewitt and other staff of the EC malaria

programme and Stefan Hoyer of WHO for their support. I also owe many thanks to the

members of the communities for not only allowing me to carry out my research, but for being so

welcoming and warm.

I would like to acknowledge the help of collaborators in other countries, in particular Karen

Barnes, Vicki Marsh, Ric Price and Frank Smithuis, for their help in sharing data, reviewing

manuscripts and providing invaluable advice.

Finally I would like to thank my friends and family who have endured me through this process
and have done it with so much good will and humour. Without them [ am sure I would not have

managed to arrive at this point of completion. In particular I would like to thank Ginny Hill for
editing, for words of encouragement and most importantly for just being there. Similarly, I
must thank my old friends Mary Beth Thoren, Mark Lee and Tessa Cleaver for encouraging me
when the going got tough. There are so many others I would like to acknowledge and I can

only hope that they know that whilst I cannot name them all I am grateful to each and everyone.

My final and enduring thanks go to my mother and father, Ryuko and Charles Yeung — I have

no words to say more!

20



CHAPTER 1

BACKGROUND

This chapter introduces the thesis and gives a brief overview of malaria, antimalarial drug
resistance and current antimalarial drug policy. This is followed by background information on

Cambodia, where the field work for this thesis was undertaken. The chapter ends with a

summary and outline of the remainder of the thesis.

1.1. Introduction

Over three billion people living in 107 countries are at risk of malaria transmission, with an
estimated 350-660 million clinical malaria episodes annually. Plasmodium falciparum is
responsible for many of these cases and for more than one million deaths each year. More than
80% of these deaths occur in sub-Saharan Africa, where it is the cause of about 18% of deaths
in children under five years of age (Snow, Guerra et al. 2005; WHO 2005b). In economic
terms, the disease is estimated to be responsible for an estimated average annual reduction of

1.3% in economic growth for those countries with the highest burden (Gallup and Sachs 2001).

Antimalarial drug resistance is now generally acknowledged to be the main cause of our
inability to “Roll Back Malaria”. Chloroquine, which has been quietly responsible for saving
millions of lives since the 1950’s, is now useless for the treatment of P. falciparum malarna in
Asia, Latin America and much of Africa. Resistance to sulfadoxine-pyrimethamine (SP) spread
even faster when it was introduced to replace chloroquine and is now widespread across much
of Africa (WHO 2005b). Chloroquine and SP are both affordable drugs at around $0.10-0.20
per adult course, and their safety and previous efficacy as oral regimens mean they have been
easily accessible and widely used. Mefloquine, the next drug to be deployed in Southeast Asia,
the historic epicentre for multi-drug resistant P. falciparum malaria, fell to drug resistance
within six years of its introduction in Thailand in the 1980°’s (Nosten, ter Kuile et al, 1991). It is
much more costly and has never been deployed on wide scale in Africa. Fortunately, just as the
supply of new antimalarials was running dry, artemisinins, a “new” class of drugs used
originally in traditional Chinese medicine, were rediscovered and were increasingly being used
in China and Vietnam in combination with other drugs. In 2000, Cambodia became the first

country in the world to make an artemisinin-based combination therapy (ACT), of artesunate

and mefloquine, their nationally recommended first-line drug (CNM 2000b).
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Artemisinin-based combination therapies (ACTs) are now recognised to be the ideal choice for
the first-line treatment of P. falciparum malaria. They are efficacious, rapid acting, well-
tolerated, safe, available in all formulations, require only three days of treatment and reduce
transmissibility. As for any combination therapy, which involves two effective drugs from
different classes, both component drugs are less prone to the development of drug resistance,
thus prolonging the useful lifespan of the available antimalarial drugs. However, at more than

US$1 per adult dose, although not expensive by developed world standards, they are too costly

to be afforded by communities and governments in poorer countries (Table 1-1).

Although ACTs were officially recommended by the World Health Organisation in 2001 (WHO
2001a), the initial response by policy makers was slow. Chloroquine and SP continued to be
recommended and used across sub-Saharan Africa, exacting an enormous and increasing toll in
terms of morbidity, mortality and associated economic costs. After several years of controversy
apparent inertia (Nantulya and Liden 2004; Watkins, Kokwaro et al. 2004), there 1s now
widespread political and financial support for the switch to ACT and countries are switching to

an ACT with increasing momentum (Arrow, K.J., Panosian, C. et al. 2004; WHO 2006b)

Thus in the few years since the inception of this study, the key questions regarding antimalarial
drug policy have shifted from whether or not to change from monotherapy to combination
therapies, to questions about their implementation and financing. In particular there are concerns
about how to maximise coverage of the populations at risk of malaria in order to reduce current
morbidity and mortality and to reduce the likelihood of drug resistance developing. Although
providing easy access to free ACTs may achieve this aim, it has to be balanced against the costs,
the wastage of drugs and the implications of their widespread inappropriate use. When the
partner drugs are not co-formulated, the main risk is that artemisinins will be used on their own
leaving them exposed to the development of drug resistance (Bloland, Ettling et al. 2000;
Whitty, Allan et al. 2004). For the benefit of future generations the life of the currently

available drugs must be prolonged for as long as possible. This is one of the main rationales for

using ACTs but is also the reason that they must be deployed carefully.

Questions remain about the choice of combination therapy and timing of change, and there is
still considerable uncertainty about the implications in terms of future costs, risks and benefits,
In order for national governments and donor institutions to make rational decisions regarding
drug policy and strategies for implementation, there is a need for a framework in which the

current and future risks and costs of antimalarial drug resistance, can be balanced against the

cost and benefits of different policies and strategies.
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Policy issues such as this, where outcomes are uncertain and decisions complex, are
increasingly being explored with the help of models (Rauner and Brandeau 2001; Evans, Edejer
et al. 2005). They are ideally suited to exploring both biological and economic influences on
outcomes and moreover, they can be used to produce the estimates of the cost-effectiveness of
policy options (Weinstein, Toy et al. 2001). However static economic models of malaria do not
capture the change in disease transmission or antimalarial drug resistance and ignore the
externality benefits and fundamental goals of malaria control: reduction in the number of cases
and prolonging the useful life of antimalarial drugs. The development of a sound economic
analysis is dependent on the robustness of the underlying epidemiological model of malaria that
predicts these changes. Existing mathematical models of malaria have focused on intra-host
dynamics, epidemiology, or specific aspects of drug resistance. However the factors affecting
the effectiveness of drugs, the development of resistance and disease transmission are complex.

Previous models have not incorporated all these important drug, epidemiological,

parasitological and human behavioural factors.

The aim of this thesis was to develop a bio-economic model of antimalarial drug resistance,

which incorporates all relevant factors and can be used to elucidate different antimalanal drug
policy options. In order to maximise the realism of the model, the collection of an extensive
amount of data formed an important part of the study. Secondary data including a systematic
literature review were used to populate the model and primary data were collected in Cambodia,
Cambodia was chosen as the site for the empirical data collection because it was the first
country to switch the national antimalarial drug policy to an ACT. In addition the change was
accompanied by a number of innovative implementation strategies including the local blister-
packaging of an ACT, the social marketing of the ACT through the private sector and the use of
village malaria volunteers (VMV5s) and outreach to increase coverage with biological diagnosis
and ACT. In this thesis the focus of work was on low transmission areas. However, the model

can be applied to explore the spread of drug resistance and the impact of combination therapy in

high transmission settings.
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Table 1-1: Antimalarial drug prices

_ Estimated cost estimated for adult course (Source

Chloroquine ~~ [US$0.05—0.10 (depending on supplier) (2

Sulfadoxine/Pyrimethamine (SP) | US$ 0.06 — 2.80 (depending on supplier) (2

Amodiaquine US$ 0.15 (5

Mefloquine USS 1.05 = 2.95 (depending on supplier) (2) (3
Artesunate USS$ 0.50 - 2.68 (depending on supplier) (1
Quinine US$ 0.88 — 3.02 (depending on supplier) (2

Artemisinin-based
combination therapies (ACTs

|

Artesunate + Amodiaquine US$ 1.30(4) (5

Artesunate + SP USS$ 1.24 - 2.42 (depending on number of treatments) (1)
Blister-packaged

Artesunate + Mefloquine US$ 2.59 - 3.80 (depending of manufacturing efficiency)
Blister-packaged in Cambodia) | (3

Artemether +Lumefantrine | US$ 2.40 (for public services in developing countries) (1)
Co-formulated as Co-artem®

Dihydroartemisinin + USS 1.00 (1)

Piperaquine

(Co-formulated as Artekin®

(1) JM Kindermans in Saving Lives, Buying Time (Arrow, K. J., Panosian, C. et al. 2004)

(2) Based on International Drug Price Index, Management Sciences for Health, 2003 (drug cost
only) (Mangement Sciences for Health 2003)

(3) Cost to National Malaria Centre in Cambodia (Tsuyuoka R, personal communication)

(4) From Snow 2003 (Snow, Eckert et al. 2003)
(5) JM Kindermans in Changing malaria treatment protocols in Africa: What is the cost and who

will pay? (Kindermans, Pecoul et al. 2002).
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1.2. Malaria

1.2.1. 'The malaria life-cycle

Plasmodium falciparum malaria, the focus of this thesis, is the most lethal and most prevalent
type of malaria out of the four types that cause malaria in humans (P.vivax, P. ovale, P.
malariae and P. falciparum). It is transmitted by the bite of an infected female anopheles

mosquito and has a complex life cycle involving an asexual stage in humans and a sexual stage

in the mosquito (Figure 1-1).

Following inoculation in humans, there is an initial liver stage of reproduction, which is

asymptomatic and unaffected by drug treatment. After about 10 days the parasites burst out of

the liver cells and into the blood stream.

During this stage in the blood stream, asexual parasites invade red blood cells in which they
grow and multiply. Each blood-stage cycle takes 48 hours during which time the parasites
transform from small ring-like forms into “schizonts” which contain eight to 24 parasites
(“merozoites”). Schizonts adhere to the walls of some small blood vessels in a process called
“sequestration”, which results in obstruction of blood flow to certain organs including the brain
and placenta, thereby contributing to the pathophysiology of severe malaria’. The schizonts
eventually rupture releasing the merozoites into the blood stream where they invade new blood
cells, causing a logarithmic expansion in parasite biomass at a rate of about 10-fold every 43

hours. On average, parasites are detectable in the blood by microscopy on the 11" day after

initial inoculation, when the density of parasites is around 20-50 parasites/pl of blood. At this

stage the human host may still feel well or only experience vague symptoms, and usually

becomes only febrile two days later.

After a series of asexual cycles, a sub-population of parasites differentiates into male and female
sexual forms known as “gametocytes”. These do not multiply or cause symptoms but are
responsible for transmission of malaria via mosquitoes. Once they are ingested in the blood-
feed of a female mosquito, the male and female gametocytes fuse and undergo meiosis (sexual

reproduction) and then multiglz asexually in the mid-gut of the mosquito in “oocysts”. After
about 7-10 days these rupture, releasing parasites that penetrate multiple body sites, including

the salivary gland, ready to be inoculated into a human host with the next blood-feed, thereby

completing the Plasmodium life-cycle.

' This process also means that schizonts are rarely visible in the blood on microscopy leading to a
systematic underestimation of total body parasite burden.
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Figure 1-1: The malaria life-cycle
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1.2.2. Clinical malaria

The outcomes of infection with P. falciparum malana range from self-limiting asymptomatic
infections to rapid death. This depends on a number of factors, the most important being host

immunity, age and drug treatment. Symptoms are manifest when a threshold parasite density -

“the pyrogenic density” - is reached and is related to the rupturing of red blood cells. Non-

immune patients may become febrile before the parasites become visible by microscopy.

whereas immune patients can tolerate parasite densities of up to 10,000/ul of blood without

Ssymptoms.

Acute uncomplicated malaria is classically associated with episodes of high fever, chills.
sweating, headache, malaise, back and abdominal discomfort, anorexia, pallor and in children.

often seizures. Other symptoms such as diarrhoea, cough, and fast breathing are also not

uncomimaon.
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Severe malaria can affect any organ, with the onset and manifestation of symptoms again
largely dependent on age and immunity. In areas of very high transmission, severe malaria is
confined to the first few years of life, and is mainly manifest as severe anaemia. AS
transmission intensity falls, the age distribution of severe malaria moves upwards so that severe
malaria is seen in older children as well, in whom it more often manifests as cerebral malaria,
lactic acidosis and hypoglycaemia (Snow, Omumbo et al. 1997; WHO 2000b). In areas of low
transmission and in non-immune travellers, severe malaria is seen in all age groups. In addition
to the manifestations described in children, it can manifest as renal failure, pulmonary oedema,
shock, jaundice and macroscopic haematuria (“blackwater fever”). Approximately 3% of adults
and 10% of childremollowing cerebral malaria® (Van
Hensbroek, Palmer et al. 1997). Although in the majority of cases there is complete recovery
within the first month, a proportion of children have more subtle persisting deficits n

intellectual and behavioural development (Holding and Snow 2001; Murphy and Breman 2001,
Idro, Carter et al-2006).

K
Mortality rates for treated cases of severe malaria are around 15% in children and 20% in non-
pregnant adults (Zucker, Lackritz et al. 1996; Bojang, Van Hensbroek et al. 1997; Dondorp,

Nosten et al. 2005). However, rates vary widely reflecting differences in case definition, host

immunity, access to treatment, type of treatment and settings. Most of the available data are

from hospital settings and as untreated severe malaria is rapidly fatal, the actual mortality rate in

the community is probably higher (Breman 2001).

1.2.2.1. Co-morbidity

A significant proportion (4 to 9%) of patients presenting with symptoms of P. falciparum
infection will be bacteraemic (Berkley, Maitland et al. 2005). In addition, there is a complex
synergistic interaction between infection with HIV and malaria with recent studies showing that
HIV-infected adults are more likely to develop symptomatic and severe malaria, and that acute
malaria infections are associated with increased HIV viral load (Francesconi, Fabiani et al.

2001; Grimwade, French et al. 2004; Cohen, Karstaedt et al. 2005; Kublin, Patnaik et al. 2005).

1.2.2.2, Malaria in pregnancy
Pregnant women are at particular risk of malaria as they are relatively immunocompromised and

often anaemic. The clinical course is largely dependent on their pre-pregnancy immune status
and therefore on transmission intensity. Non-immune pregnant women are three times more

likely to develop severe malaria and to die from it if they do (Luxemburger, Ricci et al. 1997),

2 This is associated with protracted coma, and specific neurological deficits such as hemiparesis, speech
and visual problems.
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Thetr pregnancies are more likely to terminate early and to result in pre-term birth and low
birth-weight (Luxemburger, McGready et al. 200]1). In high transmission settings, although
severe malaria is less likely, malaria during pregnancy (especially first pregnancies), is a
significant cause of anaemia, pre-term birth and low-birth weight (Shulman, Marshall et al.

2001; Steketee, Nahlen et al. 2001) and is therefore a significant cause of infant mortality
(Guyatt and Snow 2001).

1.2.2.3. Diagnosis
Diagnosis of malaria relies on the presence of symptoms and the presence of parasites in the

blood. However, in immune patients the presence of both does not mean that the symptoms are
due to malaria, as they may well be due to a concomitant infection. In reality, malaria diagnosis

is usually made presumptively based on clinical symptoms, leading to both over- and under-

diagnosis.

Microscopy has long been the mainstay of biological diagnosis®. More recently, rapid
diagnostic tests (RDTs) based on the detection of parasite antigens, have become popular in
some low transmission settings (Mayxay, Newton et al. 2004; Singh, Saxena et al. 2005). They
are quick (<20 minutes), sensitive and easy to use and cost less than $1 per test for a P.
falciparum specific test. However, these particular tests remain positive for several weeks, due
to the persistence of the antigen, histidine rich protein 2 (HRP2)! (Mayxay, Pukrittayakamee et

T P A N W .
al, 2001). They are therefore less useful in high transmission settings because patients

presenting with a fever unrelated to malaria may have a positive test. The use of polymerase
chain reaction (PCR) technology is currently limited to clinical and epidemiological studies of
drug resistance, where its application has expanded rapidly. Using PCR, parasites can be

detected at densities much lower than possible by microscopy and individual parasite clones can

be identified, enabling recrudescent infections to be differentiated from initial infections (WHO

20054a).

1.2.3. Epidemiology

An estimated 350-660 million clinical disease episodes occur annually of which about 60%
occur in sub-Saharan Africa (Snow, Guerra et al. 2005). Although sub-Saharan Africa carries

the greatest burden, malaria remains a significant problem in Southeast Asia and Latin America

(Figure 1-2). The former in particular, is estimated to carry 25% of the burden of P. falciparum

* This involves the examination of a drop of blood, usually from a finger prick, on a glass slide., The

sample is smeared, stained and fixed and examined in order to identify and quantify parasites. The latter
requires counting the number of parasitized red cells in relation to the number of red cells or white cells in

a certain number of microscopic fields and then multiplying up the number according to the total red cell

or white cell count in order to obtain a quantity in terms of parasites per pl of blood.
* RDTs based on the detection of plasmodial lactate dehydrogenase are also available for testing for other

Species.
28



clinical episodes and 10% of the deaths (WHO 2005b). In addition to acute disease episodes
and deaths, malaria also contributes significantly to anaemia in children and pregnant women,
adverse birth outcomes such as spontaneous abortion, stillbirth, premature delivery and low
birth-weight, and overall child mortality through synergy with other illnesses. The disease is
estimated to be responsible for an estimated average annual reduction of 1.3% in economic

growth for those countries with the highest burden (Gallup and Sachs 2001; Sachs and Malaney
2002).

Until well into the 20" century, malaria was common in many parts of the world including
Europe and North America. Eradication in these areas was due to socio-economic development
and malaria control programmes, particularly the Global Malaria Eradication campaign in the
1950s and 1960s (Bradley 1998; WHO 2005b). The latter involved widespread spraying with
DDT and treatment with chloroquine. In contrast malaria continued to blight much of sub-
Saharan Africa and areas in Latin America and Southeast Asia. Relative success in control in
South Asia in the 1970s and 1980s was followed by a re-emergence in areas where it had almost
been eradicated and an increase in the severity of infection and mortality elsewhere (WHO
2005b). In sub-Saharan Africa, as childhood mortality fell from other causes, mortality due to
malaria doubled (Korenromp, Williams et al. 2003). Although other factors have contributed’
to the failure to control malaria, the main reason for this resurgence is the emergence and spread

of antimalarial drug resistance. Although difficult to quantify, it has been estimated that

chloroquine has been responsible for a two to 11-fold increase in childhood mortality in Africa

(Trape, Pison et al. 1998; Trape 2001).

1.2.4. Antimalarial drug resistance

Resistance to chloroquine was first reported in South America (Moore and Lanier 1961) and
Southeast Asia (Harinasuta, Suntharasamai et al. 1965). There was then a 17- year time lag
before its appearance in East Africa after which dispersal occurred in a ‘step by step country to
country’ fashion (Payne 1987). Chloroquine resistance has been linked to mutations in the pfert
gene that encodes the P. falciparum resistance transporter (PfCRT) protein and to a lesser extent
the P. falciparum multi-drug resistance gene (pfmdrl). Recent evidence suggests that most of
the currently existent pfcrt mutants arose from four original mutants, one in Southeast Asia that
spread to Africa, two in South America and one in Papua New Guinea (Fidock, Nomura et al.

2000; Wootton, Feng et al. 2002). In addition there may be one or two other origins in
Philippines (Chen, Wilson et al. 2005) and Cambodia (Lim, Chy et al. 2003).

> Other factors that have caused local epidemics include population movement, the breakdown in control
programs and local primary health services, vector resistance to insecticides and the HIV/AIDS epidemic.
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As chloroquine efficacy has fallen, sulfadoxime/pyrimethamine (SP) has taken its place®.
However resistance developed much more rapidly following its deployment than to chloroquine
and is now widespread in Asia, Latin America and increasingly Africa (EANMAT 2006), as
shown in Figure 1-3. The rapidity of its spread may in part be due to its long half-life (Watkins
and Mosobo 1993) and the fact that it appears to stimulate the production of gametocytes (von

Seidlein, Drakeley et al. 2001). Pyrimethamine resistance is acquired in a step-wise fashion and

arises from the sequential acquisition of four point-mutations in the gene encoding for

-
dihydofolate reductase (dhf*) (Plowe, Cortese et al. 1997). It is easy to generate in the
laboratory (Paget-McNicol and Saul 2001) and it was therefore widely believed that existing

drug resistant mutants arose from multiple new mutations. However recent evidence suggests
that, like chloroquine resistance, the existing highly- resistant “triple mutant” was transported
into Africa from Southeast Asia (Roper, Pearce et al. 2004). Less is known about sulfadoxine

resistance, but this too is associated with the sequential acquisition of mutations in a gene, in

this case, encoding for dihydropteroate synthase (dhps).

Metloquine, like SP has a long half-life and therefore only needs to be taken in a single dose
and is useful for chemoprophylaxis. It is significantly more expensive than chloroquine or SP
and 1s not commonly available in Africa. Resistance developed to mefloquine within six years

of its introduction in Thailand (Nosten, ter Kuile et al. 1991) and is associated with gene

amplification of the pfmdrl gene (Price, Uhlemann et al. 2004).

Quinine is the mainstay of treatment of severe malaria, It has also been used for the treatment
of drug-resistant uncomplicated malaria, It is relatively cheap and widely available and safe to
use in pregnancy. However its use as a first-line treatment is limited mainly by the frequency
and duration of treatment (three times daily for seven days) and its association with frequent
minor side effects. Although it remains widely efficacious, its efficacy has waned in areas of
multi-drug resistant malaria (WHO 2005a). Amodiaquine is related to chloroquine and is
effective against chloroquine-resistant P. falciparum. However there is cross-resistance and
amodiaquine is not sensitive against highly chloroquine resistant parasites (Olliaro, Nevill et al.
1996) and high levels of resistance have been recorded in East Africa (Mutabingwa, Anthony et
al. 2005b). Atovaquone is a new class of antimalarial. It is available only in co-formulation

with prc?/uanil as Malarone®. It is highly effective and well tolerated but its use is currently

mainly limited to chemoprophylaxis for non-immune travellers, largely because of its cost.

Resistance to atovaquone is linked to a single mutation in cytochrome b gene codon and is easy

to induce in the laboratory and develops rapidly if the drug is used on its own (Looareesuwan,

Chulay et al. 1999).

® Sulfadoxime and pyrimethamine are two different drugs that belong to the same group of drugs and are
only available as a co-formulation, “SP” is therefore commonly referred to as a single monotherapy drug.
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Figure 1-2: Estimated incidence of clinical P. falciparum episodes resulting from local
transmission, country level averages, 2004
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Figure 1-3: Drug resistance to P. falciparum from studies in sentinel sites, 2004
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1.2.5. Artemisinin-based combination therapy (ACT)

Artemisinin derivatives are the most powerful class of antimalarial drugs we have to date.
Artemisinin or Qinghaosu as it is known in Chinese, is derived from the plant Artemisia annua
(sweet wormwood) and has been used in China as a traditional remedy for thousands of years
(see Annex 1 for more history and detailed information about ACTs). They produce the fastest
decline in parasite mass and have the broadest range of action and are therefore effective in
severe malaria, as well as having the potential to reduce transmissibility. They are rapidly
absorbed, are available orally as well as parenterally and have excellent tolerability (Taylor and
White 2004). Although they have an extremely short half-life that protects them from drug
resistance, this also means that they need to be taken for seven days. With an effective partner
drug, only three days of treatment are required and protects both drugs from drug resistance.

Artemisinin derivatives are therefore only recommended for treatment in combination with

another effective drug as an artemisinin-based combination therapy (ACT).

There are more published randomised control trials (RCTs) on artemisinins than any other class
of drug (Adjuik, Babiker et al. 2004; Myint, Tipmanee et al. 2004). The efficacy of ACTs in the
treatment of uncomplicated malaria has been shown in numerous studies in Asia (Price, Nosten
et al. 1997, Nosten, van Vugt et al. 2000; Mayxay, Khanthavong et al. 2004; Tran, Dolecek et
al. 2004) and Africa (von Seidlein, Milligan et al. 2000; Adjuik, Agnamey et al. 2002).
Intravenous artesunate has also recently been shown to be more efficacious than intravenous
quinine for the treatment of severe malaria in adults resulting in a 35% reduction in mortality
(15% versus 22%) (Dondorp, Nosten et al. 2005). Artesunate and artemether can both be given
rectally and therefore have the potential for being life-saving if used for the early treatment of

severe malaria in the community (Barnes, Mwenechanya et al. 2004; Aceng, Byarugaba et al.

2005).

So far, clinical resistance to artemisinin derivatives has not been demonstrated and resistance
has been difficult to produce in the laboratory. However in-vitro susceptibility has been found

to correlate with gene amplification of the pfindrl gene (Price, Uhlemann et al. 2004).

1.2.6. Combating antimalarial drug resistance

Recent molecular studies have clearly indicated that it is extremely rare for a new resistant
mutant to emerge, and that the spread of existing mutants is responsible for most cases of
antimalarial drug resistance today (Wootton, Feng et al. 2002; Roper, Pearce et al. 2004). .
However, for years this was uncertain and there has been, and continues to be, much interest in
elucidating the factors affecting the emergence and spread of drug resistance. Such an

understanding of drug resistance is central to the design of rational antimalarial drug policies
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that will not only treat malaria effectively now, but will result in the prolongation of the useful

life of drugs.

The factors affecting the initial emergence of a de novo mutation include variation between
different drugs and parasites (Rathod, McErlean et al. 1997; Paget-McNicol and Saul 2001),
host immunity, and whether drugs are used alone or in combination. The latter is one of the key
rationales for using combination therapy. Simply put, if each parasite has a one in a million
chance of spontaneously mutating to become resistant to drug A and a similar but independent
chance of spontaneously mutating to become resistant to an unrelated drug B, then the chance
that both mutations occur in a single parasite is one in 10" (1x10° multiplied by 1x10°) (White
1999a). In addition, because two independent mutations are required, it is much more likely that

these will be broken down during sexual recombination resulting in a loss of the double

mutation (Hastings and D'Alessandro 2000).

Once a drug resistant infection has emerged, the subsequent spread is dependent on the presence

of drug pressure, which results in the cure of sensitive infections but the survival of resistant

mutants. Therefore the proportion of parasites that are exposed to drugs, especially at sub-
therapeutic levels, is particularly important to the rate of spread. This proportion is higher when
most infections are symptomatic and therefore treated (i.e. non immune patients), when parasite
densities are high (i.e. non-immune patients who remain untreated), when the half-life of the
drugs is long, when inadequate amounts of antimalarial drugs are taken (poor adherence) and
when antimalarial drugs are taken in the absence of malaria infection, The latter may be
because antimalarial drugs are taken presumptively for malaria-like symptoms, for
chemoprophylaxis or as part of a mass drug administration programme’ (D'Alessandro and
Buttiens 2001). Human population movement is also important in transporting drug resistance
between areas. Other factors include clone multiplicity, cross-resistance between drugs, the

“fitness cost” of drug resistance® (Kublin, Cortese et al. 2003) and the P/EMP] var gene switch

rate ((Gatton, Hogarth et al. 2001)9.

Strategies to delay the development of antimalarial drug resistance can therefore be targeted at
any of these factors. Some strategies also succeed in addressing goals other than the control of
drug resistance. For example the use of an ACT will result in an increased cure rate in an area

where the current monotherapy is failing, as well as hopefully decreasing the likelihood of a

" This occurred with chloroquine in the early 1960s when the WHO added pyrimethamine or chloroquine

to cooking salt,
® In the absence of drug treatment resistant parasites may experience a survival disadvantage (“fitness

cost”) which may lead to a decline in the prevalence of the resistant mutants once drug pressure is

removed.
? One of the important difference between malarial parasites and bacteria is the ability of parasites to

Introduce antigenic variation to the immunogenic protein P/EMP1, which enables it to evade host
immunity.
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new drug resistant mutant emerging and, in a low transmission area, may also decrease the
incidence of malaria. This was dramatically demonstrated in the KwaZulu-Natal in South
Africa when SP monotherapy was replaced with artemether-lumefantrine (Barnes, Durrheim et
al. 2005), and in Thailand with the introduction of artesunate-mefloquine (Nosten, van Vugt et
al. 2000). In both places, the cure rates increased and malaria transmission decreased and in

Thailand there was an increase in the sensitivity of the parasite to mefloquine (Brockman, Price

et al. 2000).

However, there can be conflict between different policy goals. For example the desire to

minimise morbidity and mortality now, by maximising access to drugs needs, to be balanced
against limiting their current use, in order to decrease the development of drug resistance.

Prioritising the former over the latter may result in a lower burden of disease for the current

generation at the expense of future generations.

1.2.7. Antimalarial drug policy — the current situation

Malaria experts first publicly wammed of the impending disaster due to antimalarial drug
resistance in the late 1990s (Marsh 1998; White, Nosten et al. 1999). In April 2000, more than
20 African heads of state met in Abuja, Nigeria and called on the world community to allocate
at least US§! billion per year towards reaching the Roll Back Malaria (RBM) target of halving
malaria deaths by 2010. The following year, the WHO recommended the use of artemisinin-
based combination therapies (ACTs) for the first-line treatment of uncomplicated P. falciparum.
The four recommended treatments were artemether-lumefantrine (Coartem®), artesunate-
mefloquine, artesunate-SP and artesunate-amodiaquine (WHO 200la). However, initial
scientific opinion was divided and the response from national governments and international
donor organisations was slow, Most countries continued to recommend either chloroquine or

SP, despite clear evidence that they were no longer effective (EANMAT 2006) and that their

continued use was resulting in a relentless rise in morbidity, mortality and economic cost

(Watkins, Kokwaro et al. 2004).

In the last two years, there has been a considerable change in momentum. ACT is now
generally acknowledged to be the treatment of first choice and countries are increasingly

changing their national antimalarial drug policies to one of the recommended ACTs. In part,

this acceleration can be credited to the vocal advocates who challenged the WHO and GFATM
into action, in an exchange of letters in the Lancet (Nafo-Traore 2004; Nantulya and Liden
2004; Watkins, Kokwaro et al. 2004). Further weight was added to argument for change by the
Institute of Medicine report “Saving lives, buying time: Economics of malaria drug in an age of
resistance”, The report unequivocally supports of the urgent and wide scale deployment of

ACTs. Moreover its central recommendation is for a “sustained global subsidy of artemisinins
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co-formulated with other anti-malarial drugs” at an estimated annual cost of $500 million

(Arrow, K. J., Panosian, C, et al. 2004).

Currently, out of 43 countries in Africa, 14 countries have deployed an ACT (four with
artemether-lumefantrine and 10 with artesunate-SP or artesunate-amodiaquine). Another 19
countries have committed to but not yet implemented a switch to an ACT. In Asia, ACTs have
officially been deployed for several years in Cambodia, Thailand and Vietnam, artesunate-
mefloquine in the case of the first two countries and dihyroartemisinin-piperaquine, in the latter.
Other countries are planning to switch (Bangladesh, Bhutan, Indonesia and Myanmar), or have
deployed ACTs in some areas (India and China). However chloroquine and SP continue to be
used either alone or in combination elsewhere. In the Americas, six out of 11 countries with 2.
falciparum, have officially switched to an ACT (WHO 2006b). The Global Fund is responsible
for funding much of this change and has committed to help purchase 264 million doses of ACTs

(GFATM 2006).

However serious concerns remain around the implementation of ACTs (Bloland, Ettling et al.

2000; Whitty, Allan et al. 2004; Mutabingwa 2005a). The high cost of the drugs remains a
central issue, as they are clearly unaffordable to the vast majority of those at risk and are likely
to continue to be so for some time. ACTs will therefore need to be provided for free or very
cheaply and this requires a significant and sustained financial commitment from donors.
National governments worry about sustainability, and both they and donors have to weigh up
the relative cost and benefit of implementing ACTs, compared to other health and non-health
related interventions. Many of the doubts centre on the actual effectiveness of ACTs when they
are implemented in “real-life”, where infrastructures are poor, access to health care 1s low and
there is widespread inappropriate use of antimalarial drugs. In particular, there are concerns
about poor adherence leading to the use of artemisinins on their own and the potentially
disastrous consequences in terms of drug resistance arising to the artemisinin derivatives. This
has recently led WHO to demand an immediate halt to the use of artemisinins on their own
(WHO 2006¢c). Whether or not the use of ACTs should be limited to biologically confirmed
malaria, targeted to specific at-risk groups, such as children, or used for “home-treatment”
remains controversial (D'Alessandro, Talisuna et al. 2005). Finally, a considerable source of the
benefit of ACTs in low-transmission areas is their ability to reduce malaria transmission and
drug resistance. Enthusiasm for their deployment in high transmission settings is therefore

tempered by the expectation that these consequences are less likely to occur in these settings.
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1.3. Cambodia

1.3.1. General background

Cambodia lies in the Mekong delta region bordered by Thailand, Lao PDR, Vietnam and the
Gulf of Thailand, covering an area of 181,040km®. The total population is approximately 13.5
million (MoH 2003). The majority of the population are Khmer, with the ethnic minority
population concentrated in the two remote Northeast provinces of Rattanakiri and Mondulkiri.
Most of the population (84.3%) live in rural areas, mainly concentrated around the capital,
Phnom Penh and to a lesser extent the provinces bordering Thailand. The population is very
young, with nearly half the population under 15 years. Average household size is 5.2 people per
household (NIS 1999). Following the Khmer Rouge’s (1975-1979), forced move of city
dwellers to the countryside and the years of ensuing conflict, there has been a long history of
population movement'®, In recent years, in response to a relative over-population of the central
plains area, families have been moving into the sparsely inhabited forested areas that were

previously dangerous and inaccessible because of conflicts, poor roads and unexploded

landmines.

Cambodia has only recently begun to recover from its turbulent past. The economy is now
growing fast, with an annual gross domestic product (GDP) growth rate of around 5-6%. In
2001-2002 the GDP was around $4 billion or US$278 per capita (World Bank 2002). However,
of this some US$400 million or US$30 per capita was from foreign aid, accounting for 12% of

the GDP (UNDP 2002) and Cambodia still remains amongst the poorest countries in the world,
ranking 130" out of 173 in the Human Development Index (UNDP 2002). Next to the Lao

PDR, it is the poorest country in Southeast Asia. Of note is the low life expectancy (average
57.4 years), high child and infant mortality rate (124 and 95 per 1000 live births respectively)
and high maternal mortality (440 per 100,000 live births) (UNDP 2002). In 2002 it was
estimated that 36% of the population lived below the national poverty line. In rural areas only
11% of the adults were in paid employment and the average monthly household expenditure
was $75, of which 6.6% was on medical care (NIS 1999). Further details of Cambodia’s socio-

economic status are provided in Annex 2.

1.3.2. The healthcare system
Following the abolition of modern medicine and the murder of most health workers during the
rule of the Khmer Rouge, the existing health system was developed by a Vietnamese-led

administration and a handful of non-governmental organisations (NGOs). In 1989, as socialist

countries withdrew support and political and economic liberalisation evolved, increasing

international aid flowed into the country and with it, an attempt to reform the structure of the

' 32% of the population report to having being born in a place different from their current residence.
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health system (Lanjouw, Macrae et al. 1999; Hill 2000). In the last few years, decentralisation
has taken place with financial and management responsibilities devolved to the provincial health
departments and operational districts. However, significant problems with delivery and access
remain, exacerbated by poor infrastructures and inadequate salaries. Only 4% of the health

budget is spent on salaries and the average health worker earns US$15-20 per month (MoH
2001).

The government health budget (recurrent costs) for 2001 was US$ $37.4 million (10% of the
total government budget), representing a per capita allocation of $3.1 per person'’. In addition,
Cambodia receives $25-30 million per annum from donors (WHO, World Bank, DFID, USAID,
EC) (Grose, Sorya et al. 2002) and has been allocated substantial funding from the GFATM -
almost US$40 million for HIV/AIDS, $26 million for TB and $10 million for malaria.

1.3.3. Malaria in Cambodia

Malaria reportedly accounts for 7% of admissions and 3% of outpatient attendances, with rates
ettt st it

varying significantly between provinces (Figure 1-4). Based on official statistics, in 2003, there
were 71,258 confirmed cases of malaria of which 63,739 were due to P. falciparum, and 492
deaths (MoH 2001). Annual incidence has generally been falling since 1997 although the rate in

2003 represented an increase from the previous two years (Figure A4-1). As the vast majority

of Cambodians seek treatment in the informal sector, these numbers significantly underestimate

the true burden of disease.

1.3.3.1. Epidemiology
Cambodia is generally flat in the centre with forest-covered mountains in the north, west and

cast. Between 35% to 63 % of the land mass is covered by thick forest and jungle (Hong 2004),
the main breeding sites for the main malaria vectors, Anopheles minimus and Anopheles dirus.
The climate is generally warm and humid throughout the year with an annual mean temperature
of around 25°C, rising to the low 30s just before the rainy season. This occurs between mid-
May to mid-September with a drier season from November to March. The transmission of

malaria is largely determined by the proximity of humans to forest and is highly seasonal,

peaking at the beginning of the rainy season.

About two million of the population are considered “at-risk” of malaria and fall roughly into
three categories'®. The first group comprises the ethnic minority families living in thickly
forested villages in Mondulkiri and Rattanakiri (approximately 350,000). The second and

largest group comprises approximately 1.7 million temporary forest migrants - a heterogenous

group of mainly adults, mainly men, who travel into the forest for work. The group includes

' Although in 1998 only one third of the then US$1.53 per inhabitant per year was actually disbursed.
' There appears to be some confusion with regards to numbers and percentage of at-risk population.
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hunters, gatherers, woodcutters, gem miners and soldiers. The third risk group comprises

returning refugees and new migrants from lowland areas, settling in forested ex-Khmer Rouge

areas (approximately 150,000) (CNM 2001).

1.3.3.2. Malaria con