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Abstract
An estimated 4% of global child deaths (approximately 300,000 deaths) were attributed to rotavirus in 2010. About a
third of these deaths occurred in India and Ethiopia. Public finance of rotavirus vaccination in these two countries could
substantially decrease child mortality and also reduce rotavirus-related hospitalizations, prevent health-related
impoverishment and bring significant cost savings to households. We use a methodology of ‘extended cost-effectiveness
analysis’ (ECEA) to evaluate a hypothetical publicly financed program for rotavirus vaccination in India and Ethiopia. We
measure program impact along four dimensions: 1) rotavirus deaths averted; 2) household expenditures averted; 3)
financial risk protection afforded; 4) distributional consequences across the wealth strata of the country populations. In
India and Ethiopia, the program would lead to a substantial decrease in rotavirus deaths, mainly among the poorer; it
would reduce household expenditures across all income groups and it would effectively provide financial risk protection,
mostly concentrated among the poorest. Potential indirect benefits of vaccination (herd immunity) would increase
program benefits among all income groups, whereas potentially decreased vaccine efficacy among poorer households
would reduce the equity benefits of the program. Our approach incorporates financial risk protection and distributional
consequences into the systematic economic evaluation of vaccine policy, illustrated here with the case study of public
finance for rotavirus vaccination. This enables selection of vaccine packages based on the quantitative inclusion of
information on equity and on how much financial risk protection is being bought per dollar expenditure on vaccine
policy, in addition to how much health is being bought.

Verguet S, Murphy S, Anderson B, Johansson KA, Glass R, Rheingans Richard. 2013. Public finance of rotavirus
vaccination in India and Ethiopia: an extended cost-effectiveness analysis. Vaccine, 31(42):4902-10. doi: 10.1016/

j.vaccine.2013.07.014. ISSN 0264-410X. Version of record available from http://www.sciencedirect.com


http://www.sciencedirect.com/
http://libres.uncg.edu/ir/asu/

Highlights

» Publicfinance ofrotavirusvaccine coulddecrease child mortalityand medical
impoverishment.

« InIndia/Ethiopia,itwoulddecreaserotavirusdeaths, mainlyamongthepoorer.

« InIndia/Ethiopia,itwouldpreventmedicalimpoverishment,amongthepoorest.

» Thisworkincorporatesfinancialrisk protectionintoevaluation ofvaccine policy.

» Vaccine packagesbasedonequity, financial protection,and healthgainscanbe
selected.

Abstract

Background

Anestimated4%ofglobalchilddeaths (approximately 300,000deaths) wereattributed
torotavirusin2010. Aboutathird ofthese deaths occurredin Indiaand Ethiopia. Public
financeofrotavirusvaccinationinthesetwo countries could substantiallydecreasechild
mortality and also reduce rotavirus-related hospitalizations, prevent health-related
impoverishment and bring significant cost savings to households.

Methods

Weuseamethodology of ‘extended cost-effectivenessanalysis’'(ECEA)toevaluatea
hypotheticalpubliclyfinancedprogramforrotavirusvaccinationinindiaand Ethiopia.
We measureprogramimpactalongfourdimensions: 1)rotavirusdeaths averted;2)
householdexpendituresaverted;3)financial riskprotectionafforded;4)distributional
consequencesacrossthewealthstrataofthe country populations.

Results

Inindiaand Ethiopia, the programwouldlead to asubstantial decreaseinrotavirus
deaths, mainlyamongthe poorer;itwouldreduce household expenditures acrossall
incomegroupsanditwouldeffectively provide financialrisk protection, mostly
concentratedamongthepoorest. Potentialindirectbenefitsofvaccination(herd
immunity)wouldincrease programbenefitsamongallincomegroups,whereas
potentiallydecreased vaccineefficacyamongpoorerhouseholdswouldreducethe
equity benefits ofthe program.

Conclusions

Our approach incorporates financial risk protection and distributional consequences
into thesystematiceconomicevaluationofvaccinepolicy,illustrated herewiththecase
study ofpublicfinanceforrotavirusvaccination. Thisenables selectionofvaccine
packagesbasedonthe quantitative inclusion ofinformation on equity and on how much
financialrisk protectionis beingboughtperdollarexpenditure onvaccine policy,in
additiontohow muchhealthis being bought.

Keywords

Rotavirus; Vaccination; Child health; Financial risk protection; Equity; Extended cost-
effectivenessanalysis (ECEA); Low-and middle-income settings

1. Introduction

Aboutathirdofglobaldiarrhea-related deaths are attributed torotavirus. Inchildren
youngerthanfiveyears an estimated 4% deaths were theresultofrotavirus-related
diarrheain2010[1]and[2]. Thelarge majority ofthese deaths among under-fiveswere



inlow-income populations of Africaand Asia[1] and [2]. Five countries (the Democratic
Republicofthe Congo, Ethiopia, India, Nigeriaand Pakistan) accounted formorethan
halfof allrotavirus deaths [1], [2] and [3].

Theintroductionofrotavirusvaccineintothevaccinationschedule oflowerincome
countriesmightleadtosubstantialreductionsinchild mortalityandsignificantlyreduce
thenumber ofrotavirus-related hospitalizations, asithasbeen observedinthe (high-
income) countrieswhereimplemented[4].Insub-Saharan Africaand India, 90% of
rotavirus-relatedhospitalizationsoccuramongchildrenundertwoyearsofage
[5]and[6]. Thoughthe efficacy ofrotavirus vaccine,astandard two-doseregimengiven
at6and 12 weeks ofage [7], has provenlowerinthe developing countries thatare highly
impacted by rotavirus [7] and [8],* even apartially effective vaccine there could save
many livesandbring substantialcostsavingstohouseholds possibly preventingthem
from medicalimpoverishment.

Rotavirusvaccination maybe avery cost-effectiveintervention[9],[10],[11],[12],
[13]and[14]which could save upto 2.5 million lives over the next 20 years in Global
Alliance for Vaccines and Immunization(GAVI)-eligible countries[10]. Country-
specific benefitsfromrotavirusvaccinationwilldepend onthe specificburden of
diarrhea, vaccineprice and efficacy,andthetargeting ofthe vaccination programs[9],
[12]and[13]. Greaterbenefitshould beexpectedinlow-incomecountries, primarily
becauseofhighmortalitylevels. Withincountries, greaterbenefitshould be expected
amongthe poorestpopulationswho often have higherrisks ofdeath,reduced accessto
effectivecare,andbearsignificanteconomic costsduetodiseasetreatment.

Healthinterventionssuchasrotavirusvaccination,and by extensionthepolicylevers
thatfinance anddeliverthem, havedistributionalconsequencesacrosswealthstrata of
populationswhichtheytarget. Earlywork hasshownthatuniversalmeaslesvaccination
coverage could substantially reduce income-related mortality differentials in high
mortality settings[15]. Morerecently, Rheingans etal.[16]examined the cost-
effectivenessof rotavirusvaccinationperincomegroupinselected GAVI-eligible

countries,andfounditmostcost-effectivetovaccinateinlow-income populations.?

Policychoicesthataffectvaccinationcoverageinclude publicfinance (PF)forroutine
administration ofaspecificvaccine, masscampaigns,® andconditionalcashtransfersto
encourage utilization[17]. PF policy ofvaccine programs hassome specificand positive
consequences.First,PFincreasesuptakeandleadstowidespreadhealthgains.
Second,PFcanreducehouseholdexpendituresonhealthcareandpreventmedical
impoverishment. Finally, PFcanhavedifferentialimpactacrossapopulation bylevel of
income[18].

Inthispaper,weapplyamethodology ofextended cost-effectivenessanalysis (ECEA)
[18]to evaluate the consequences ofvaccine policy ineach ofthe dimensions described
above.Weillustrate ourapproach with the case study of PF forrotavirus vaccinationin
twocountrieswithsubstantialrotavirusburden, Indiaand Ethiopia. Bothcountrieshave
substantial rotavirus burden, yet differ significantly epidemiologically and economically.
Inorderto make decisions ontheintroduction ofnewvaccines, Indian and Ethiopian
policymakersneedestimatesofvaccinationcostsandoutcomes,whichdifferacross
socio-economic groups. Distributional aspects have implications for decisions about
wheretoinvestfirst. The ECEAapproachaddsdistributionalconsequencesand
financial risk protection (FRP)considerationstothedecisioncriteria.ltenablesselection
ofvaccines based on quantitative inclusion ofhow much FRPis provided, as wellas how
much healthis gained, per dollar expenditure onapolicy [18].

2. Methods

Weevaluate PFforrotavirusvaccinationatsurvey-reportedlevels of DPT2 (2nd dose of
Diphteria-Pertussis-Tetanus vaccine)* coverage in India and Ethiopia, drawing from



standardcost-effectivenessmethods[21].Ineachcountry,wefollowahypothetical
cohortof1,000,000 births overthefirstfive years oflife. Rotavirus-related mortality
outcomesandhousehold expendituresare estimatedforthiscohort. Thefive-year
horizon capturesallrelevanteffects withsimplicity: one cohortismodeled,and under-
fivechildren constitute the population group inwhichoutcomes mostly occur and for
whomdata (e.g.burdenofdisease)isavailable. We adoptasocietal perspective and
considerthevaccinationcostsbornebyproviders(e.g.governments),separatedfrom
therotavirus-relatedexpendituresbornebypatientsandtheirfamilies.

We estimatethelevelanddistribution (acrossincome groups) oftherotavirus deaths
averted;thehouseholds’expenditures(directmedicalcosts andtransportcosts)related
to rotavirustreatmentaverted (‘privateexpenditurescrowdedout’)andthecosts
needed tosustaintheprogram(vaccinationcostsbornebythegovernment);andthe
financial riskprotectionaffordedbythe programmeasuredbyanimputed money-
metricvalueof ‘insurance’provided,whichwedescribeindetailinthe supplementary
data(Section 1.3).

2.1. Data sources

Valuesforallparametersarelisted(Table 1). Beforeprogramintroduction, individuals
payoutofpocketforrotavirus treatmentand the demand (utilization) and cost ofthis
servicevary byincome group [20], [23], [24], [25],[26],[27],[28],[29],[30],[31] and [32].
Vaccine effectivenessisassumedtobe 43% and 49% for Indiaand Ethiopia,
respectively (consistentwithtrialdatafromBangladeshand Malawi[33]and[34]);
vaccine priceis $2.50 per dose as currently procured to the GAVI Alliance [35]. We
assumethe programwould achieve asimilarcoverage acrossallincomegroups equal
tomean DPT2coverage reported fromsurvey data[19]and[20],*theincremental cost
ofvaccine administrationtobe $0.25 perdose based onthe World Health Organization
Globallmmunization Visionand Strategy costingmodel[10] and[36].

Table 1.
Parameters used for the base case scenario for the economic evaluation of public finance for rotavirus
vaccination in India and Ethiopia.

Ethiopia

Parameter India estimate  estimate Reference(s)
Rotavirus deaths 3.7 5.4 Based on [1],
(per 1000 live births) [2] and [22]
Relative risk ratio of rotavirus mortality 2.8 29 Based on [16]
(poorest to richest) {1.43, 1.22, {1.34, 1.23,
{risk index, poorest to richest} 1.02, 0.82, 1.06, 0.91,

0.50} 0.46}
Mean 5-year probability of inpatient visit for 3% 2% Based on
rotavirus diarrhea {2,4,3,22} {2,2,2,3,3} [20], [23], [24], [25],
{poorest to richest} [26] and [27]
Mean 5-year probability of outpatient visit 38% 26% Based on [19], [20],
for rotavirus diarrhea {poorest to richest} {37, 37, 37, {18, 19, 27, [23], [28],

42, 39} 27, 38} [29] and [30]
Vaccine effectiveness (%) 43 49 [33] and [34]
(per 2-dose course)
Vaccination coverage (%) 76 52 Survey DPT2
(per 2-dose course) coverage [19]

and [20]

Mean out-of-pocket inpatient cost $82 $29 Based on [10], [23],
for rotavirus diarrhea (2011 US$)? {63, 64, 73, {25, 25, 25, [31] and [32]
{poorest to richest} 96, 115} 33, 38}
Mean out-of-pocket outpatient cost $9 $9 Based on
for rotavirus diarrhea (2011 US$)? {8,8,7,9, 14} {8,8,9, 11, [10], [23],
{poorest to richest} 10} [31] and [32]

Vaccine price (per 2-dose course) $5.0 $5.0 [35]



Vaccine price with GAVI subsidy b $0.4 [35]
(per 2-dose course)

Incremental vaccination system cost (per 2-  $0.5 $0.5 [10] and [36]
dose course)

Gross domestic product (GDP) per capita $1489 $374 [32]

(2011 current US$)

Gini index 33 30 [32]

Percent of households borrowing for 31.7%° ($24)  N/A [23]

rotavirus inpatient visit

(mean amount borrowed)

Percent of households selling assets for 3.8%° ($2) N/A [23]

rotavirus inpatient visit

(mean amount obtained)

Percent of households borrowing for 7.9%° ($2) N/A [23]

outpatient visit for rotavirus

(mean amount borrowed)

Percent of households selling assets for 0.3%° ($0) N/A [23]

outpatient visit for rotavirus

(mean amount obtained)

Utility function as a function of individual Y-y, Y1) Based on [18]
r r

income y =3 =3 (Supplementary data)

DPT2, 2nd dose of Diphteria-Pertussis-Tetanus vaccine.
a Includes both direct medical costs and transport costs disbursed out of pocket.

b India's projected GDP per capita for 2013 is above $1520, hence, if India benefits from GAVI co-
financing, the GAVI-subsidized price would start at 20% of the vaccine projected price (20% of
$5.00 = $1.00) and increase gradually (by $1.00 increments) over four years to reach the projected
price.

¢ The distribution of borrowing or selling assets among income groups is extracted from [46], and the
ratio between poorest and richest households borrowing or selling assets is assumed to be 2.5.
Ethiopians are assumed to borrow the same amount of money as Indians.

Table options = I

2.2. Rotavirus deaths averted

The modelfollows abirthcohortof 1,000,000 individuals overfiveyearsand uses an
indicatorofrelativerotavirus mortality (‘riskindex’) varying by income groupinorderto
quantifythereductioninunder-five mortality duetorotavirus,ineachincome group, an
approachwhichwasimplementedelsewhere[16].Beforethevaccinationprogram,the
rotavirus burdenofdiseaseisdistributed acrossincome groups, based ontheriskindex
specifiedbyincomegroup (Table 1). The approachis static; inthe case of rotavirus,
vaccinationmay provide some protectiontounvaccinatedindividualsduetoherd
immunity,whichhasbeendocumentedinafew(high-income) countries[37],

[38]and [39]. Insection 3.2.3, herd effects areimputed into our modelin order to
estimatepossibleadditionalbenefitsof indirect protectionduetovaccination.

2.3. Consequencesforhouseholdexpendituresandgovernmentcosts

Fromthe patientperspective, we estimate (byincome group)theamountofhousehold
expenditures averted for rotavirus treatment following program introduction. They
representcostsavingsfromthe household perspective.Ineachcountry,forthe
hypothetical cohort followed over five years, rotavirus-related expenditures borne by
families,withandwithoutvaccination, areestimatedanddependonfive-year
probabilities of outpatient/inpatient visits for rotavirus and household expenditures for
rotavirus-related outpatient/inpatient visits. Direct medical costs from
outpatient/inpatientvisits,andtransportcostsareincluded. Waitingtime andtraveltime
arenotincluded. Informalmedicaltreatmentcosts,and earningand productivity losses
are excluded.



From the provider perspective, we estimate the total costs of the vaccination program to
the government, depending onvaccine price and incremental administrative costs, and
vaccination coverage.

2.4. Financialrisk protectionafforded

We quantify the FRP benefits broughtto households by the programinmonetary terms.
Forthis purpose, we develop amoney-metricvalue of FRP, inapplying astandard utility-
based modelwhererisk-averseindividuals value protectionfromtheriskofuncertain
events[18],[40]and [41]. First,before the vaccination programisintroduced, inthe
uncertainscenario, we estimatethe expectedvalue oftheindividual'sincome associated
withthe eventuality (uncertainty) ofexpendituresrelatedtorotavirus with

given probability and cost. Second, we use a utility functionthatdepends onthe
individual'sincomeandrelative riskaversion(constant relative riskaversionutility
function[42]and[43]). Usingthis utility-based framework,inthe certainscenario,we
estimate theincome theindividualis willingto have in orderto have the outcome certain
(named‘certainty equivalent’). Finally, the difference betweenthe expectedvalue ofthe
individual'sincome and theincome the individualis willingto have in orderto have the
outcomecertain(i.e.the ‘risk premium’) yieldsamoney-metric value of FRP provided by
theprogram (byincomegroup).

Completedetailsare giveninthe supplementary data(section 1). Allanalyseswere
conducted using Mathematica[44].

3. Results

We presentourresultsforthe base case scenario using standard dataand four
additional scenarios thatconsideri)changesinthevaccine price (3.2.1);ii)
consequencesofborrowingand assetselling (3.2.2);iii) addition ofindirectbenefits of
vaccination(3.2.3);andiv)variationsinvaccine efficacyaccordingtoincome group
(3.2.4). These extensions capture four important economic and epidemiological
considerationsthat can,under different aspects,significantlyimpact thebasecase
findings. Wethusimplementascenarioanalysistoexplorevariations.

3.1. Basecasescenario

Forthe base case scenario (Fig. 1),32,000lives would be saved in India (1200 per
million births) representing 32% ofallrotavirus deathsand 3700 lives in Ethiopia (1400
permillionbirths)representing 26% of allrotavirus deaths. InIndiaand Ethiopia, more
liveswould be saved amongthe bottomincome quintilecomparedtothetopincome
quintile (29% and 27% of benefitsaccrue tothe bottomincome quintilein Indiaand
Ethiopia).InIndiaand Ethiopia, totalhouseholdexpenditures averted per millioninfants
vaccinatedwouldbe $1,800,000and $800,000,and the bottomtwoincome quintiles
wouldaccountforabout34% and 25% ofallhousehold expenditures averted. Total
vaccinationcosts (assuming acostof$5.50 per childvaccinated)incurred by the
governmentwouldamountto$4,200,000and$2,900,000. Total FRP (for1,000,000
households) would be about$16,000 and $8000. The largest FRP value would be feltby
the bottomincome quintilein India (33% oftotal FRP) and Ethiopia (27%). Asteeper
gradientforrotavirustreatmentutilizationbetweenthe poorerandricherin Ethiopia,
combinedwithasubstantiallyloweraverageincome ($374vs.$1489 percapita),
explainsthetrend ofthe FRP value as a function ofincome in Ethiopia.
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Fig. 1.
Level and distribution of benefits for a 1,000,000 birth cohort followed over 5 years, with public finance
for rotavirus vaccination at DPT2 current coverage, India and Ethiopia: Rotavirus deaths averted (a),

household expenditures averted (b), financial risk protection afforded (c).

3.2. Extensionstothe base case scenario
3.2.1. Changesinthevaccine price

The GAVIAlliance offersaco-financingmechanismforlow-income countriesona
slidingscaleaccordingtotheirincomelevel[35]. Specifically, countrieswithagross
domestic product(GDP) per capitalowerthan $1005 perannum canobtaina GAVI-
subsidized vaccine price of $0.20 per dose: thisis the case of Ethiopia. Countries witha
GDP percapitaabove $1520 which have just‘graduated’ from GAVImay pay 20% ofthe
vaccine price thefirstyearwithagradualincrease over the following fouryears [35].

We explore howchangesinvaccine price (which canreflectexpectedtransitionswhen
governments face marketprices) may affecttheresultsinterms of health gainsand FRP
afforded by the program. The number of deaths averted and FRP afforded per $1 million
spentwas examined amongincome groups forafewvaccine prices (Fig. 2).Ineach
country,asvaccinepricedecreases, deathsavertedand FRP affordedincrease forany
income group. InIndia, foravaccine price of $2.00, astated targetprice forvaccines
currentlybeingdevelopedinIndia[45],$1,000,000 spentby the programwould buy
about$8000 of FRP and avert 630 deaths of which 33% of FRP and 29% of deaths
avertedwould accrue amongthe bottomincome quintile. In Ethiopia, foravaccine price
0f$0.40,$1,000,000 would buy about$17,000 of FRP saving 3600 lives ofwhich 27% of
FRPand27% oflives saved would accrue amongthe bottomincome quintile. With
vaccine prices of $2.00 and $0.40in Indiaand Ethiopia, forany income group, the
deathsaverted arelargerin Ethiopia; however, the FRP affordedin India's bottom
income quintileis similarto Ethiopia'ssecond andthirdincome quintiles.



Health gains & financial protection afforded, per $1M spent, India Health gains & financial protection afforded, per $1M spent, Ethiopia

o

8 1 =

= Vaccine price F g Vaccine prica
—a— 804 —a— 504
—— 320 —— 520

g_ - 550 g | - $50

Financial risk protaction {$)
4000
1

-l
\a
Financial risk profection ($)
4000
1
|3
L

g | / g |
H ' .
j.lml e ‘\.Iﬂ“
T T T T T T T T T
( a) o 2m 400 600 a0 {b} 0 200 A0 B0 &00
Rotarirus daaths avernd Rotawirus deaths avered
Fig. 2.

Deaths averted and financial risk protection afforded over 5 years with the introduction of public finance
for rotavirus vaccination at DPT2 current coverage, per $1,000,000 spent, as a function of vaccine price,
India and Ethiopia. Income quintiles: | = poorest, Il = poorer, Il = middle, IV = richer, V = richest.
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3.2.2. Borrowingand assetselling

Whenfacedwith costly medicaltreatment, the poor use copingmechanisms suchas
borrowingfromrelatives and peersorselling assets [46]. We assume thatborrowing or
assetsellingwouldconcernindividualsinallincome groups, and thatitwould occur over
al0-yearperiod where people wouldtake aloanwith a giveninterestrate (details are
providedinthe supplementary data, Section 2).° When aloanis started, the borrower's
debtincreases. Borrowingincreases the expendituresthe householdswould payinthe
absenceofthe program. Hence, withtheinclusion ofborrowing inthe analysis, the
householdexpendituresaverted andthe FRP affordedincrease.Inparticular,the FRP
affordedincreases asthe borrowinginterestrateincreases (Fig. 3). Usinga40%annual
interestrate, asreportedin parts ofIndia[47], we find substantially larger FRP values:
$26,000for India, 38% among the bottomincome quintile; $17,000 for Ethiopia, 35%
amongthe bottomincome quintile. Atavaccine price of$2.00, the FRP afforded would
represent0.9%of total program costs ($1,900,000) inIndia. Atavaccine price of $0.40,
the FRP affordedwouldrepresent3.6% oftotalprogram costs ($500,000) in Ethiopia.
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Financial risk protection afforded (with borrowing included) for a 1,000,000 birth cohort followed over 5
years, with public finance for rotavirus vaccination at current DPT2 coverage, as a function of individual
borrowing interest rate, India and Ethiopia.

e ——



Figure options =

3.2.3. Indirectbenefitsofvaccination

Rotavirusvaccinationmay provide protectiontounvaccinatedindividualsduetoherd
immunity, althoughevidence onherdeffectsfromvaccinationcomes mostlyfromhigher
income countries where vaccine efficacy is high [37],[38] and [39]. If herd effects in high-
incomecountrysettingswerereplicatedindeveloping countrysettings,where efficacy
andcoveragearelower,avaccinewithindirectprotection could provide greater benefits
thanexpectedsolely based ondirectefficacy. Inorderto estimate the program benefits
includingthis potentialindirectprotection, additionalbenefits of 1/3areimputedtoour
results,basedonpublishedreports[37],[38]and[39]. Expectedly,indirectvaccination
effectsmay increase allbenefits ofthe program by 1/3. For India, about 1600 deaths,
29% of whichare amongthe bottomincome quintile, would be averted; about
$2,400,000householdexpenditures,34% among the bottomtwoincomequintiles,
wouldbe averted;$21,000 FRP,33% among the bottomincome quintile, would be
afforded,about1.1% oftotalprogramcosts. For Ethiopia, 1900 deaths,27% amongthe
bottom income equintile, would be averted; about$1,100,000 household expenditures,
25%amongthe bottomtwoincome quintiles,would be averted; about$11,000 FRP,
27%amongthebottomincome quintile, would be afforded, about2.2% oftotal program
costs.

3.2.4. Vaccine efficacy varies by income group

Weassumevaccine efficacyvariesbyincomegroup: efficacyincreasesasindividual
incomeincreases. Thisisconsistentwithtrialdatawhere lower/higher efficacywas
demonstratedinlower/higherincome countries[33],[34],[48],[49] and [50]. In sub-
Saharan Africa,the Rotarix trial [34] was conducted intwo countries and three sites (two
in South Africaand one in Malawi). In South Africa, the two sites were Soweto (middle
class)andrural Pretoria(verypoor):unpublishedresultsdemonstratedlower efficacyin
rural Pretoria(personalcommunication),and Malawihadlowestefficacy.Liveoral
vaccine efficacy may differinhigh-incomevs.low-income populations dueto
immunologicalfactors such asdifferenttiters of breast-milk antibodies [7] and [8].
Specifically, we observealinear-logrelationshipbetween efficacy (Vq¢) and GDP per
capita[8](Fig.4):

1
Veit by+b,IN(GDP) S
g 4
Inland
United Stalas

E
£
S
& 4
g @
L=
o
o
= Bangladash
8 g4
s

8 q pal

T T T T T T
0 10000 Z0000 30000 40000 50000 BODOO
GOP per capita (2011 US$)

Fig. 4.

Country point estimates of rotavirus vaccine efficacy as a function of country gross domestic product



(GDP) per capita. Adapted from Nelson and Glass (2010) [8]. Ve by + by IN(GDP), where b, = -30.2

(Standard Error = 165, P = 0.10), by = 11.8 (S.E. = 1.9, P < 0.001).

We find high goodness of fit (R% = 0.81), which validates the use of model (1) for our
analysis. The coefficientonIn(GDP) impliesthata 10% change in GDP per capitais
associatedwithal.2%increaseinvaccineefficacy.Usingregressionresultsfrom(1),
we derive thefollowingvaccine efficacies (from pooresttorichest): {34,38,41,46,52}%
forindiaand {41, 45, 48,52,58}% for Ethiopia.

Basedupontheseassumptions,the programbenefitschange (Fig.5).Livessaved
woulddecreaseto 1100 for Indiaand 1300 for Ethiopia, and be less concentrated among
the bottomincome quintile: 24% (270 deaths) for India; 23% (310 deaths) for Ethiopia.
Thehouseholdexpendituresavertedwouldremainofabout$1,900,000and $800,000,
forIndiaand Ethiopia. However, the bottomtwo quintileshouseholdexpenditures
avertedwould nowdecreasetoabout28% ($500,000)and21%($150,000). Total FRP
affordedwoulddecreaseto $15,000and $8000. Thelargest FRP wouldstillbe among
thebottomincome quintileinIndia (27%), butthe gradientamongincome groups be
diminishedinIndiaandEthiopia.
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Level and distribution of benefits for a 1,000,000 birth cohort followed over 5 years, with public finance
for rotavirus vaccination at DPT2 current coverage, with varying vaccine efficacy among income groups,
India and Ethiopia: Rotavirus deaths averted (a), household expenditures averted (b), financial risk

protection afforded (c).

4. Discussion

We evaluatedthe levelanddistribution of health and FRP benefits of PFfor arotavirus



vaccinationprograminindiaand Ethiopia. Wedemonstratedthatsuchprogramwould
leadtosubstantialreductionsin rotavirusdeaths, principallyconcentratedamongthe
poorerandwouldaverthouseholdexpendituresacrossallincomegroups. The program
wouldprovide FRP, mostlyconcentratedamongthe poorest. Comparatively,itwould
leadtoahigherrate ofrotavirus deaths avertedin Ethiopia, as estimated mortality is
higherthere,andto higher FRPinIndiaasIndians’healthcare utilizationand household
expendituresforrotavirustreatmentarelarger(Fig.1).

Ourresultspointtotheimportance ofvaccine pricing, specifically GAVIco-financing.
Ethiopiawouldface aGAVI-subsidized price ($0.20 pervaccinedose),andseelarger
healthand FRP gains, per $spent. India, being ineligible for GAVIsupport, would likely
face aprice of $1.00 per dose, see substantial, but smaller healthand FRP gains per$
spent(Fig.2). Asteepriseinvaccine price, say after GAVIsupportexpires,would
dramatically alterthe benefits: thisiscritical forlow-income countries. Furthermore, we
showthatpotentialindirectbenefitsfromvaccinationmay save additionallivesand
increase FRP,which pointstodataneeds onherd effects of rotavirus vaccinationin
lowerincome settings. Herdimmunity mayindirectly ‘reach out’'tomarginalized
populationsoverlookedbyhealthsystems. ltmaythereforeenhance equity,especially
whendecreasedvaccineefficacy diminishesprogrambenefitsamongthepoorest(Fig.
5).

Theanalysispresentsseverallimitations. First,settingsareheterogeneousinincome
butalsogeographically(e.g.ruralvs.urban)andepidemiologically. Heterogeneities
entaileconomic differentialsincosts (e.g. program costs) and quality (e.g.vaccine cold
chainmay be hardertomaintainincertain areas), aswellas epidemiological differentials
inrotavirus mortality by age, forexample. Notably, quality can differsubstantiallyamong
sub-populations,and PF provision may enhance quality by crowdingoutbadtreatment
options(e.g.ineffectiveantibiotics). Dynamicmodelingcapturingherd effectsand
seasonality[51]and [52] could address some ofthese heterogeneitiesin spite ofa
criticallack of data, and alsoremedy the likely underestimation of healthand FRP
benefitswithoutinclusion of herdimmunity. Inlieu ofadynamic model, using a ‘back of
theenvelope’approach, herd effectswereimputedintoourmodelinordertoestimate
possible additionalbenefitsofindirectprotectionduetovaccination. Herd effects may
alsodifferbyincomequintilesasdiseasetransmissiondiffersamongsocio-economic
groups.Likewise,whenavailable,dataonvaccine efficacy by populationsub-groupsin
EthiopiaandIndiawould be betterthanestimates based on countrydifferences. Second,
‘universal coverage’wasnotaddressed.Universalcoverage maybeconsideredif
decisionmakersswitchpolicyinordertoextend coverage beyondlevelscurrently
achieved by health systems. Forexample, one couldreplacethe use ofroutine
vaccinationbythe use of mass campaigns or conditional cashtransfers, atacertain
point.Universalcoverage maythereforebe possibleiftheappropriate combination of
policyleversanddelivery platformsisimplemented. Future work could considerlong-
termhorizonstargeting multiplebirthcohorts. Thiswouldhelp policymakersunderstand
howprogrambenefitsevolve, asvaccine price gradually changes overtime.Inaddition,
examiningvaccine price and deliveryby private entitiesand comparing with public
provisionwouldbevaluable.Finally,future FRP measureswouldinclude productivity
andearninglossesassociatedwithaccompanyingsickchildrentocare, and PF of
rotavirusvaccinationwould alsobecomparedwithscalingupofdiarrheatreatment(e.g.
oral rehydration therapy).

5. Conclusions

UsinganECEAapproach[18],this paperpresented amethodologyforincorporating
FRPanddistributionalconsequencesintothesystematiceconomicevaluationof
vaccine policy,illustrated here with the case study of public finance forrotavirus
vaccination. Inline withrecently published works onthe widereconomic benefits of



vaccination[53],[54],[55]and[56],our ECEAapproachgoesbeyondtraditional cost-
effectiveness analysis in assessing consequences in three additional dimensions:
protection against financial risks, direct household financial implications and
distributional consequences across population strata. This enables selection of
vaccine packagesbasedonquantitativeinclusion ofinformationofhowmuchFRPis
being bought,aswellashow much healthis being boughtwith, say a milliondollar
expenditure onavaccine policy (Fig. 2). The frameworkintroduced canbe appliedto
the comparative economicevaluationofawiderangeofvaccines(e.g.pneumococcal,
human papillomavirus)andpolicyleverssuchasconditionalcashtransfersormass
campaigns, inordertoselect, potentially,thevaccinestobeincludedinvaccination
schedules.
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1

Many hypotheses have beensuggestedto explainthis differenceinefficacy oflive
oral rotavirus vaccines between developing and developed countries, including
breastfeeding practices, micronutrient malnutrition, or differences in rotavirus
epidemiology [7]. Thisdifference is mostlikelylinked to the levels of antibody
transferred fromthe mothertotheinfantwhich caninhibitthe infantimmuneresponse
tothevaccine.

Giventhesamevaccinationcostperincomegroup.


http://dx.doi.org/10.1371%2Fjournal.pone.0042320

3 Masscampaigns arecommonlyimplementedforvaccines suchasmeaslesorpolio
butmay notbe appropriate for rotavirus vaccine which hasto be givenwithinavery
specific time schedule.

4 Survey-reported DPT2coverage[19] and [20]was used to estimate the fraction of
newbornsthatwouldreceive thetwodosesofrotavirusvaccine. DPT2 coverageis
meanttocapture arealisticcountry health system capacity andtorepresent
achievablevaccinecoverage. DPT2coveragewas 76%inIndiain2008[19]and 52%
in Ethiopiain2011[20].

5 10-yearischosenforillustration purposes;the borrowing period may be much
shorter asrotavirusdiarrhearepresentsanacuteevent.
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