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Abstract. Community-wide administration of antimalarial drugs in therapeutic doses is a potential tool to prevent
malaria infection and reduce themalaria parasite reservoir. Tomeasure theeffectiveness andcost of using the antimalarial
drug combination dihydroartemisinin–piperaquine (DHAp) through different community-wide distribution strategies,
Zambia’s National Malaria Control Centre conducted a three-armed community-randomized controlled trial. The trial
armswere as follows: 1) standard of care (SoC) malaria interventions, 2) SoC plus focal mass drug administration (fMDA),
and 3) SoC plusMDA. Mass drug administration consisted of offering all eligible individuals DHAP, irrespective of a rapid
diagnostic test (RDT) result. Focal mass drug administration consisted of offering DHAP to all eligible individuals who
resided in a householdwhere anyone tested positive byRDT. Results indicate that the costs of fMDAandMDAper person
targeted and reached are similar (US$9.01 versusUS$8.49 per person, respectively,P = 0.87), but thatMDAwas superior
in all cost-effectivenessmeasures, including cost per infection averted, cost per case averted, cost per death averted, and
cost per disability-adjusted life year averted.Subsequent costingof theMDA intervention inanon-trial, operational setting
yielded significantly lower costs per person reached (US$2.90). Mass drug administration with DHAp also met the WHO
thresholds for “cost-effective interventions” in the Zambian setting in 90%of simulations conducted using a probabilistic
sensitivity analysis based on trial costs, whereas fMDA met these criteria in approximately 50% of simulations. A sen-
sitivity analysis using costs from operational deployment and trial effectiveness yielded improved cost-effectiveness
estimates.Mass drug administrationmay be a cost-effective intervention in the Zambian context and can help reduce the
parasite reservoir substantially. Mass drug administration was more cost-effective in relatively higher transmission set-
tings. In all scenarios examined, the cost-effectiveness of MDA was superior to that of fMDA.

INTRODUCTION

Malaria vector control has been a major contributor to the
substantial reduction ofmalaria burden in Zambia specifically,
and sub-Saharan Africa generally, over the past 15 years.1–4

Definitive evidence of progress in rolling out interventions to
affected communities and reductions in the burden of malaria
is now available.2,3 In the context of this success, there have
been calls for malaria elimination as well as an increased
recognition that control and elimination strategies may need to
include direct attempts to reduce the size of the parasite res-
ervoir rather than only focus on reductions in human vector
contact.5,6 Zambia’s Ministry of Health and its National Malaria
Elimination Centre (NMEC), in collaboration with multiple part-
ners, set high targets for intervention coverage, malaria burden
reduction, and elimination in the country’s National Malaria
Elimination Strategic Plan 2017–2021, including achieving
malaria-free areas in several parts of the country.7 One of these
areas is Southern Province, a place of continued transmission
and also a testing ground for strategies tomoveZambia toward
malaria elimination.8

In 2012–2013, Southern Province, Zambia, was the site of a
large trial of mass testing and treatment for malaria in which

mass population screening with rapid diagnostic tests (RDTs)
was conducted followedby treatment of those testing positive
for malaria infection.8 This trial found modest effects on
malaria prevalence (∼50% odds ratio) and clinical incidence
through passive case detection (17% reduction) neither of
which were statistically significant, although adjusted analy-
ses yielded statistically significant results and similar effect
sizes.8 Despite modest success, the impact on disease
transmission was not viewed to be substantial enough to
transition Southern Zambia to an aggressive case in-
vestigation strategy or to achieve elimination.
For this reason, from December 2014 to February 2016, the

NMEC decided to embark on a large-scale trial of two more
aggressive interventions for the purpose of both reducing the
malaria burden in Southern Province, Zambia and possibly
interrupting transmission. The NMEC designed and con-
ducted a trial that compared three arms: 1) the standard of
care (SoC), which included high vector control coverage with
long-lasting insecticide-treated nets (LLINs), indoor residual
spraying (IRS) using pirimiphos-methyl, community case
management for malaria to improve access to quality diagnosis
and treatment, and improved surveillance; 2) the SoC plus
mass drug administration (MDA) using dihydroartemisinin–
piperaquine (DHAp); and 3) SoC plus focal MDA (fMDA) with
DHAp.9 Although MDA (the administration of an antimalarial
drug at therapeutic doses to an entire population) is known to at
least temporarily reduce the burden ofmalaria in some settings,
relatively few community-randomized controlled trials of this
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strategy had been conducted.10,11 This article uses data
and results of the trial combined with costing of the inter-
ventions to assess the incremental cost-effectiveness of
adding an MDA or fMDA strategy to SoC malaria control in
Southern Zambia.

METHODS

Reporting of the study followed the guidelines presented in
the Consolidated Health Economic Evaluation Reporting
Standards statement.12

Trial site. Southern Province was identified in 2014 as an
area where a trial of MDA/fMDA could be conducted. Parts of
five districts within Southern Province were selected after
having already participated in a previous mass testing and
treatment trial.8 The districtswhich sit along LakeKariba at the
border of Zambia and Zimbabwe are as follows: Siavonga,
Gwembe, Sinazongwe, southeastern Kalomo, and southern
Choma (Figure 1). The population of the study area was esti-
mated to be just more than 330,000 people in 2011, living in
roughly 56,000 households (HH).
Trial design. The trial used a three-armed community-

randomized controlled design. Within the five districts, 60
health facility catchment areas (HFCAs) were randomly allo-
cated to one of three arms described previously (SoC, fMDA,
and MDA) after stratification into low and high malaria trans-
mission areas based on previous passive incidence and
prevalence measurements. The details of the study design
and protocol are described in the published trial protocol.9

Intervention. The control arm, SoC, consisted of high
vector control coverage with LLINs and IRS, community case
management, and support for facility-based diagnosis and
treatment. The fMDA arm consisted of all SoC interventions
plus fMDA, which in this case was conducted by population-
wide screening using malaria RDTs for Plasmodium falcipa-
rum, followed by the treatment of all people with positive test
results with a full therapeutic course of DHAp along with all
members of their household, regardless of infection status.
The MDA arm consisted of house-to-house visits where all

consenting participants except for pregnant women and in-
fants were given a full therapeutic course of DHAp. In both the
fMDA andMDA arms, treated persons/HHwere given directly
observed treatment for the first DHApdose; community health
workers then returned to the household on the two sub-
sequent days to encourage participants to fully adhere with
the dosing regimen. Further details of the intervention are
described in the published study protocol.9

Cost collection and analysis methods. Data on costs
covered the period between 2014 and 2015, during which two
rounds of MDA/fMDA were conducted during the dry season
in Southern Province. An ingredient approach was used for
cost estimation, where inputs were identified, valued, quan-
tified, and classified into activity categories. Costs were
classified as either capital or recurrent costs and as either
traded or non-traded goods.13,14

Costs were initially measured in one of three currencies,
Zambian kwacha, USD, or international dollars (when the
source of cost info was WHO-CHOosing Interventions which
are Cost-Effective (CHOICE)). Costs incurred for non-traded
items procured in Zambia were first adjusted for local inflation
using the Zambian Consumer Price Index reported by the
Bank of Zambia, and then converted to USD using the official
exchange rate.15,16 All other costswere first converted toUSD
based on official yearly average exchange rates for the period
during which the costs were incurred. These costs were then
adjusted for inflation to 2015 prices using the U.S. gross do-
mestic product deflator as reported by the U.S. Bureau of
Economic Analysis.17

Both financial and economic costs were estimated to
calculate the value of donated inputs as well as the actual
financial implications of the intervention. Financial costs
represent purely monetary flows, whereas economic costs
represent the value (or opportunity cost) of all resources
necessary to implement a given intervention. However, in
the case of this study, no substantial donated items were
used and few capital goods were used; as such, the dif-
ference between financial and economic costs was negli-
gible, and only economic costs are presented here. The
provider perspective was used, meaning that travel or time
costs to recipients of the interventionwere not included, nor
were other household-level costs or cost savings. Although
household-level cost savings due to averted treatment
could be substantial, they were beyond the scope and
purpose of this evaluation and would have accrued in a
greater amount to the more effective intervention arm.
Household costs for the intervention were believed to be
negligible, given that the intervention was provided at no
charge to the household, and the drugs administered had
very low risk of serious side effects that would require any
medical intervention.
Because this analysis compares the two intervention arms

with the SoC and each other, it focuses on incremental costs
of the interventions. As a result, costs associatedwith existing
infrastructure and other inputs that would be present without
the intervention, such as the capital costs of building health
facilities or training community health workers for their general
roles outside of this campaign, were not included. Costs were
included for inputs used at the HFCA level and the district and
national levels. The capture of costs at the HFCA level used a
standardized data collection form to ensure uniformity of re-
sults across all HFCAs. Tests for economies of scale were

FIGURE 1. Map of Southern Province districts and health facility
catchment areas included in the trial. This figure appears in color on
page 8 of this issue and online at www.ajtmh.org.
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performed using linear regression. We also did not include
potential cost savings to the health systembecauseof averted
treatment, given that data on these costs were not available
within the scopeof this study. The implications of this decision
are discussed further in the discussion.
Logistics and output data. Data on levels of effort and

outputs of the program including quantities of inputs such as
DHAp treatment courses, RDT kits, vehicle days, supervi-
sion days, and other program inputs were collected directly
using program records. Information on outputs including the
number of persons tested and the number of persons treated
was collected by direct reports from community health
workers administering the intervention. Cost outcomeswere
examined for economies of scale by regressing these out-
comes against cost using the catchment-level cost and
output data, and by visually examining these relationships in
scatterplots.
Costing scenarios and sensitivity analysis. The base-

case costing scenario relied on the following set of assump-
tions: a discount rate of 3% was applied to capital costs;
wastage of RDT kits, artemisinin combination therapy (ACT)
treatment courses, and other fieldwork materials was as-
sumed to be 10%; overhead for national and international
supervision amounted to 15%of the total directfinancial costs
of the program. These are believed to be conservative as-
sumptions,meaning that theywould result in higher costs than
that would probably occur in practice. The costs of DHAp
treatment courses and RDT kits were based on the cost, in-
surance, and freight (c.i.f.) price of the drug or diagnostic de-
rived fromproject records. Test positivity rates andpopulation
coverage estimates were assumed to be identical to those
reported in the trial data set. We also conducted a sensitivity
analysis by including the variability of both costs and effects
as derived from the primary cost and trial effectiveness esti-
mates in a probabilistic sensitivity analysis (PSA). In addition, a
second costing of the intervention was conducted in an op-
erational setting. The cost estimates from the operational
setting were used in scenario analysis. The costing followed
the principles outlined in Larson et al.18 Probabilistic sensi-
tivity analysis and estimates of disability-adjusted life years

(DALYs—lost years of healthy life) averted used the assump-
tions shown in Table 1. All parameters were assumed to be
independent. Case fatality rate was assumed to be equal
between infections and confirmed cases, resulting in esti-
mates of deaths and DALYs for the case-based analysis that
were smaller as they are only based on deaths and DALYs
among those attending health facilities.
Outcome indicators. Two outcome indicators were cal-

culated: 1) cost per person reached, calculated as the total
costs of the intervention divided by the total number of per-
sons reached, and 2) cost per person treated, calculated as
the total costs of the intervention divided by the number of
persons treated. All outcome indicators were disaggregated
to the district and HFCA levels to facilitate sub-analysis of
district-level factors and HFCA-level factors associated with
the cost–outcome relationship. The number of infections
averted and cases averted in each arm was calculated by
using the control arm incidence in each trial strata and as-
suming that the effect estimates (and CIs) produced in the trial
for MDA and fMDA applied to the full population in eachHFCA
(Table 1). Infections averted were then calculated by sub-
tracting the number of infections or cases estimated assuming
MDA or fMDA was applied from the estimated number of in-
fections or cases when no intervention was assumed.
Impact indicators. Two impact indicators were calculated:

1) cost per infection averted, calculated as the total costs of
the intervention divided by the estimated number of infections
averted based on the results of the clinical trial cohort data
collection estimate for force of infection, and 2) costs per
clinical case averted, calculated as the total costs of the in-
tervention divided by the number of clinical cases averted for
the entire targeted population based on the incident rate ratio
estimated for exposure to the intervention in a Poisson re-
gression model based on passive data collection in the health
facilities in the trial in an earlier publication and an accompa-
nying article.19,20 These indicators were also used to calculate
a cost per death and DALY averted, for comparison to in-
ternational thresholds and other literature, relying on simple
assumptions about the case fatality rate for community-
acquired infections and for cases presenting at health facilities

TABLE 1
Assumptions in probabilistic sensitivity analysis and DALY calculations

Parameter Value

Control arm incidence of infection (high transmission) Poisson distribution λ = 91.3 per 1,000 PY*
Control arm incidence of infection (low transmission) Poisson distribution λ = 18.7 per 1,000 PY*
Control arm incidence of cases (high transmission) Poisson distribution λ = 54.8 per 1,000 PY*
Control arm incidence of cases (low transmission) Poisson distribution λ = 6.1 per 1,000 PY*
Effectiveness (relative risk) of MDA on infections (low transmission) Lognormal distribution μ = 0.20; σ = 0.86*
Effectiveness (relative risk) of MDA on infections (high transmission) Lognormal distribution μ = 0.41; σ = 0.45*
Effectiveness (relative risk) of fMDA on infections (low transmission) Lognormal distribution μ = 0.63; σ = 0.73*
Effectiveness (relative risk) of fMDAon infections (high transmission (relative risk) Lognormal distribution μ = 0.75; σ = 0.46*
Effectiveness (relative risk) of MDA on cases (low transmission) Lognormal distribution μ = 0.50; σ = 0.18*
Effectiveness (relative risk) of MDA on cases (high transmission) Lognormal distribution μ = 0.85; σ = 0.15*
Effectiveness (relative risk) of fMDA on cases (low transmission) Lognormal distribution μ = 0.8; σ = 0.15*
Effectiveness (relative risk) of fMDA on cases (high transmission) Lognormal distribution μ = 0.97; σ = 0.15*
Cost of MDA per person reached Lognormal distribution μ = 8.49; σ = 2.48*
Cost of fMDA per person reached Lognormal Distribution μ = 9.01; σ = 3.80*
Case fatality rate per infection or case 0.0045 ref. 32
DALY per infection or case 0.0173 ref. 33
DALY per death 33 ref. 34
DALY = disability-adjusted life year; fMDA = focal mass drug administration; MDA = mass drug administration; PY = person-years.
* Indicates that parameter values were derived from trial data.
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aswell as an assumption about the number of DALYs per case
and per death. Uncertainty in incremental cost-effective-
ness ratio (ICER) estimates were quantified using 95%
confidence ellipses and through calculation of cost-
effectiveness acceptability curves (Figure 4) based on the
results of PSA. Assumptions used in PSA are given in
Table 1.

RESULTS

Cost. Although the MDA arm was slightly lower in cost per
targeted person, all costs per output were statistically similar
across both arms, with the exception being cost per person
treated, which, because of the much more widespread treat-
ment, was significantly lower in theMDA arm than in the fMDA
arm (Table 2). Differences in cost by line item between the two
interventionswere almost exclusively due to the differences in
the amounts of drug and or diagnostics used (i.e., more drugs
in the MDA arm and more RDTs in the fMDA arm). No statis-
tically significant differences were seen in the cost per person
targeted or reached for MDA or fMDA between high and low
transmission strata, but the sample size was small for each of
these tests.
Nearly 300,000 persons received the interventions during

the trial at a total cost of approximately $2 million (Table 3).
Toexamine thedata for anyevidenceof economiesof scale,

the total cost per HFCA was regressed against the total
number of houses and persons reached in each trial arm.
Therewas adirect linear relationship between these quantities
and no evidence of economies of scale (Figure 2). A sub-
sequent cost analysis during the wider scale operational
implementation of MDA following the trial yielded much lower
estimates of cost (US$2.90 per person reached) (K. Silumbe,
personal communication).
Cost-effectiveness. The trial was designed to estimate

the cost per infection and case averted by MDA and fMDA.
Mass drug administration showed superior cost-
effectiveness in terms of infections averted (Table 4) and
appeared to improve when used in relatively higher infection
incidence settings (as did fMDA). An analysis was also
conducted based on passive case detection of symptomatic
individuals at health facilities. Mass drug administration also
demonstrated superior cost-effectiveness to fMDA in terms
of cases averted at health facilities. Mass drug administra-
tion and fMDAwere both superior in high transmission areas
to their cost-effectiveness in low transmission areas in terms

of cost per case averted and in terms of cost per infection
averted. When comparing fMDA directly with MDA for in-
cremental analysis, the costs per person covered were sta-
tistically indistinguishable between the two interventions;
thus, the intervention that was more effective, MDA, was
considered superior in all situations.
Sensitivity analysis. To understand the level of certainty

surrounding these estimates, several sensitivity analyses
were conducted. These included both a PSA and simple
modeling of the infection and case outcomes into death
and DALYs averted. There is a large amount of overlap
between the estimates from the two trial arms. Similar re-
sults were seen for the cost per case averted analysis
(Figure 3). These results also indicate a significant amount
of overlap and show that MDA averted slightly more cases
at a similar cost as fMDA. Because it is sometimes difficult
to interpret data clouds when the density distributions
overlap so thoroughly, cost-effectiveness acceptability
curves were also constructed for these analyses (Figure 4).
The results indicate that when considered in terms of out-
comes based on infections averted, MDA is likely to yield a
result consistent with the WHO definitions of a cost-
effective intervention for Zambia. In general, MDA appears
to be more likely to be a cost-effective intervention, whereas
in all cases, fMDA does not appear likely to achieve WHO
thresholds for being considered a “cost-effective” or “highly

TABLE 2
Summary cost per output per HFCA

Output Study arm Mean Interquartile Range

Total cost per HFCA fMDA 45,638 28,708
MDA 51,286 24,793

P = 0.23 All 48,462 28,413
Cost per person reached per HFCA fMDA 8.90 5.03

MDA 9.42 3.51
P = 0.55 All 9.16 4.57
Cost per household reached per HFCA fMDA 42.52 22.82

MDA 41.89 18.12
P = 0.87 All 42.20 21.96
Cost per person treated per HFCA fMDA 85.69 39.92

MDA 9.42 3.51
P < 0.0001 All 47.56 23.83
fMDA = focal mass drug administration; HFCA = health facility catchment area; MDA = mass drug administration.

TABLE 3
Total cost and population per district/arm

District Arm Total cost (USD) Total population

Choma fMDA 199,724 30,731
MDA 188,326 25,470

Gwembe fMDA 61,454 12,297
MDA 181,971 20,495

Kalomo fMDA 110,980 19,599
MDA 61,872 11,200

Kalomo/Zimba MDA 105,249 17,875
Mazabuka fMDA 28,452 1,800
Mazabuka/Chikankata fMDA 31,041 2,319

MDA 29,859 2,351
Monze MDA 38,974 4,077
Siavonga fMDA 186,186 24,338

MDA 150,757 20,907
Sinazongwe fMDA 294,929 41,309

MDA 268,702 34,259
Total MDA 1,025,710 136,634

fMDA 912,767 132,393
fMDA = focal mass drug administration; MDA = mass drug administration.
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cost-effective” intervention.21 Table 5 shows the results of
the sensitivity analysis in terms of cost per DALY averted
(Table 5).
The cost per person reached in operational deploymentwas

combined with the trial estimates of effectiveness as an ad-
ditional scenario analysis. This reduced the cost per person
treated under MDA by more than 50% and resulted in an im-
provement in cost-effectiveness such that MDA would be
considered highly cost-effective in the Zambian context in a
majority of scenarios.

DISCUSSION

This study measured the cost-effectiveness of MDA and
fMDA, compared with each other and with a SoC without any
mass treatment intervention, in the context of a large
community-randomized controlled trial in Southern Province,
Zambia. Results indicate thatMDA is superior to fMDA froma
cost-effectiveness perspective. Although there was a high
level of overlap in the cost-effectiveness estimates for MDA
and fMDA, only MDA showed a high probability of being
considered a cost-effective investment in the Zambian
context.
To our knowledge, this study represents the first time that

the cost-effectiveness of fMDA for malaria control and
prevention has been estimated based on primary data
collection. In addition, these estimates are derived from a
rigorous community-randomized controlled trial, providing

robust estimates of efficacy.19,20 As we were able to cal-
culate costs on a per HFCA basis, we were able to study the
variability not only in expected effects but also in the
expected costs and incorporate these results into a PSA,
strengthening our understanding of the uncertainty sur-
rounding our estimates.
There is substantial evidence available on the cost of MDA

in sub-Saharan African settings, mainly from studies of
neglected tropical diseases.22 Inmalaria, there are also recent
cost and effectiveness studies dedicated to a form of MDA
called seasonal malaria chemoprophylaxis (SMC, formerly
intermittent preventative treatment in children).23,24 These
strategies involve targeted MDA to population subgroups,
whereas our study involved distribution to all age- and
gender groups, with only limited exclusions for drug safety
reasons.
Thecosts thatwere shown in this trial are significantly higher

than those shown inother studies ofMDA in neglected tropical
disease settings as well as for mass testing and treatment in
the same area of Zambia.22–25 There are several likely expla-
nations for this finding, including the higher cost of the drug
used, the extensive transportation costs involved in the early
rounds of this intervention, and the fact that the mass treat-
ment interventions were implemented as part of a randomized
controlled trial. It would be expected that cost per person
targeted will fall significantly in future MDA or fMDA rounds
implemented under routine program conditions. Indeed,
subsequent data collection during operational implementa-
tion of MDA found costs per person that were more than 50%
lower per person than those found during the trial. If such
improvements in technical efficiency did not compromise the
effectiveness of the intervention, the cost-effectivenesswould
besubstantially better thanwhat is shown inourmainanalysis.
Cost studies of SMC have also shown significant variability in
cost per course of drug administered despite finding that SMC
should be considered a cost-effective intervention in the
Sahelian context.23,24

This trial builds on several previous studies in Southern
Province, Zambia, including aprevious randomized controlled
trial of a mass testing and treatment intervention for malaria
prevention.8 The results here indicate that the intervention
may be slightly less cost-effective than mass testing and
treatment; however, this result was largely due to higher es-
timates of cost which themselves were largely due to the use
of a more expensive drug and the implementation in a trial
context. Furthermore, althoughattemptsweremade to ensure
that cost and effectmodeling used in this studywere similar to
that used in the previous study, effect estimates and cost
estimates may not be compatible.
The cost-effectiveness estimates included in this study are

incremental to the use of an enthusiastically implemented

FIGURE 2. Total cost per health facility catchment area vs. house-
holds (HH) reached per health facility catchment area for focal mass
drug administration (fMDA) and MDA (left) and cost vs. persons
reached for fMDA and MDA (right).

TABLE 4
Incremental cost per infection and case averted vs. standard of care

Transmission level Study arm Number of study clusters Incremental cost per infection averted Incremental cost per case averted

High fMDA 10 429 5,951
High MDA 10 164 1,076
Low fMDA 10 1,119 6,755
Low MDA 10 544 2,666
Overall fMDA 20 810 6,353
Overall MDA 20 354 1,872
fMDA = focal mass drug administration; MDA = mass drug administration.
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packageofstandardmalariacontrol interventions including long-
lasting insecticide-treated bed nets, IRS, and investments in
improved case management at health facilities and within com-
munities thorough the scale-up of community health workers
equipped with RDTs and artemisinin combination therapies. As
such, direct comparison of these results to previous cost-
effectiveness estimates of LLIN alone (i.e., versus doing nothing)
would be misleading. The do-nothing comparison (generalized
cost-effectiveness) is a standard WHO practice but can pose
challenges to compare results from cost-effectiveness studies
conducted in realistic situations where a do-nothing comparator
is seldom available.21 Nevertheless, the cost-effectiveness re-
sults fromthisstudydonotsuggest thatMDA (or fMDA)wouldbe
an intervention that could cost-effectively replace the SoC
malaria control interventions, given the much higher cost per
person year of protection than LLIN programs can achieve.26

Challenges with external comparison to other results notwith-
standing the internal validity of this study’s conclusions, sug-
gesting that MDA is superiorly cost-effective (and effective) than
fMDA is convincing.
This study used a limited provider perspective and as such

did not consider the household costs or cost savings that
might arise because of the interventions. It also considered
only gross provider costs, meaning that direct cost savings to
the health system due to averted treatment were also not in-
cluded. Although these decisions result in biased estimates of
the net cost of these interventions from a societal perspective,
they would not have altered the decision analysis results
contained in this study. Cost savings from averted treatment
either toHHor to the health systemwould havebeen expected
to be more substantial in the more effective intervention arm,
thus increasing the advantage of MDA over fMDA from a cost

and cost-effectiveness perspective. Household costs to re-
ceive the intervention were expected to be substantially sim-
ilar in the two interventions or perhaps even lower in the MDA
arm, given the lack of need for participants to subject them-
selves to RDT testing and associated discomfort and time.
Anothermajor limitation of this studywas that the assessment
of deaths and DALYs averted was through simple assump-
tions about the case fatality rate and the number of DALYs
from each subsequent death. Because these assumptions
haveadirect linear effect oncost per death andcost perDALY,
they would have no effect on the decision analysis in this
context, as there is no reason to expect the mortality profile to
differ between fMDA and MDA. They could result in sub-
stantial differences between this study and estimates of
cost-effectiveness in other literature which uses different
assumptions. Comparisons of the cost per DALY averted to
WHO thresholds could also be substantially affected by the
choice of parameters for the DALY calculation, however,
because the relationship of these parameters to the total
number of DALYs is linear and the expected consequences
are obvious (i.e., higher case fatality rates mean lower costs
per DALY averted and more DALYs per death [longer as-
sumed life expectancies]mean lower cost per DALYaverted).
Furthermore, theWHO thresholds are somewhat arbitrary as
these are not linked directly to the empirical evidence of
willingness to pay (WTP) either among Zambian HH or indi-
viduals nor are they directly derived from budget analysis of
available funds and decision-maker priorities in Zambia. In
fact, it has been postulated that the likely supply side
thresholds may be substantially lower than the suggested
WHO levels which are more likely to correspond to the de-
mand side WTP.27

FIGURE 3. Scatterplots of cost vs. outcomes derived from probabilistic sensitivity analysis of trial results. Focal mass drug administration (fMDA)
is shown in dark purple andMDA shown in light yellow; ellipses are 95%CI and are also shown in dark purple solid lines for fMDA and in light yellow
dashed line forMDA (black for incremental analysisofMDAvs. fMDA).Squares represent thecenterof datacloudswith light yellow forMDAanddark
purple for fMDA. Rightmost chart is the incremental analysis ofMDAcomparedwith fMDA.Dashed black lines in disability-adjusted life year (DALY)
chart represent a willingness to pay a threshold of 1,414 USD (approximately equivalent to the gross domestic product of Zambia per capita at the
time of the trial). This figure appears in color at www.ajtmh.org.

COST-EFFECTIVENESS OF MALARIA MASS DRUG ADMINISTRATION 51

http://www.ajtmh.org


Onemajor concernwith the use ofMDAor fMDA in endemic
malaria settings is the possibility for the emergence or spread
of drug resistance to the drug used due to the extensive se-
lection pressure that is being applied to the parasite pop-
ulation duringMDA rounds.28 Although evidence links indirect
MDA, such as chloroquinization of salt, to drug resistance
development, it has not been explicitly linked to direct MDA,
although MDA might be expected to enhance the spread of
already existing drug resistance.28–31 Less is known about
how fMDAmight exacerbate or mitigate this risk of resistance
emergence and spread as compared with MDA; however,
given the much smaller amounts of drugs distributed (while
still using therapeutic doses), it might mitigate the risk of drug
resistancedevelopment and spread comparedwithMDA.28,31

Although this study and an accompanying parasite clearance
study gave no indication of resistance in the study area, the
risk of future development of drug resistance in the current first
line class of antimalarials is a serious risk of this strategy that
must be considered alongside the cost-effectiveness results.
Development of drug resistance due to the use of this strategy
could seriously bias the long-term accuracy of the cost-

effectiveness results presented here; differential development
of resistance between fMDA and MDA could also change the
conclusions of this study.
Significant declines in parasite prevalence and incidence due

to exogenous factors occurred in all trial arms in this study.19,20

These changes were believed to be mainly attributable to the
scale-up of other malaria control interventions including IRS,
expandedcasemanagement in the study areas, andchanges in
weather. Although the largedrops inparasite prevalence should
not change the effect sizes derived from the trial and used in this
study, they are likely to influence the absolute numbers of in-
fections, cases, and deaths estimated to be averted due to the
MDA intervention and as such to reduce the cost-effectiveness
of these interventions in this setting.
Mass drug administration is an effective strategy for the

prevention of malaria in Southern Province, Zambia, and ap-
pears to meet the WHO criteria to be considered a cost-
effective intervention in the country.

Received September 5, 2019. Accepted for publication February 20,
2020.

Published online July 2, 2020.

Acknowledgments: We would like to thank the Ministry of Health and
the NMEC of Zambia for their support in the conduct of this study.

Financial support: The trial was an investigator-initiated study sup-
ported by a grant from the Bill & Melinda Gates Foundation.

Disclosure: The funding source had no role in the conduct, analysis, or
interpretation of results of the study. All authors had full access to all
the data in the study.

Authors’ addresses: Joshua O. Yukich, Timothy P. Finn, Travis R.
Porter, JosephKeating, and ThomasP. Eisele, Department of Tropical
Medicine,Center for AppliedMalariaResearch andEvaluation, Tulane
University School of Public Health and Tropical Medicine, New
Orleans, LA, E-mails: jyukich@tulane.edu, mailto:tfinn2@tulane.edu,
tporter1@tulane.edu, jkeating@tulane.edu, and teisele@tulane.edu.
Callie Scott, Penn Center for Cancer Care Innovation, Abramson
Cancer Center, University of Pennsylvania, Philadelphia, PA, E-mail:
calliescott@gmail.com. Kafula Silumbe and John M. Miller, PATH
MalariaControl andElimination Partnership in Africa, Lusaka, Zambia,
E-mails: ksilumbe@path.org and jmiller@path.org. Bruce A. Larson,
Department of Global Health, Boston University School of Public
Health, Boston, MA, E-mail: blarson@bu.edu. Adam Bennett, Malaria
Elimination Initiative, Global HealthGroup,University of California San
Francisco, San Francisco, CA, E-mail: adam.bennett@ucsf.edu.
BusikuHamainza, NationalMalariaControl Centre, ZambiaMinistry of
Health, Lusaka, Zambia, E-mail: bossbusk@gmail.com. Ruben O.
Conner, PATH Malaria Control and Elimination Partnership in Africa,
Seattle, WA, E-mail: rconner@path.org. Richard W. Steketee,
President’s Malaria Initiative, U.S. Agency for International Develop-
ment, Washington, DC, E-mail: ris1@cdc.gov.

This is an open-access article distributed under the terms of the
Creative Commons Attribution (CC-BY) License, which permits un-
restricted use, distribution, and reproduction in anymedium, provided
the original author and source are credited.

REFERENCES

1. Chizema-Kawesha E, Miller JM, Steketee RW, Mukonka VM,
MukukaC,Mohamed AD,Miti SK, Campbell CC, 2010. Scaling
upmalaria control in Zambia: progress and impact 2005–2008.
Am J Trop Med Hyg 83: 480–488.

2. Bennett A et al., 2014. Amethodological framework for the improved
use of routine health system data to evaluate national malaria
controlprograms:evidence fromZambia.PopulHealthMetr12:30.

3. Bhatt S et al., 2015. The effect of malaria control on Plasmodium
falciparum in Africa between 2000 and 2015. Nature 526:
207–211.

TABLE 5
Incremental cost per DALY averted vs. standard of care

Outcome (arm, model)
Incremental cost per

DALY averted

Incremental cost per DALY (MDA, infections) 2,137
Incremental cost per DALY (fMDA, infections) 4,889
Incremental cost per DALY (MDA, cases) 11,299
Incremental cost per DALY (fMDA, cases) 38,344
DALY = disability-adjusted life year; fMDA = focal mass drug administration; MDA = mass

drug administration

FIGURE 4. Cost-effectiveness acceptability curves for disability-ad-
justed life years (DALYs) averted using focal mass drug administration
(fMDA) or MDA with analysis based on either infections aver-
ted—community cohort surveillance—or cases averted—passive health
facilitysurveillance.Verticaldotted lines represent theWHOthresholds for
highly cost-effective (lower willingness to pay [WTP]) and cost-effective
(higher WTP) in Zambia. The probability that intervention can be consid-
eredcost-effective canbe read for anyWTP thresholdby finding theWTP
value on the x-axis and reading the corresponding y-axis value for the
specific intervention and effectiveness measurement method shown in
the legend. WHO thresholds are indicative for Zambia and represent 1×
and 3× gross domestic product per capita in Zambia.

52 YUKICH AND OTHERS

mailto:jyukich@tulane.edu
mailto:tfinn2@tulane.edu
mailto:tporter1@tulane.edu
mailto:jkeating@tulane.edu
mailto:teisele@tulane.edu
mailto:calliescott@gmail.com
mailto:ksilumbe@path.org
mailto:jmiller@path.org
mailto:blarson@bu.edu
mailto:adam.bennett@ucsf.edu
mailto:bossbusk@gmail.com
mailto:rconner@path.org
mailto:ris1@cdc.gov
https://creativecommons.org/licenses/by/4.0/


4. Steketee RW, Sipilanyambe N, Chimumbwa J, Banda JJ,
Mohamed A, Miller J, Basu S, Miti SK, Campbell CC, 2008.
National malaria control and scaling up for impact: the Zambia
experience through 2006. Am J Trop Med Hyg 79: 45–52.

5. The malERA Refresh Consultative Panel on Combination Inter-
ventions and Modelling, 2017. malERA: an updated research
agenda for combination interventions and modelling in malaria
elimination and eradication. PLoS Med 14: e1002453.

6. World Health Organization Malaria Policy Advisory Committee
andSecretariat, 2016.Malaria policy advisory committee to the
WHO: conclusions and recommendations of eighth biannual
meeting (September 2015).Malar J 15: 117.

7. Zambia Ministry of Health, 2017. National Malaria Elimination
Strategic Plan 2017–2021. Lusaka, Zambia: ZambiaMinistry of
Health.

8. Larsen DA, Bennett A, Silumbe K, Hamainza B, Yukich JO,
Keating J, Littrell M, Miller JM, Steketee RW, Eisele TP, 2015.
Population-wide malaria testing and treatment with rapid di-
agnostic tests and artemether-lumefantrine in southern Zam-
bia: a community randomized step-wedge control trial design.
Am J Trop Med Hyg 92: 913–921.

9. Eisele TP et al., 2015. Assessing the effectiveness of household-
level focal mass drug administration and community-wide
mass drug administration for reducing malaria parasite in-
fection prevalence and incidence in Southern Province, Zam-
bia: studyprotocol for a community randomizedcontrolled trial.
Trials 16: 347.

10. Newby G et al., 2015. Review of mass drug administration for
malaria and its operational challenges. Am J TropMed Hyg 93:
125–134.

11. Poirot E, Skarbinski J, Sinclair D, Kachur SP, Slutsker L, Hwang J,
2013. Mass drug administration for malaria. Cochrane Data-
base Syst Rev 2013: CD008846.

12. Husereau D et al.; CHEERS Task Force, 2013. Consolidated
health economic evaluation reporting standards (CHEERS)
statement. BMJ 346: f1049.

13. Drummond MF, Sculpher MJ, Claxton K, Stoddart GL, Torrance
GW, 2015.Methods for the EconomicEvaluation ofHealthCare
Programmes. Oxford, United Kingdom: Oxford University
Press.

14. Hutton G, Baltussen R, 2005. Cost valuation in resource-poor
settings. Health Policy Plan 20: 252–259.

15. OANDA Corporation, 2016. Historical Exchange Rates. Available
at: https://www.oanda.com/solutions-for-business/historical-
rates-beta/hcc.html. Accessed May 9, 2016 (Online).

16. Bank of Zambia, 2016. Bank of Zambia. Available at: http://
www.boz.zm. Accessed May 9, 2016 (Online).

17. U.S. Department of Commerce: Bureau of Economic Analysis,
2016. U.S. Economic Accounts. Available at: http://www.bea.
gov/index.htm. Accessed May 9, 2016 (Online).

18. Larson BA, Ngoma T, Silumbe K, Rutagwera MRI, Hamainza B,
Winters AM, Miller JM, Scott CA, 2016. A framework for eval-
uating the costs of malaria elimination interventions: an appli-
cation to reactive case detection in southern province of
Zambia, 2014.Malar J 15: 408.

19. Eisele TP et al., 2016. Short-term impact of mass drug adminis-
tration with dihydroartemisinin plus piperaquine on malaria in

Southern Province Zambia: a cluster-randomized controlled
trial. J Infect Dis 214: 1831–1839.

20. Eisele TP et al., 2020. Impact of four rounds of mass drug ad-
ministration with dihydroartemisinin-piperaquine implemented
in Southern Province, Zambia. Am J Trop Med Hyg 103 (Suppl
2): 7–18.

21. WHO, 2014. Choosing Interventions that Are Cost-Effective. Ge-
neva, Switzerland: World Health Organization. Available at:
http://www.who.int/choice/en/ (Internet).

22. Keating J, Yukich JO, Mollenkopf S, Tediosi F, 2014. Lymphatic
filariasis and onchocerciasis prevention, treatment, and control
costs across diverse settings: a systematic review. Acta Trop
135: 86–95.

23. Nonvignon J, Aryeetey GC, Issah S, Ansah P, Malm KL, OfosuW,
Tagoe T, Agyemang SA, Aikins M, 2016. Cost-effectiveness of
seasonal malaria chemoprevention in upper west region of
Ghana.Malar J 15: 367.

24. Pitt C, NdiayeM, Conteh L, SyO, Ba EH,Cissé B, Gomis JF, Gaye
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