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Abstract. Using a decision-tree approach, we examined the cost-effectiveness of indoor residual spraying (IRS) of
households with insecticide combined with insecticide-treated bed net (ITN) distribution (IRS + ITN), compared with ITN
distribution alone in theprogrammatic context ofmainlandTanzania. Theprimary outcomeof ourmodelwas theexpected
economic cost to society per case of malaria averted in children £ 5 years of age. Indoor residual spraying of households
with insecticide data came from a program implemented in northwest Tanzania from 2008 to 2012; all other data
originated from the published literature. Through sensitivity and scenario analyses, themodel also examined the effects of
variations in insecticide resistance, malaria prevalence, and different IRS modalities. In the base case, IRS + ITN is
expected to be more expensive and more effective than the ITN-only intervention (incremental cost-effectiveness ratio
[ICER]: $152.36). The number of IRS rounds, IRS insecticide costs, ITN use, malaria prevalence, and the probability that a
child develops symptoms following infection drove the interventions’ cost-effectiveness. Compared with universal
spraying, targeted spraying is expected to lead to a higher number of malaria cases per person targeted (0.211–0.256
versus 0.050–0.076), but the incremental cost per case of malaria averted is expected to be lower (ICER: $41.70). In a
scenario of increasing pyrethroid resistance, the incremental expected cost per case of malaria averted is expected to
increase compared with the base case (ICER: $192.12). Tanzania should pursue universal IRS only in those regions that
report high malaria prevalence. If the cost per case of malaria averted of universal IRS exceeds the willingness to pay,
targeted spraying could provide an alternative, but may result in higher malaria prevalence.

INTRODUCTION

Malaria causes considerable morbidity and mortality in
mainland Tanzania. Of the 47.8 million residents, 73% live in
regions with high rates of malaria transmission, with 1.55
million confirmed malaria cases reported in 2013.1 Plasmo-
dium falciparum causes almost all confirmed cases; major
vectors include Anopheles gambiae sensu stricto (s.s.),
Anopheles arabiensis, and Anopheles funestus (s.s.).2 In the
last decade and a half, Tanzania scaled up its malaria pre-
vention and control programming, primarily case detection
and management; intermittent preventive treatment in preg-
nancy (IPTp); distribution of insecticide-treated bed nets
(ITNs), especially long-lasting insecticidal nets; and indoor
residual spraying of households with insecticide (IRS). Such
intervention scale-up benefited from increased investment by
the government of Tanzania and external support fromdonors
such as the Global Fund to Fight AIDS, Tuberculosis, and
Malaria; the World Bank; the UK Department for International
Development; and theU.S. President’sMalaria Initiative (PMI).
As a result, annual malaria morbidity has been declining in
Tanzania since 2000, and the national malaria prevalence
among children less than 10 years of age fell from 18.1% to
9.5% between 2008 and 2012.3

MainlandTanzania’sNationalMalariaStrategicPlan2014–2020
targets reducing the average malaria prevalence to less than
1% by 2020.2 Meeting this goal will require maintaining and
even expanding current malaria prevention and control ef-
forts, which may stress available resources—a particularly
challenging undertaking given that external resources are
plateauing. Resource constraints could lead policy-makers
to introduce cheaper but less effective programming or to

halt programming that has reduced malaria but has yet
to eliminate it,which in turncould result inmalaria resurgence.4–7

Interventions that require recurrent infusions of resources, as
does IRS, exhibit particular vulnerability to such premature
ends.
Insecticide-treated bed net distribution and IRS campaigns

are important components of the malaria prevention and
control efforts that will help Tanzania meet its 2020 goals. The
National Malaria Control Program (NMCP) and its partners are
aiming to achieve and sustain universal ITN coverage: by
2014, more than 36 million ITNs had been distributed via
“catch up” mass campaigns and “keep up” distribution pro-
grams in clinics andschools,2with 63%of households owning
at least one ITN in 2010–2011, compared with 23% in
2004–2005.3 Indoor residual spraying of households with in-
secticide has been implemented in up to 18 districts of main-
land Tanzania since 2007. To manage insecticide resistance,
the insecticide used in IRS operations alternates among pyre-
throids, carbamates, and organophosphates. Because IRS is
only carried out once or twice per year and because it does not
tend to cover entire districts, households that receive IRS may
also receive ITNs through mass campaign distributions. Re-
ceiving both interventions ensures continuous household
protection from mosquito bites and possible malaria infection.
Furthermore, the combination of IRS and ITNs provides addi-
tional protection in areas with high levels of insecticide re-
sistance, moderate long lasting insecticidal net use, seasonal
malaria transmission, or frequent malaria epidemics.8–10

Tanzanian district health officials have cited insecticide cost
as a particularlyworrisome factor in sustaining IRSoperations.4

The spread of insecticide resistance further increases in-
secticide costs as it forces programs to use newer, more ex-
pensive insecticide formulations; resistance to insecticides
including deltamethrin, permethrin, dichlorodiphenyltrichloro-
ethane (DDT), andbendiocarboccurs at varying levels throughout
Tanzania.11–13 An increase in pyrethroid resistance could drive up
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global demand for, and therefore the cost of, bendiocarb and
other non-pyrethroid insecticides. In addition, although evidence
remains inconclusive regarding the effects of insecticide re-
sistanceon theefficacyandeffectivenessof ITNs,14 anydecline in
ITN efficacy could also decrease the add-on effect of combining
IRS and ITNs.
In 2012, driven by budget constraints, the Tanzania NMCP

changed its implementation strategy from universal to tar-
geted IRS: instead of spraying every house in target districts,
operations focused on responding to hot spots of malaria
transmission.3,4,6 Although such an approach can reduce
costs, it can also leave the population more vulnerable to
malaria epidemics than universal IRS would. For example, a
resurgence ofmalaria occurred inMuleba in 2013 after the IRS
approach was switched, although other gaps in the malaria
control efforts such as shortages of diagnostic tests and anti-
malarial drugs may also have contributed to that resurgence.4

In cases of ongoing or increasing resource requirements, in
a context of increasing resource constraints, assessments of
the relative costs and effectiveness of different combinations
of interventions become crucial for informing policy and pro-
grammatic decision-making. Economic models, which apply
lessons frommultiple contexts to a specific environment, can
allow policy-makers to see how changes inmodel parameters
might play out in their context without the risks of real-world
trials. Unfortunately, as often happens with interventions that
work well at a low cost, cost-effectiveness analyses of IRS or
ITNs are often neglected in favor of adequacy evaluations.
Extant cost-effectiveness studies of these interventions dis-
play a high level of heterogeneity in their findings,15 with dif-
ferences in types of nets and classes of insecticides driving
muchof the variation in costs per personprotected.16–20Other
important considerations include the cost and life expectancy
of ITNs, personnel costs, thenumber of structures sprayedper
day, and the number of annual rounds of IRS.21–25

Indoor residual spraying of households with insecticide and
ITNs, both alone and in combination, have proven protective
efficacy againstmalaria, but their relative cost-effectiveness is
context specific.GivenTanzania’sgoals of reducingmalaria in
the context of its ongoing programs and its potential resource
constraints, our study used decision tree economic modeling
to examine the expected incremental cost per case of malaria
averted by conducting both IRS operations and ITN distribu-
tion in mainland Tanzania, compared with conducting ITN
distribution alone. Through sensitivity and scenario analyses,
we examine how variations in model parameters, including
malaria prevalence, IRS approach, and insecticide resistance,
alter the incremental expected cost per malaria case averted.

MATERIALS AND METHODS

We examined malaria prevention among children less than
5 years of age in mainland Tanzania. The data on malaria
prevalence, prevention activities, and treatment-seeking be-
haviors of older age groups are less reliable and were, there-
fore, excluded from the analysis.26 The baseline scenario
examines mainland Tanzania as a whole, and the sensitivity
and scenario analyses describe the results of regional varia-
tions in the parameters.
Ourmodel compares the combined intervention of both IRS

and ITN distribution (IRS + ITN) with ITN distribution alone
(ITN-only). The baseline IRS intervention is the IRS round

conducted by RTI International (RTI) and the NMCP under the
PMI-funded Tanzania Vector Control Scale-up Project
(TVCSP) in mainland Tanzania in 2011. We chose 2011 be-
cause it was the fourth round of IRS carried out by the project,
with costs reflecting ongoing rather than start-up costs; it was
the first year of bendiocarb insecticide use after years of py-
rethroid use, which required a shift from one to two rounds of
IRS; and it was the last year of universal rather than targeted
IRS, which is the approach from which the estimates of risk
reduction were derived. Universal spraying involves spraying
all structures within a geographic or administrative area (e.g.,
district or ward), and targeted spraying involves spraying
structures onlywithin identified transmission “hot spots” (e.g.,
clusters of households). The areas sprayed within household
structures remain the same between universal and targeted
spraying. The TVCSP IRS operations carried out between
2008 and 2012 provided the data for sensitivity analyses. The
baseline ITN intervention is the Tanzanian National Voucher
Scheme (TNVS), which promoted ITN ownership for pregnant
women and their children with subsidized vouchers distrib-
uted through antenatal clinics (ANCs).27 We chose the TNVS
because of the quality of its published costing data; we ac-
count for other distribution methods as described in the
subsection on calculating ITN costs.
We defined the outcome of interest as the incremental

cost per case of malaria averted by implementing a combined
IRS + ITN intervention instead of the ITN-only intervention, as
measuredby their incremental cost-effectiveness ratio (ICER).
The ICER was calculated by subtracting the expected cost of
the ITN-only intervention from that of the combined in-
tervention and dividing it by the difference in the number of
expected cases in the ITN-only intervention versus the com-
bined intervention. Malaria cases averted were chosen as the
health outcome because the question involves the allocation
of malaria prevention funds, not general public health or other
government funds. Using cost per disability-adjusted life year
averted or cost per dollar value benefit would have added
complexity and required additional unnecessary—and pos-
sibly unsubstantiated—assumptions.
Cost calculations: general approach. All costs were

gathered retrospectively from the societal perspective, in line
with recommendations for economic evaluations of malaria
prevention and control programs.28 Costs drawn from RTI
documents were recorded in U.S. dollars (USD) according to
the exchange rate during the month in which they were
recorded; all published costs in non-U.S. currencies were
accompanied by conversions to USD. In accordance with the
World Health Organization cost-effectiveness guidelines,27 all
costs were converted to 2011 USD using the U.S. gross do-
mestic product deflator.28 Capital costs were annualized over
their expected useful life at a 3% discount rate. Controversy
persists over the appropriateness of this rate,29 so the dis-
count rate was varied between 0% and 5% in sensitivity
analyses to assess the robustness of the findings to this as-
sumption. The time frame and analytic horizon were 1 year.
Calculation of IRS costs. Expenditure data for IRS oper-

ations were recorded electronically at the time of expenditure
at regional TVCSP offices. Staff at the central office in Dar es
Salaam reviewed the data and compiled them into a monthly
report and staff at RTI headquarters in North Carolina
reviewed these reports and entered the data into Cognos
software (IBM Corporation, Armonk, NY). Values of in-kind
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contributions were estimated through in-person interviews
with district, regional, and national government officials.
These estimates were reviewed by RTI staff who supported
the IRS operations and by government health officers. When
government officials’ estimates exceeded those of RTI staff,
the arithmetic mean of the estimates was used.6 Cost data
from the IRS program were divided in MS Excel (Microsoft
Corporation, Redmont, WA) as follows: spray operations,
spray operations commodities, local administration, in-kind
contributions from the government and community members,
and short-term technical assistance (STTA) and support ser-
vices from the United States or RTI’s regional office in Nairobi
(Supplemental Table 1). None of the included ITN programs
considered international support in their costing, so all U.S.- or
Nairobi-based costs and STTA costs were excluded from the
analyses presented here.
During IRS operations, spray teams tracked the number of

people reported to reside in each household sprayed. The
mean number of people per household each year was multi-
plied by the number of structures sprayed to estimate the
number of people protected. Each component category’s
costwasdivided by the number of people protected each year
to determine the cost per person protected of each compo-
nent category for each year. Expected useful lives for capital
purchaseswere determined throughdiscussionwith Tanzania-
based RTI staff and estimates from published literature. The
minimum and maximum values used for sensitivity analyses
reflect the lowest and highest reported annual costs per person
protected for each category.
To allow for sensitivity analyses of the number of spray

rounds, a parameter representing the number of spray rounds
was created. All costs directly associated with IRS operations—
spray operations costs, insecticide costs, IRS commodity ship-
ping costs, and water usage at households—were multiplied by
the number of IRS rounds. This total was added to all other IRS
costs to determine the cost per person protected by IRS.
Calculation of ITN costs. Insecticide-treated bed net cost

data were drawn from the published literature using the cat-
egories outlined in Supplemental Table 1. Cost data for the
baseline TNVS program were extracted from Mulligan et al.27

for all categories except ITN costs. To reflect current ITN
costs, an estimate of 2014 ITN prices in Tanzania was
obtained from Tanzania-based RTI staff; minimum and max-
imum ITN costs used in the sensitivity analyses reflect the
minimumandmaximum2014global costs of ITNs reported by
the United Nations Children’s Fund.30 We divided the cost of
the ITN itself by three to annualize the cost over the expected

3-year life of an ITN, which we varied between 1 and 5 in the
sensitivity analysis.31

To reflect differences in costs of ITN programs due to
varying distribution strategies, a review of published costing
studies for ITN distribution was consulted,15 with additional
searchesofMEDLINE, EMBASE,WebofScience, andEconLit
conducted to capture studiespublishedafter the review’s time
frame. Costs per net distributed were extracted according to
the categories used by Mulligan et al.27 Economic costs,
which include monetary valuations of volunteers’ time and
account for the time value of money through measures of
discounting and depreciation, were preferentially extracted
over financial costs. To avoid double counting of costs, where
categorizationswere unclear or did notmatchwith theMulligan
et al.27 categorizations, the costs for that category were ex-
cluded for that study. After conversion to 2011 USD, the mini-
mumandmaximumnonzero costswereusedas thebounds for
the sensitivity analyses. The only exception to this processwas
the voucher costs, for which theminimum cost was set to zero
to reflect a non-voucher–based distribution system. The cost
per ITN distributed was calculated by adding the costs from
each category (Supplemental Table 1). The cost per ITN dis-
tributed was divided by the estimated number of people
sleeping under each net to determine the total cost of ITN
distribution per person protected.
In Tanzania, the NMCP works with multiple international

partners, with each focusing on a portion of the overall malaria
prevention and control effort. As such, separate project and
administrative units conduct IRS operations and ITN distri-
bution. The IRS+ ITNarmof thedecision tree, therefore, includes
separate local administration costs for each intervention.
Calculation of malaria costs. The probability of a case of

malaria was calculated based on estimates from themainland
Tanzania 2011–2012 Malaria Indicator Survey (MIS). Reduc-
tions in the probability of a case because of the interventions
were drawn from a review of MIS data in 17 sub-Saharan
African countries.26,32 We chose this source rather than
Tanzania-specific data from randomized controlled trials, such
as theoneconductedbyWest et al.,8 as the latter focusedon the
high-prevalence Lake Zone. Data from the broader review pro-
videbetter estimatesof the interventioneffects asapplicable toa
greater variety of transmission settings and to an operational
programcontext.Theestimatesof thecostofacaseofmalaria to
society were drawn from a study by Sicuri et al.33 that examined
the societal costs of a case ofmalaria in a child less than 5 years
of age in Tanzania. The components considered in the costs
of illness are presented in Supplemental Table 2. The study

TABLE 1
Probability values*

Description Baseline Minimum Maximum Source(s)

Probability of receiving IRS in the dwelling 0.908 0.840 0.947 4,8
Probability of using an ITN 0.745 0.587 0.889 26
Probability of infection with malaria parasite, given no intervention 0.095 0.000 0.318 26,32
Reduction of odds of parasitemia with ITN use 0.130 0.030 0.220 32
Reduction of odds of parasitemia with IRS use 0.200 0.030 0.340 32
Reduction of odds of parasitemia with IRS and ITN use 0.530 0.370 0.670 32
Probability of developing symptoms if infected 0.890 0.117 1.000 41–43
Probability of seeking formal treatment 0.776 0.481 0.946 26
Probability of treatment failure 0.027 0.000 0.485 26,44,45
Probability of developing complicated malaria 0.157 0.104 0.233 46
IRS = indoor residual spraying of households with insecticide; ITN = insecticide-treated bed net.
* See Supplemental Table 1 for description of parameters and assumptions.
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presents societal costs for uncomplicated malaria, defined
as malaria not requiring hospitalization; malaria with severe
anemia; cerebral malaria, most commonly accompanied by
coma; and cerebral malaria with neurological sequelae. Un-
complicated malaria costs in Tanzania were used as the
baseline for the cost of amalaria case without complications.
As there were no confidence limits presented around this
point, the costs were varied by 50% in both directions for the
sensitivity analyses. The cost of a severe malaria case was
calculated using the method from Sicuri et al.33 as the mean
cost of a case with complications. The minimum value for
sensitivity analyses was a case of malaria with severe ane-
mia; the maximum value was a case of cerebral malaria with
neurological sequelae.
Dataanalysis.Thedatawere analyzedusingadecision tree

created in TreeAge (TreeAge Software, Inc., Williamstown,
MA). Supplemental File 1 describes the parameters included
in the analyses and Supplemental Table 3 describes the
sources of the probability estimates at each chance node in
the order that they appear in the decision tree.
Insecticide cost and parasitemia prevalence were deemed

programmatically important parameters to examine through
sensitivity and scenario analyses. To identify other important
parameters that could affect the outcome, tornado diagrams
were drawn to determine the most parsimonious combination
of variables that explained at least 95% of the variability in the
expected costs and in the expected number of malaria cases
in the combined IRS + ITN intervention. The tornado diagrams
were also examined for any additional parameters that dis-
played a threshold effect on the costs and/or effects. One-way
sensitivity analyses were performed on the effects of varying
the identified parameters over their plausible ranges on the
expected costs, cases, and cost per case averted for each
intervention.
Scenario analyses. Best- and worst-case scenario analy-

ses were conducted in which the variables selected from the
tornado diagram were set to the levels that made the combined
IRS–ITN intervention appear as “good” andas “bad” aspossible,
respectively,whencomparedwith ITNsalone. “Best”and “worst”
were assessed in terms of expected cost per case averted. If
variations in the parameter did not result in any changes in the
expected cost per case averted, then the value that provided the
highest or lowest cost for the combined intervention was se-
lected. If varying the parameter changed neither the expected
cost per case averted nor the expected cost of the intervention,
the value that provided the highest or lowest expected number of
malaria cases was selected. All parameters not identified in the
tornado diagrams were held at their base-case level.
The potential effects of using targeted rather than universal

sprayingwere assessed througha scenario analysis inwhich the
IRS coverage rates and effectiveness were shifted to their min-
imum plausible levels. Finally, the potential effects of changes in
insecticide characteristics were assessed using a scenario
analysis describing an increase in pyrethroid resistance. The
expected ITN effectiveness was decreased to its lowest plausi-
ble value, and themaximum insecticide cost estimates from two
annual IRS roundswith bendiocarbwere used. In both analyses,
all other parameters were held at their base-case values.
The only primary data analyzed were cost data with no links

to identifiable individuals; all other data were secondary data.
Because the study did not include human subjects research,
Institutional Review Board approval was not required.

RESULTS

Values.Probability values, ranges, and sources are listed in
Table 1. Non-annualized cost values, ranges, and sources are
specified in Table 2. All costs are presented in terms of person
protected except for ITN costs, which were recorded in terms
of net distributed so that the number of people protected per
net could be varied in sensitivity analyses. Other estimated
values are displayed with their sources and ranges in Table 3.
Base case. As shown in Table 4, with all parameters at

baseline values, the IRS + ITN intervention is more expensive
but more effective than ITNs alone. The expected cost of the
ITN-only intervention is $3.41 per person in the target pop-
ulation, with an expected 0.076 cases of malaria per person
targeted; the expected cost of the IRS + ITN intervention is
$7.49 per person targeted, with an expected 0.050 cases of
malaria per person targeted. The expected incremental cost
per case averted by the combined intervention comparedwith
the ITN-only baseline is $152.36.
The tornado diagrams describing the variability in expected

costs and cases are displayed in Figure 1. As shown in
Figure 1A, the primary drivers of variability in costs of the IRS +
ITN intervention from the IRS portion were the number of IRS
rounds required and the insecticide costs; from the ITN por-
tion, the cost of a net, the number of people protected by a
single net, the cost of distributor labor, the cost of staff labor,
the cost of information, education, and communication (IEC)
materials, and theprevalence of ITNuse; and from the tree asa
whole, the prevalence of parasitemia. Together, these pa-
rameters accounted for more than 95% of the variability in
costs of the IRS + ITN intervention. As shown in Figure 1B, the
prevalence of parasitemia and the probability that an infected
child develops symptomatic malaria explained more than
98% of the variability in expected cases in the combined in-
tervention arm. No parameters displayed a threshold effect.
Subsets of theseparameters accounted for at least 95%of the
variation in the expected costs and expected cases of the ITN-
only intervention and in the expected incremental cost per
case averted by the IRS + ITN intervention.
Scenario analyses. The input values used for the best- and

worst-case scenario analyses, the scenario analysis of in-
creasing pyrethroid resistance, and the scenario analysis of
targeted spraying are displayed in Supplemental Tables 4–6.
In the best-case scenario, both interventions had a lower

expected cost per person in the target population and a higher
expected number of cases per person in the target population
than the base case, and the incremental cost per case averted
by the combined intervention compared with the ITN-only
intervention fell to $13.58. In the worst-case scenario, both
interventions had a higher expected cost per person in the
target population and a lower expected number of cases per
person in the target population than in the base case, and the
expected incremental cost per additional case of malaria
averted by the combined intervention compared with the ITN-
only intervention rose to $2,516.41.
With targeted spraying, both interventions had a lower

expected cost per person in the target population and a higher
expected number of cases per person in the target pop-
ulation than in the base case with universal spraying, and the
expected incremental cost of the combined intervention
compared with the ITN-only intervention fell to $41.70 per
case averted.
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With increasing pyrethroid resistance, both interventions had a
higher expected cost per person in the target population and
expected number of cases per person in the target

population than in the base case, and the expected in-
cremental cost of the combined intervention compared with
the ITN-only intervention rose to $192.12 per case averted.

TABLE 2
Non-annualized cost values (2011 USD)

Description Baseline Minimum Maximum Source(s)

IRS cost categories, per person protected
Planning and logistics assessment activities $0.02 $0.02 $0.26 RTI expense reports
Environmental compliance $0.00 $0.00 $0.02 RTI expense reports
Training $0.27 $0.14 $0.27 RTI expense reports
IEC and community mobilization $0.09 $0.07 $0.23 RTI expense reports
Short-term labor $0.45 $0.40 $0.61 RTI expense reports
Transportation $0.33 $0.29 $0.50 RTI expense reports
Other spray operations costs $0.44 $0.05 $0.44 RTI expense reports
Insecticide $0.43 $0.34 $0.84 RTI expense reports
Spray equipment and equipment repair kits $0.00 $0.00 $0.15 RTI expense reports
Personal protective equipment $0.04 $0.00 $0.11 RTI expense reports
Shipping $0.06 $0.04 $0.07 RTI expense reports
Office leases, utilities, maintenance $0.04 $0.03 $0.07 RTI expense reports
Office furniture, equipment, supplies $0.01 $0.01 $0.16 RTI expense reports
Communication $0.02 $0.02 $0.02 RTI expense reports
Travel and transportation $0.03 $0.03 $0.09 RTI expense reports
Vehicle purchase $0.00 $0.00 $0.06 RTI expense reports
Local labor $0.26 $0.07 $0.45 RTI expense reports
Other local administration $0.02 $0.02 $0.04 RTI expense reports
Warehouse space $0.01 $0.01 $0.03 RTI expense reports
Office space $0.00 $0.00 $0.01 RTI expense reports
Government vehicles $0.00 $0.00 $0.01 RTI expense reports
Fuel for government vehicles $0.00 $0.00 $0.00 RTI expense reports
Government labor costs $0.02 $0.02 $0.05 RTI expense reports
Water usage at households $0.04 $0.03 $0.05 RTI expense reports

ITN cost categories, per net distributed
Planning and logistics assessment activities $0.02 $0.02 $0.81 15,17,27,47
Training distributors $0.49 $0.01 $1.52 15,17,27,47,48
IEC and community mobilization $1.29 $0.04 $2.16 15,27,49,50
Warehousing/storage of nets $0.12 $0.01 $0.30 15,27,51
Distributors’ labor $0.05 $0.01 $1.95 15,21,27,52
Transportation $0.42 $0.05 $3.16 15,27,51
Nets $3.36 $2.50 $4.80 Personal

communication from
Centers for Disease
Control and
Prevention (CDC)
malaria expert31

Printing vouchers $0.20 $0.01 $0.20 15,27,48
Office leases, utilities, maintenance $0.27 $0.00 $0.27 15,27,51
Office furniture, equipment, supplies $0.01 $0.01 $0.07 15,27,53
Administration/other staff labor (not net distribution) $2.04 $0.04 $12.65 15,21,27,51

Cost of illness, per person
Uncomplicated malaria $5.36 $2.68 $8.03 33
Severe malaria $74.36 $39.53 $141.87 33
IEC = information, education, and communication; IRS = indoor residual spraying of households with insecticide; ITN = insecticide-treated bed net; RTI = RTI International; USD = U.S. dollars.

TABLE 3
Other estimated values

Description Baseline Minimum Maximum Source(s)

Useful lives (years)
Soak pits 3 1 5 19
Spray equipment 5 1 10 19
Personal protective equipment 3 1 4 19
Office furniture, equipment, and supplies 3 1 5 19
Vehicle 5 4 6 19
Net 3 1 5 Personal communication

from CDCmalaria expert31

Rounds and coverage estimates
Number of rounds of IRS required 2 1 2 6
Number of people covered by a single net 2 1 3 26

Discount rate
Discount rate 0.03 0 0.05 29
IRS = indoor residual spraying of households with insecticide.
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One-way sensitivity analysis. Of the input parameters, 10
were selected for sensitivity analysis. Of these, two affect only
the IRS portion of the combined intervention, five affect the
ITN portion of both interventions, and three affect the proba-
bility of developing symptomaticmalaria (Figure 1). The values
for each individual sensitivity analysis and figures illustrating
the trends in their associations with the model outcomes are
provided in Supplemental File 2.
The two parameters affecting the IRS portion of the com-

bined intervention were the number of IRS rounds required
and insecticide cost. For both of these parameters, as their
value increased, the expected cost per person in the pop-
ulation of the combined intervention increased linearly, and
the expected cost of the ITN intervention and the expected
number of cases in each intervention remained constant.
Driven by the changes in costs of the combined intervention,
the expected incremental cost per case averted by the com-
bined intervention increased linearly over the parameters’
ranges.
Five parameters directly affected the costs of the ITN por-

tion of both interventions. Of these, variation in the cost of an
ITN, of ITN distributors’ labor, of IEC, and of administrative
labor produced similar effects. As the values of these pa-
rameters increased, the expected cost of both interventions
increased linearly at the same rate, and the expected number
of cases remained constant for both interventions. In addition,
as thenumberof people coveredbyasingle ITN increased, the
expected cost per person in the target population of the in-
tervention declined at the same rate, with the rate of decline
diminishing as the number of people per net increased, and
the expected number of cases remained constant. None of
these parameters affected the expected cost per case averted
by the IRS + ITN intervention compared with the ITN-only
intervention.
Three probability parameters drove variability in themodel’s

outcomes: the prevalence of ITN use, the prevalence of par-
asitemia, and the probability that an infected child would de-
velop symptomatic malaria. As the prevalence of ITN use
increased, the expected cost per person in the population
of each intervention increased linearly at the same rate. At
thesame time, the expectednumberof casesperperson in the
population decreased linearly for each intervention, with the
decrease being steeper in the IRS + ITN intervention than in
the ITN-only intervention. Consequently, as the prevalence of
ITN use increased, the incremental cost per case averted by
the combined intervention versus the ITN-only intervention
decreased.
As the prevalence of parasitemia and of the probability that

an infected childwould develop symptomaticmalaria increased,

the expected cost of each intervention increased linearly, with a
more dramatic increase in the ITN-only intervention. Concur-
rently, the expected number of cases increased linearly in each
arm, with the increase being steeper in the ITN-only arm. As the
values of these parameters increased, the expected incremental
cost per case averted by the combined arm versus the ITN-only
arm decreased at a diminishing rate.

DISCUSSION

In all iterations of the scenarios examined using our model,
the combination of IRS and ITNs was more effective but more
expensive than ITN distribution alone. Although this reduction
of expected cases when compared with either intervention
alone alignswith recent findings,32,34 if IRS repelsmosquitoes
from the household, the mosquitoes might not come into
contact with the ITNs, which would undermine the ITNs’ ef-
fectiveness.35 Bendiocarb, however, has very little repellent
effect when compared with other IRS insecticides, which
renders this deleterious effect unlikely.35,36

To account for thedifferent ITNdistributionmethodsused in
Tanzania, the studies used to generate ranges for ITN distri-
bution costs included distribution of subsidized and free nets;
distribution throughANCs, community groups, and theprivate
sector; stand-alone ITN programs; and ITN programs in-
tegrated with vaccination campaigns.15,37 Any parameters
that affected only the cost of the ITN portion of the interven-
tionsmade no difference in the expected cost per case averted
by the combined IRS + ITN intervention versus the ITN-only
intervention. Together, this suggests that the results of this
model are applicable to ITN programs, regardless of their dis-
tribution approach.
In the base-case scenario, which reflects a universal IRS

throughout mainland Tanzania, our findings show that if the
willingness to pay to avert a case of malaria is greater than or
equal to $152.36, then an IRS component should be included
on top of the ITN distribution component. This value falls to-
ward the more expensive end of the range of cost per case of
malaria averted in the most recent systematic review of
malaria program economic evaluations.15 The broad vari-
ability in expected cost per case averted shown in the best-
and worst-case scenario analyses suggests, however, that
although a universal IRS across mainland Tanzania would be
unwise, IRS might prove useful under certain conditions. The
one-way sensitivity analysis and scenario analysis highlight
important factors to consider before deciding whether to
implement the combined intervention—particularly parasite
prevalence, insecticide cost, the extent of insecticide re-
sistance, and the modality of IRS.

TABLE 4
Results of base-case, best-case, and worst-case scenario analyses

Scenario

IRS + ITN (combined intervention) ITN-only

Expected incremental cost per case
averted by combined intervention*

Expected cost per
person in population*

Expected cases per
person in population

Expected cost per
person in population*

Expected cases per
person in population

Base case $7.49 0.050 $3.41 0.076 $152.36 per case averted
Best case $4.55 0.172 $3.07 0.281 $13.58 per case averted
Worst case $17.42 0.004 $13.18 0.005 $2,516.41 per case averted
Increased pyrethroid resistance $7.94 0.059 $3.45 0.083 $192.12 per case averted
Targeted spraying $6.55 0.211 $4.68 0.256 $41.70 per case averted
IRS = indoor residual spraying of households with insecticide; ITN = insecticide-treated bed net.
* 2011 U.S. dollars.
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FIGURE 1. Tornado diagrams of drivers of variability in expected costs and cases. These tornado diagrams show the most parsimonious
combination of parameters that describe at least 95% of the variability in the expected cost and expected cases per person in the population for
each intervention arm and in the expected incremental cost per case averted by the combined intervention compared with the insecticide-treated
bed net (ITN)-only intervention. Parameters are listed in descending order of the proportion of variability of outcome they describe. Wider bars
correspond to greater variation in outcome, and the line in each bar shows the base-case value of the outcome. Dark blue bars correspond to the
lower boundof the plausible rangeof the parameters, and light bluebars correspond to the upper bound. Therefore, a parameterwith a dark bluebar
on the left anda lightbluebaron the rightof thebase-casevalue ispositivelyassociatedwith theoutcome inquestion, andaparameterwithadarkbluebar
on the right and a light blue bar on the left is negatively associated with the outcome in question. This figure appears in color at www.ajtmh.org.
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In places with a low parasite prevalence, such as the central
regions of Tanzania, the expected cost per case averted from
the combined intervention versus the ITN-only intervention is
almost twice as great as in the baseline scenario. Conversely,
in regions with high malaria prevalence, such as the north and
southeast of Tanzania, the expected cost per case averted is
only about one-third as great as that in the baseline scenario.
These findings support the current IRS strategy in Tanzania,
which has been focusing on the regions with the highest
malaria prevalence, particularly the Lake Zone.3,6,26

In Tanzania’s current programmatic context, the expansion
of insecticide resistance is of increasing concern. It requires
that different classes or formulations of insecticides are to be
used for IRS, which generally tend to be more expensive than
the ones previously used. Similarly, if resistance impacts ITN
efficacy, any decline in efficacy would also decrease the add-
on effect of combining IRS and ITNs. Together, these effects
suggest that as pyrethroid resistance increases, the expected
cost per case averted of the combined intervention versus the
ITN-only interventioncould increase, evenas theefficacyof ITNs
declines. In such a scenario, the importance of non-insecticide-
based malaria prevention and control efforts, namely case
management and IPTp, would also increase.
It is also important to consider the implications of the one-

way sensitivity analyses for ITN use. As ITN use increases,
the expected cost per case averted by the combined in-
tervention decreases. That is, as the coverage of one
component of malaria control improves, the overall cost-
effectiveness of the program improves. Thus, even as pyre-
throid resistance increases, sustaining and increasing ITN
coveragemust remain an important component of the NMCP.
A combination of interventions that tackles different aspects
of malaria transmission is likely to be preferable to any single
intervention.26

An IRS program could respond to rising costs by switching
from universal to targeted spraying. In the scenario analysis,
targeted IRS led to more expected cases than in the baseline
universal IRS scenario, but the expected incremental cost per
case averted decreasedby 73% from the base-case scenario.
These findings suggest that Tanzania’s 2012 strategic change
from universal to targeted IRS, which was driven by budget
constraints, will indeed reduce the costs of IRS operations.3,4,6

If budget constraints make universal IRS not feasible, targeted
IRS would be preferable to no IRS at all in regions with a high
malaria prevalence, such as the north and southeast of Tan-
zania. The savings in termsof dollars ofmoving fromauniversal
to a targeted spraying strategy will, however, probably require
human and economic cost in terms of illness. Again, a well-
rounded malaria control program could compensate for
weaknesses in one intervention, particularly if the NMCP
chooses a less expensive but less effective approach like tar-
geted IRS.
Our analyses’ strengths include its use of primary data

drawn from 5 years of IRS operations in mainland Tanzania,
which allows the study to examine a practical policy question
in a specific environment. The health outcome of cost per
malaria case averted is well supported by the literature and
understandable by policy-makers. As suggested by Kolaczinski
and Hanson,28 costing took a societal perspective, and eco-
nomic costs were considered over financial costs. The scenario
and sensitivity analyses should enable policy-makers to see the
effects of the assumptions underlying the model and the

interplay of various variables and allowadaption of country-wide
baseline findings to local settings.
Making the model specific to the choice facing mainland

Tanzania, however, reduces its generalizability. The findings
of this study can be applied to settings whose conditions fall
within the parameters of the model in terms of malaria trans-
mission, cost of malaria treatment, population treatment-
seeking behaviors, and intervention coverage. Themodel only
accounts for two of the possible combinations of interven-
tions: it does not consider IRS as a stand-alone intervention,
nor does it consider other interventions such as case man-
agement or IPTp. Insecticide-treated bed nets appear in both
arms because of ITNs’ status as a cornerstone of Tanzania’s
malaria prevention and control efforts. In a country with less
mature ITN distribution programming, this study’s compari-
son would prove less useful. Applying a similar decision tree
cost-effectiveness model to other malaria control programs
and other contexts would inform policy-making, especially
where real-world evidence remains weak or conflicting. Such
evidence-based decision-making becomes particularly im-
portant in light of shifting malaria transmission patterns and
increasing resource constraints. Amore comprehensive cost-
effectiveness study of all of the NMCP’s components should
be conducted to enhance the country’s capacity to design the
most cost-effective malaria prevention and control program
possible.
From a technical perspective, our study has several limita-

tions. First, ITN data were drawn from the published literature
rather than being collected in the same manner as the IRS
data. Second, the model relies on effectiveness data from an
analysis of MIS data in 17 sub-Saharan African countries for
comparability with other indicators in the model, but evidence
regarding the combined effectiveness of IRS and ITNs re-
mains inconclusive; the model might, therefore, overstate the
effectiveness of combining IRS and ITNs. However, we note
that, as described in the sensitivity analyses section, the rel-
ative effectiveness of the interventions accounts for less than
1% in the variations of costs and effectiveness of the two
intervention arms. Second, the system used to record the
costs of the IRS operations did not allow for an ingredients
approach to costing, which is the preferred method of cost-
ing for economic studies because of its ease of use for gen-
eralization.28 Third, as our model only considers a single year
of the intervention, it does not describe the potential cost
savings of long-term malaria prevention and control pro-
gramming reducing parasite prevalence. Indoor residual
spraying of households with insecticide requires spraying at
least once each year and sogenerates relatively high recurrent
costs; ITN distribution requires only one net for several years’
protection and so generates relatively high capital costs. A
focus on single-year costs rather than multiple-year costs
might bias the results in favor of the combined IRS and ITN
intervention versus ITNs alone. Unfortunately, the effective-
ness data that would allow a multiyear analysis do not exist,
and extrapolating the available single-year effectiveness data
into amultiyear model would involve an unacceptable amount
of guesswork. The annualization of the cost of an ITN over its
useful life should help to mitigate the potential bias toward
ITNs caused by the relatively short time frame and analytic
horizon, but multiyear effectiveness data for IRS and ITN
programs are necessary for better long-term planning. Fourth,
the parameter which describes the probability that an infected
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individual will develop symptoms of malaria explains approxi-
mately 11% of the variability in expected cases, the second
mostof anyparameter.Unfortunately, theempirical dataon this
probability’s value remain inconclusive. Many national health
surveys present parasite prevalence as the prevalence of
malaria without any consideration of asymptomatic cases.
Because populations probably experience a nonzero rate of
asymptomatic infections, future studies should examine the
probability that an infected person will develop symptoms of
malaria. Fifth, these data used in this model reflect costs and
structures from2008 to2012.Weacknowledge that since then,
the costs of some of the inputs have changed (e.g., ITN prices
have generally decreased and the Tanzanian IRS program has
switched from bendiocarb to pirimiphos-methyl to manage
insecticide resistance).38,39 We note that our input’s cost
ranges do include some of these changes. In addition, we
hope that–regardless of the time period and inputs under
study–the detailed descriptions of our model inputs and
structure will allow policy-makers to see how these and other
changes would affect the results when applying the model to
other programmatic contexts. Finally, because of a lack of
evidence, this study excludes the long-term environmental,
agricultural, and health effects of using insecticide for IRS.
Without these considerations, any economic evaluation of
IRS is incomplete. Rigorous studies must be conducted on
these long-term effects. Most studies examining the long-
term effects of insecticide-based vector control focus on
DDT, not modern formulations, and most studies describing
the relationship between malaria and agriculture focus on
productivity losses due to illness, not on the potential for
insecticide-based vector control to aggravate resistance to
insecticides used for crop protection.40 The data are in-
sufficient to include these considerations in the model, but
the NMCP and its partners must consider the potential long-
term costs of pesticide use in their programmatic decisions.

CONCLUSION

Our decision tree analysis suggests that implementing IRS
in an area with high ITN coverage will be more expensive than
ITN distribution alone, but it will also reduce the number of
cases of malaria. As neither branch of the decision tree proved
both cheaper and more effective than the other, the Tanzanian
government and its partners must consider the local context
and their ownwillingness topay toavert a single caseofmalaria
in their decision-making. Based on our findings, implementing
IRS in the central region of Tanzania, which has a low malaria
prevalence, is not recommended. Continuing universal IRS in
the high-prevalence northern and southeastern regions of
Tanzania, however, would be more cost-effective in terms of
cost per case averted than would a nationwide IRS campaign.
If the NMCP and its partners lack sufficient financial ca-

pacity for universal spraying, targeted spraying provides an
attractive alternative based on the cost per case of malaria
averted. Although discussions of the political desirability of
reducing malaria cases to their lowest possible prevalence
exceed the scope of this study, the NMCP and its partners
shouldweigh the importanceof savingmoneywith thepotential
negative repercussions of malaria resurgence if choosing tar-
geted spraying. Compared with universal spraying throughout
Tanzania, however, targetedsprayingdoes, reduce theexpected
costpercaseavertedbyabout73%. If theNMCPand itspartners

find that theexpectedcostper caseavertedof universal spraying
exceeds theirwillingness topay, theycouldstill continue targeted
spraying in high-prevalence regions.
Beyondevaluating the cost-effectivenessof thecombination

of IRS + ITN, our findings highlight the importance of a well-
rounded malaria prevention and control program. When ITN
use increases in ourmodel, the expected cost per case averted
by the combined intervention declines; if pyrethroid resistance
were to undermine the effectiveness of ITNs, the expected cost
per caseavertedby thecombined interventionwould rise. If this
scenario comes to pass, malaria control through case man-
agement, IPTp, improved testing, and other noninsecticide-
based interventions will grow in importance. In choosing a
package of malaria prevention and control interventions, the
NMCP and its partners should use multiple approaches: the
strengths of one intervention or approach can compensate for
weaknesses in and reinforce the strengths of the other.
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