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Abstract. There is limited evidence on whether malaria elimination is feasible in high-transmission areas of Africa. Be-
tween2007and2018,wemeasured the impactofmalaria control interventions in youngchildrenenrolled in threeclinical trials
and two observational studies in Tororo, Uganda, a historically high-transmission area. Datawere pooled from children aged
0.5–2 years. Interventions included individually assigned chemoprevention and repeated rounds of indoor residual spraying
(IRS) of insecticide. All children received long-lasting insecticidal nets (LLINs) and treatment for symptomatic malaria with
artemisinin-based combination therapy.Malaria incidencewasmeasured usingpassive surveillance andparasite prevalence
by microscopy and molecular methods at regular intervals. Poisson’s generalized linear mixed-effects models were used to
estimate the impact of various control interventions. In total, 939 children were followed over 1,221.7 person years. In the
absence of chemoprevention and IRS (reference group), malaria incidence was 4.94 episodes per person year and parasite
prevalence 47.3%.Comparedwith the reference group, implementation of IRSwas associatedwith a 97.6%decrease (95%
CI: 93.3–99.1%, P = 0.001) in the incidence of malaria and a 96.0% decrease (95% CI: 91.3–98.2%, P < 0.001) in parasite
prevalence (both measured after the fifth and sixth rounds of IRS). The addition of chemoprevention with monthly
dihydroartemisinin–piperaquine to IRS was associated with a 99.5% decrease (95% CI: 98.6–99.9%, P < 0.001) in the
incidence of malaria. In a historically high–malaria burden area of Uganda, a combination of LLINs, effective case manage-
ment, IRS, and chemoprevention was associated with almost complete elimination of malaria in young children.

INTRODUCTION

Significant progress in malaria control has been realized over
the last 15 years,with declines inmalaria burden such thatmany
countries are now targeting elimination.1–4 However, global
progress in reducing the incidence of malaria has flattened in
recent years, andmalaria ison the riseacrossmanyhigh-burden
African countries.4 In sub-Saharan Africa, progress toward pre-
elimination or elimination has primarily been limited to relatively
low-transmission settings.5–7 Whether malaria elimination will be
feasible in the coming decades in historically high-transmission
areas of sub-Saharan Africa given available interventions remains
unclear.8,9 Indeed, elimination in high-transmission areas presents
particular challenges given the very large number of infectious
vectors and the large number of infected people, a majority of
whom are asymptomatic.8,10

Uganda is one of the highestmalaria burden countries in the
world. Control interventions in Uganda have included treat-
ment of uncomplicated malaria with artemether–lumefantrine
(AL) since 2005, universal distribution of long-lasting in-
secticidal nets (LLINs) in 2013–2014 and 2017–2018, and in-
door residual spraying (IRS) of highly effective insecticides in
selected districts since 2006. With the scale-up of these
control interventions, there has been evidence of a significant
decrease in the burden of malaria over the last decade.11–13

However, these gains have been fragile, with resurgence ob-
served following the cessation of key interventions.14

Beginning in 2007, we have measured the impact of various
malaria control interventions in Tororo, Uganda, a historically

high-transmission area,15 using cohorts of children enrolled
in three clinical trials16–19 and two observational studies.12,15

In these studies, interventions have included various in-
dividually assigned chemoprevention regimens and re-
peated rounds of IRS of insecticide starting in December
2014. Here, we use pooled analysis to estimate the impact of
this combination of interventions on the malaria burden in
Tororo over time.

MATERIALS AND METHODS

Study setting. All studies were conducted between August
2007 and December 2018 in Tororo district, Uganda. Malaria
transmission intensity has been historically high in Tororo, with
an entomological inoculation rate estimated at 310 infective
bites per person per year in 2011–2012.15 Before the imple-
mentationof IRS in 2014onward,malaria transmission in Tororo
was perennial, with minor peaks after the two rainy seasons in
April–June and September–December. After implementation of
IRS, transmission declined markedly, with peaks generally oc-
curring just before each round of IRS. Before implementation of
IRS,Anopheles gambiae sensu strictowas themajor vector, but
following IRS implementation, Anopheles arabiensis became
the dominant species.20 Pyrethroid resistance in the area is
common, with resistance of A. gambiae to deltamethrin and
permethrin reported to be 82% and 67%, respectively; re-
sistance to bendiocarb was not observed.21 Before November
2013, malaria control in Tororo was limited to the distribution of
LLINs through antenatal care services, promotion of intermittent
preventive treatment with SP during pregnancy, and treatment
of uncomplicated malaria with AL.
Study design, participants, and individual-level

chemoprevention. We conducted a secondary analysis
of pooled data from three clinical trials, the Tororo Child
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Cohort (TCC) study,16,19 the Prevention of Malaria and
HIV Disease in Tororo (PROMOTE) Project 3,17 and Birth
Cohort 118 studies, and two observational studies from the
Program for Resistance, Immunology, Surveillance &Modeling
of Malaria in Uganda (PRISM), PRISM 112,15 and PRISM 2
(Table 1). Details of each studyhavebeendescribedpreviously.
In brief, theTCCstudyusedconveniencesampling toenroll 100
children aged between 6 weeks and 12 months born to HIV-
uninfected mothers. Children were randomized to treatment
with AL or dihydroartemisinin–piperaquine (DP) for all episodes
of uncomplicated malaria and followed up to 5 years. The
PROMOTE Project 3 study used convenience sampling to en-
roll 400 children aged between 4 and 6 months born to HIV-
uninfected mothers. Children were randomized to no chemo-
prevention, daily trimethoprim–sulfamethoxazole (TS), monthly
sulfadoxine-pyrimethamine (SP) (single dose), or monthly DP
(once a day for 3 days) given unsupervised at home from
6 months to 2 years of age, and then followed up for one ad-
ditional year after chemoprevention was stopped. The PRO-
MOTE Birth Cohort 1 study included a birth cohort of 291
children born to HIV-uninfected mothers. Children were ran-
domized to receive DP (only the first day of each 3-day treat-
ment was directly observed) every 12 weeks or every 4 weeks
from 6 months to 2 years of age and then followed up for one
additional year after chemoprevention was stopped. The
PRISM 1 study enrolled 364 children aged between 6 months
and 10 years from 107 households randomly selected from
within Nagongera subcounty of Tororo district. Children were
not randomized to any interventions and followed up to 6 years.
ThePRISM2study enrolled 497participants of all ages from80
households randomly selected from within Nagongera sub-
county. Participants were not randomized to any interventions
and followed up for up to 14months. Childrenwere not enrolled
in more than one study.
Study procedures and follow-up of study participants.

All study participants received an LLIN at enrolment and
followed up in dedicated study clinics for all their medical
care. Routine visits were conducted once a month, except
for the PRISM 1 study, in which routine visits were con-
ducted every 1–3 months. Routine visits included collection
of blood for assessment of parasitemia by microscopy in all
studies using a rigorous quality control system. In the PRISM
1 and PROMOTE Birth Cohort 1 studies, dried blood spots
were collected at the time of routine visits for loop-mediated

isothermal amplification (LAMP) to detect Plasmodium fal-
ciparum as previously described.22 In the PRISM 2 study,
whole blood was collected at the time of routine visits for an
ultrasensitive quantitative PCR (qPCR) assay to detect
P. falciparum with a lower limit of detection of 0.06–0.15
parasites per microliter as previously described.23 In all
studies, participants with asymptomatic parasitemia were
not provided antimalarial treatment, in accordancewith local
guidelines. Parents/guardians were encouraged to bring
their children to the study clinics any time they were ill and
reimbursed for their transport costs. Childrenwhopresented
with a recent history of fever or a tympanic temperature
of ³ 38.0�C had a thick blood smear performed and
those positive by microscopy diagnosed with malaria. Un-
complicated malaria was treated with AL and complicated
malaria with quinine or IV artesunate in all studies except for
the TCC study, in which uncomplicated malaria was treated
with AL or DP, depending on the assigned regimen for each
study subject.
Population-level vector control interventions. In addition

to all study participants receiving an LLIN at enrollment, uni-
versal LLIN distribution campaigns targeting one LLIN per
every two persons were conducted in Tororo district in No-
vember 2013 and May 2017. Indoor residual spraying using
carbamate bendiocarb was carried out in Tororo district
in December 2014–February 2015, June–July 2015, and
November–December 2015. Indoor residual spraying with
pirimiphos-methyl (Actellic), a long-lasting organophosphate,
was carried out in July 2016, June–July 2017, and June–July
2018. Overall IRS coverage in Tororo district was 85% for the
first round and over 90% for subsequent rounds. For house-
holds participating in the PRISM cohort studies, IRS coverage
ranged from 93 to 100%.
Statistical methods. Individual-level data from all studies

were pooled and analyzed using Stata version 14.2 Stata Cor-
poration, CollegeStation, TX) andR version 3.3.2 (RCore Team,
2016, Vienna, Austria). Analyses included only observation time
for childrenagedbetween0.5and2years, as this age rangewas
represented in all studies. The intervention groups assessed
included no chemoprevention and no IRS (reference group),
daily TS unobserved with no IRS, monthly SP unobserved with
no IRS, monthly DP unobserved with no IRS, no chemo-
preventionwith rounds 1–4 of IRS,DPobserved every 12weeks
with rounds 1–3 of IRS, DP observed every 4weekswith rounds

TABLE 1
Characteristics of cohort studies and participants stratified by intervention groups

Study
Dates of

observation

Intervention group Number
of

children
Mean age,
years (SD) Female (%)

Person
years of

observation

Number of
routine
visitsChemoprevention IRS

Tororo Child Cohort August 7–September 9 None None 98 1.3 (0.4) 40 (40.8%) 135.0 1,405
PROMOTE Project 3 July 10–September 12 None None 98 1.2 (0.4) 48 (49.0%) 138.0 1,418

Daily TS unobserved 99 1.2 (0.4) 48 (48.5%) 140.0 1,431
Monthly SP unobserved 98 1.2 (0.4) 44 (44.9%) 135.5 1,346
Monthly DP unobserved 98 1.2 (0.4) 52 (53.1%) 135.0 1,284

PRISM 1 August 11–January 15 None None 92* 1.4 (0.4) 45 (48.9%) 83.0 432
February 15–September 17 None Rounds 1–4 44* 1.6 (0.3) 24 (54.6%) 25.6 234

PROMOTE Birth
Cohort 1

April 15–May 17 DP observed every 12 weeks Rounds 1–3 183 1.2 (0.4) 92 (50.3%) 262.5 3,486
DP observed every 4 weeks 93 1.2 (0.4) 44 (47.3%) 135.6 1,809

PRISM 2 October 17–December 18 None Rounds 5–6 51 1.4 (0.4) 24 (47.1%) 31.5 424
DP = dihydroartemisinin–piperaquine; IRS = indoor residual spraying; PROMOTE = Prevention of Malaria and HIV Disease in Tororo.
* One hundred twenty-one unique children included from the PRISM 1 study: 63 only observed before IRS implemented, 29 observed before and after IRS implemented, 15 observed only after IRS implemented.
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1–3 of IRS, and no chemoprevention with rounds 5–6 of IRS
(Table 1). Three of the studies (TCC, PROMOTE Project 3, and
PRISM 1) included children who did not receive chemo-
prevention before IRSwas implemented, one study (PROMOTE
Project 3) included children who received chemoprevention
before IRS was implemented, one study (PROMOTE Birth Co-
hort 1) included children who received chemoprevention after
IRS was implemented, and two studies (PRISM 1 and 2) in-
cluded children who did not receive chemoprevention after
IRSwas implemented (Table 1). Outcomes evaluated included
the incidence of symptomatic malaria and prevalence of mi-
croscopic parasitemia. In addition, the prevalence of micro-
scopic or submicroscopic parasitemia (as assessed by LAMP
or qPCR) was evaluated in three of the studies. Associations
between intervention groups and outcomes were estimated
using Poisson’s generalized linear mixed-effects models in-
cluding random effects to account for clustering within indi-
viduals and adjusted for study and age. Associations between
intervention groups and the incidence of symptomaticmalaria
were expressed as the protective efficacy defined as 1—the
incidence rate ratio (incidence in the intervention group/
incidence in the reference group). Associations between in-
tervention groups and measures of parasite prevalence were
expressed as the relative reduction defined as 1—prevalence
ratio (prevalence in the intervention group/prevalence in the
reference group).
Ethical approval. All studies were approved by the ethics

committees of Makerere University, the Uganda National
Council for Science and Technology, and the University of
California, San Francisco. Written informed consent was pro-
vided by parents/guardians for all study participants.
Role of the funding source. The funders played no role in

the design of the study; in the collection, analyses, and in-
terpretation of data; in the writing of the manuscript; or in the
decision to submit the manuscript for publication.

RESULTS

Characteristics of the study participants. Study partici-
pants resided in houses located throughout the central and
eastern portion of Tororo district, with the exception of PRISM1
and 2 study participants, who resided in Nagongera subcounty
in central Tororo. A few participants, primarily from the TCC and
PROMOTEProject 3 studies, livedoutside theborders of Tororo
district. Figure 1 shows the timeline of when the various cohort
studies were conducted and when the population-level vector
control interventions were implemented. Observations contrib-
uting to the analyses extended over 11 years, fromAugust 2007
to December 2018, with continuous overlapping observation
time, with the exception of a gap between October 2009 and
June 2010 (Table 1, Figure 1). A total of 939 children were ob-
servedbetween6monthsand2yearsofage, resulting in1,221.7
person years of follow-up and 13,269 routine visits in which
parasitemia was assessed. The mean age of study participants
during the follow-up was 1.3 years, and 48.2% were female.
Only two children died (both due to pneumonia), one from the
PROMOTE Project 3 study who was not receiving chemo-
prevention before IRS was implemented and one from the
PROMOTE Birth Cohort 1 study who was receiving DP every
12 weeks after IRS was implemented.
Association between chemoprevention, IRS, and the

incidence of symptomatic malaria. Among children who did

not receive chemoprevention before the implementation of IRS
(reference group), the crude and age-adjusted incidence of
symptomatic malaria were 4.94 and 4.03 episodes per person
year, respectively (Table 2). Chemoprevention with daily TS or
monthly SP given unobserved at homewas not associatedwith
any significant protection against malaria. Chemoprevention
withmonthlyDPgivenunobservedathomewasassociatedwith
a protective efficacy of 49.2% (95%CI: 38.2–58.2%,P< 0.001).
In children who were not receiving chemoprevention, the first
four rounds of IRS were associated with a protective efficacy of
91.2% (95%CI: 83.7–95.2%,P<0.001), while the fifth and sixth
rounds of IRS were associated with a protective efficacy of
97.6% (95% CI: 93.3–99.1%, P = 0.001). During the first three
rounds of IRS, chemoprevention with DP given every 12weeks,
with the first daily dose observed in the clinic, was not associ-
ated with additional protective efficacy as compared with IRS
alone (protective efficacy of 92.5%, 95% CI: 90.5–94.1%, P <
0.001); bycontrast,DPgivenevery4weekswasassociatedwith
almost complete protection against malaria (protective efficacy
99.5%, 95% CI: 98.6–99.9%, P < 0.001) (Table 2, Figure 2).
Among 3,580 total episodes of symptomatic malaria, only 13
(0.4%) met the criteria for severe malaria (repeated convul-
sions=8, severe anemia=4, andcerebralmalaria =1), and there
were no deaths due to malaria.
Association between chemoprevention, IRS, and the

prevalence of microscopic parasitemia. Among children
who did not receive chemoprevention before the implementation
of IRS (reference group), the crude and age-adjusted prevalence
of microscopic parasitemia at the time of routine visits were
17.6% and 16.2%, respectively (Table 3). The effects of inter-
ventions on the prevalence of microscopic parasitemia were
broadly consistent with the effects on incidence. There were no
reductions in prevalence among children receiving unsupervised
chemoprevention with daily TS or monthly SP, whereas monthly
DP was associated a relative reduction of 63.8% (95% CI:
52.9–72.2%, P < 0.001). The first four rounds of IRS were asso-
ciated with a relative reduction of 87.4% (95% CI: 71.2–94.5%,
P < 0.001) in children not receiving chemoprevention, and this
effect increasedto97.4%(95%CI:89.7–99.4%,P<0.001)during
the fifth and sixth rounds of IRS. Similar to the incidence results,
adding chemoprevention with DP given every 12 weeks did not
provide additional benefits during the first three rounds of IRS
(relative reduction of 91.9%, 95% CI: 88.9–94.0%, P < 0.001),
although DP given every 4 week was associated with almost
complete protection against microscopic parasitemia (protective
efficacy 99.7%, 95% CI: 97.7–100%, P < 0.001) (Table 3,
Figure 3).
Association between chemoprevention, IRS, and the

prevalence of microscopic or submicroscopic parasitemia.
This analysis was limited to data from 448 children from three
studies. Among children who did not receive chemoprevention
before the implementation of IRS (reference group), the crude
andage-adjustedprevalenceofmicroscopicor submicroscopic
parasitemia at the time of routine visits were 47.3% and 34.9%,
respectively (Table 4). In children who were not receiving che-
moprevention, thefirst four roundsof IRSwereassociatedwitha
relative reduction in the prevalence of 82.2% (95% CI:
69.5–90.3%, P < 0.001), and this increased to 96.0% (95% CI:
91.3–98.2%, P < 0.001) during the fifth and sixth rounds. In
contrast to the results from the incidence and microscopic
prevalence analyses, adding chemoprevention with DP given
every 12weekswas associatedwith additional reductions in the
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prevalence of microscopic and submicroscopic parasitemia as
compared with IRS alone (relative reduction of 93.6%, 95% CI:
90.8–95.5%,P<0.001). AdditionofDPgivenevery4weekswas
associated with almost complete protection against micro-
scopic or submicroscopic parasitemia (protective efficacy
98.9%, 95% CI: 97.8–99.5%, P < 0.001) (Table 4, Figure 4).

DISCUSSION

Our results, from pooled analyses of cohort studies con-
ducted over 11 years, showed that a combination of IRS and
chemoprevention in the setting of high LLIN coverage and
prompt and effective treatment of symptomatic malaria led
to almost complete elimination ofmalaria in young children in
the historically high-transmission area of Tororo district,
Uganda.Children aged 0.5–2 years given only LLINs suffered
almost five episodes of symptomatic malaria per year and
during routine visits had almost 50% prevalence of malaria
parasitemia based on sensitive molecular assays. Before the
implementation of IRS, monthly DP, the most effective che-
mopreventive regimen studied, provided modest protection
when administered unobserved at home. Remarkably, the
implementation of IRS was associated with over 90% pro-
tection against symptomatic malaria and 80% protection
against parasitemia during the first four rounds, with im-
proving efficacy after two additional rounds. The addition of
partially supervised chemoprevention with monthly DP to
IRSwas associated with almost complete protection against
symptomatic malaria and parasitemia.

Long-lasting insecticidal nets and case management with
artemisinin-based combination therapy (ACT) are key compo-
nents of Uganda’s malaria control strategy and the only tools
widely used throughout sub-Saharan Africa. In Tororo district,
with high coverageof LLINsandprompt effective treatmentwith
AL, the risk of severemalaria was extremely low, and therewere
no malaria-related deaths among young children over 1,200
person years of follow-up. However, even with these interven-
tions, the burden of malaria was very high, implying that in this
high-transmission setting, malaria elimination would not be
feasible with LLINs and case management with artemisinin-
based combination therapy (ACT) alone.We previously showed
the proportion of houses in Tororo district with at least one LLIN
was 78.5% in 2012, increasing to 95.5% in 2015 after the first
LLINcampaign.12 Inaddition, all ourcohortparticipants received
a LLIN at enrolment. One factor that likely contributed to the
persistently high burden of malaria following universal LLIN
distribution was high-level pyrethroid resistance among mos-
quito vectors in Tororo district.12 By contrast, over a 22-year
period at a historically high-transmission site in rural Senegal,
changes in case management from chloroquine to an ACT fol-
lowed by universal distribution of LLINs were temporally asso-
ciated with dramatic declines in malaria burden, reaching pre-
elimination levels.9

Historically, IRS has played a major role in the elimination of
malaria in several countries outside Africa and in greatly re-
ducing the burden of malaria in parts of Africa with low or sea-
sonal transmission.24,25 Studies evaluating the benefit of adding
IRS to LLIN distribution have yieldedmixed results.26–29 Adding

FIGURE 1. Timeline of when the various cohort studies were conducted and when the population-level vector control interventions were
implemented. This figure appears in color at www.ajtmh.org.

TABLE 2
Associations between intervention groups and the incidence of symptomatic malaria

Intervention group

Episodes of
malaria

Person years of
follow-up

Crude
incidence*

Adjusted
incidence†

Protective efficacy‡
(95% CI) P-valueChemoprevention

Indoor residual
spraying

None None 1,757 356.0 4.94 4.03 reference group
Daily trimethoprim–

sulfamethoxazole unobserved
614 140.0 4.39 3.59 10.9% (−6.5–25.5%) 0.20

Monthly SP unobserved 730 135.5 5.39 4.55 −12.9% (−34.6–5.3%) 0.18
Monthly DP unobserved 361 135.0 2.67 2.05 49.2% (38.2–58.2%) < 0.001
None Rounds 1–4 12 25.6 0.47 0.36 91.2% (83.7–95.2%) < 0.001
DP observed every 12 weeks Rounds 1–3 99 262.5 0.38 0.30 92.5% (90.5–94.1%) < 0.001
DP observed every 4 weeks 3 135.6 0.02 0.02 99.5% (98.6–99.9%) < 0.001
None Rounds 5–6 4 31.5 0.13 0.10 97.6% (93.3–99.1%) 0.001
DP = dihydroartemisinin–piperaquine.
* Per person year.
†Adjusted incidence per person year for a child of average age (1.25 years).
‡ Including random effects to account for clustering within individuals and adjusted for study and age.
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IRS toLLINsappears to havebeenmost effective in areaswhere
LLIN coverage was low and/or pyrethroid resistance high. In
addition, in areas where LLIN coverage was high, adding IRS
may have been most effective when using non-pyrethroid–
based insecticides, likely explained bywidespread resistance to
pyrethroids, but not someother classes of insecticides available
for IRS in Africa.12 In our setting, four years of sustained IRS first
with carbamate and then organophosphate, in a context with
universal LLIN coverage, was associated with a dramatic de-
crease in malaria burden to a threshold which would be con-
sideredpre-elimination.3Our findings are similar to a report from
the historically high-transmission island of Zanzibar, where a
combination of interventions including ACTs for case manage-
ment, universal LLIN distribution, and annual rounds of IRSwas
temporally associated with a marked reduction in malaria bur-
den to pre-elimination levels between 2003 and 2015.8 Thus,
IRS appears to have great promise for malaria control and po-
tential elimination in high-transmission regions. However, al-
though IRS has become a key component of Uganda’s malaria

control strategy, resource constraints have limited its use to less
than10%of thecountryandnecessitated itswithdrawal insome
areas.30 Currently, discussions on low-cost IRS deliverymodels
that would allow scale up of this powerful intervention are on-
going in Uganda.31 Alarmingly, in areas of northern Uganda, the
withdrawal of IRS in 2014 after five years of sustained use was
followedbya rapid resurgenceofmalaria, despiteuniversal LLIN
distribution.14

Available results suggest that in high-transmission areas,
limiting the use of antimalarial drugs to case management is
unlikely to reduce the parasite reservoir sufficiently to achieve
elimination in the absence of highly effective and sustained
vector control.10 Chemoprevention, the regular use of antima-
larial drugs to clear existing infections and prevent new infec-
tions, has been proposed to accelerate the path to elimination.
Several countries in thesub-SahelofWestAfricahaveadopteda
policy of seasonalmalaria chemoprevention (SMC)with SPplus
amodiaquine (AQ), which has been shown to be highly effective
in reducing the burden of malaria in young children.32 However,

FIGURE 2. Adjusted incidence ofmalaria among participants from each intervention group. Each intervention is represented by a distinct colored
box. The lengthof theboxes indicates thedurationof the studies, andwidth indicates the95%CI of the estimate. Incidence rate ratios, relative to the
reference group (no chemoprevention, no indoor residual spraying [IRS]), are shown as a secondary y-axis. Vertical dashed lines indicate the timing
of population-level interventions: long-lasting insecticidal nets distribution (yellow) and rounds of IRS (gray). This figure appears in color at
www.ajtmh.org.

TABLE 3
Associations between intervention groups and the prevalence of microscopic parasitemia

Intervention group

Crude prevalence Adjusted prevalence* Relative reduction† (95% CI) P-valueChemoprevention Indoor residual spraying

None None 573/3,255 (17.6%) 16.2% reference group
Daily trimethoprim–sulfamethoxazole
unobserved

265/1,431 (18.5%) 16.8% −4.1% (−25.8–13.9%) 0.68

Monthly SP unobserved 253/1,346 (18.8%) 17.1% −5.5% (−27.8–12.9%) 0.58
Monthly DP unobserved 82/1,284 (6.4%) 5.9% 63.8% (52.9–72.2%) < 0.001
None Rounds 1–4 6/234 (2.6%) 2.0% 87.4% (71.2–94.5%) < 0.001
DP observed every 12 weeks Rounds 1–3 49/3,486 (1.4%) 1.3% 91.9% (88.9–94.0%) < 0.001
DP observed every 4 weeks 1/1,809 (0.06%) 0.1% 99.7% (97.7–100%) < 0.001
None Rounds 5–6 2/424 (0.5%) 0.4% 97.4% (89.7–99.4%) < 0.001
DP = dihydroartemisinin–piperaquine.
* Adjusted prevalence for a child of average age (1.25 years).
† Including random effects to account for clustering within individuals and adjusted for study and age.
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SMC is not an attractive option for countries such as Uganda
where transmission is perennial and resistance to SP is wide-
spread. More recently, mass drug administration (MDA) has
been investigated as a means of accelerating the path to elimi-
nation following the successful scale-up of traditional control
interventions but with mixed results. Two rounds of MDA with
DP were associated with a marked short-term reduction in the
burden ofmalaria in southern Zambia,33 but two rounds ofMDA
with DP plus single low-dose primaquine were not associated
with improvement in measures of malaria transmission in Zan-
zibar.34Ourfindingsshowthathighlyeffectivechemoprevention
with partially observed DP given monthly offered important
benefits complementing those of IRS.
Our study had some limitations. First, our results were based

on a pooled analysis across several studies and therefore sub-
ject to bias due to unmeasured confounders and/or secular
trends unrelated to the interventions assessed. Indeed, malaria
metrics have decreased across much of Africa in the last two
decades, althoughnot nearly to the extent observed in Tororo.35

Second, to maintain comparability across the various studies,
weonly includeddata fromyoungchildren, and thereforecannot
generalize our results to older age-groups. Indeed, a shift in the
burden of malaria to older age-groups following declines in
transmission intensity has been well described, and caution
should be taken in extrapolating our findings to older children

and adults.8,9 Third, submicroscopic parasitemia was assessed
in only a subset of studies using different molecular methods,
although the use of the more sensitive qPCR for the PRISM 2
study likely underestimated the impact of later rounds of IRS.
Fourth, the independent impactofLLINscouldnotbeestimated,
as they were distributed among all study participants. Fifth,
chemoprevention was only given to study participants, pre-
cluding our ability to evaluate the impact of this intervention on
malaria transmission at the community level. Sixth, results
obtained in the context of cohort studies may differ from, and in
fact are likely superior to, those in a non-study situation, espe-
cially for chemoprevention, which requires full compliance with
drug regimens for optimal efficacy. Seventh, in all studies, we
usedconveniencesampling toenroll studyparticipants,with the
exception of the two PRISM studies, which enrolled children
from households randomly selected from one subcounty in the
district. The use of different sampling frames to enroll study
participants could have been a source of bias. Finally, results
obtained in eastern Uganda may not predict those observed in
other high-transmission regionsofAfrica thatmayhavedifferent
malaria transmission dynamics, drug sensitivity of malaria par-
asites, and insecticide sensitivity of mosquito vectors.
In summary, our findings suggest that malaria elimination in

youngchildren, themost vulnerablepopulation,maybe feasible in
highly endemic African settings through the scale-up of available

FIGURE 3. Adjustedprevalenceofmicroscopic parasitemia amongparticipants fromeach interventiongroup.Each intervention is representedby
a distinct colored box. The length of the boxes indicates the duration of the studies, and width indicates the 95% CI of the estimate. Prevalence
ratios, relative to the reference group (no chemoprevention, no indoor residual spraying [IRS]), are shown as a secondary y-axis. Vertical dashed
lines indicate the timing of population-level interventions: long-lasting insecticidal nets distribution (yellow) and rounds of IRS (gray). This figure
appears in color at www.ajtmh.org.

TABLE 4
Associations between intervention groups and the prevalence of microscopic or submicroscopic parasitemia

Intervention group

Crude prevalence Adjusted prevalence* Relative reduction† (95% CI) P-valueChemoprevention Indoor residual spraying.

None None 178/376 (47.3%) 34.9% reference group
None Rounds 1–4 20/233 (8.6%) 6.0% 82.2% (69.5–90.3%) < 0.001
DP observed every 12 weeks Rounds 1–3 117/3,462 (3.4%) 2.2% 93.6% (90.8–95.5%) < 0.001
DP observed every 4 weeks 10/1,798 (0.6%) 0.4% 98.9% (97.8–99.5%) < 0.001
None Rounds 5–6 9/423 (2.1%) 1.4% 96.0% (91.3–98.2%) < 0.001
DP = dihydroartemisinin–piperaquine.
* Adjusted prevalence for a child of average age (1.25 years).
† Including random effects to account for clustering within individuals and adjusted for study and age.
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control interventions. However, in high-transmission settings that
are characteristic of much of Uganda, marked reductions in the
burden of malaria will likely require high coverage of multiple in-
terventions for a sustained period. Prompt and effective treatment
of symptomaticmalaria and high LLIN coverage likely contributed
to the low risk of severe malaria and absence of deaths due to
malaria; however, marked reductions in malaria morbidity were
onlyobserved following the implementationof IRS.Theadditionof
chemoprevention withmonthly DP further accelerated declines in
the burden of malaria, but even without chemoprevention, the
burden of malaria was reduced to pre-elimination levels when the
duration of IRSwas extended beyond 3 years. These findings can
serve as an important “proof of concept” and an encouragement
that malaria elimination is a realistic goal for high-transmission
African settings. Future research should include studies of how
best to deliver interventions in real-world settings, considerations
of cost-effectiveness, studies of when and how to scale back
interventions without resulting in resurgence, and randomized tri-
als to evaluate the impact of targeted or population-level estab-
lished and new interventions.

Received February 6, 2020. Accepted for publication April 11, 2020.

Published online May 18, 2020.

Acknowledgments:We thank the children and their parents/guardians
who participated in the study, the dedicated study staff, practitioners
at Tororo District Hospital and Nagongera Health Center IV, and
members of the Infectious Diseases Research Collaboration (IDRC).

Financial support: This study was supported by grants from the Doris
Duke Charitable Foundation, the Centers for Disease Control and
Prevention, the National Institutes of Health including, the Eunice
Kennedy Shriver National Institute of Child Health and Human De-
velopment (P01 HD059454), the National Institute of Allergy and In-
fectious Diseases (U19A1089674), and the Fogarty International
Center (D43TW010526).

Authors’ addresses: Moses R. Kamya and Joaniter I. Nankabirwa, De-
partment of Medicine, Makerere University and the Infectious Diseases

Research Collaboration, Kampala, Uganda, E-mails: mkamya@
infocom.co.ug and jnankabirwa@yahoo.co.uk. Abel Kakuru, Mary
Muhindo, Emmanuel Arinaitwe, John Rek, James Kapisi and Anne
Gasasira, Infectious Diseases Research Collaboration, Kampala,
Uganda, E-mails: akakuru@idrc-uganda.org,marymkakuru@gmail.com,
earinaitwe@idrc-uganda.org, jrek@idrc-uganda.org, jkapisi@idrc-
uganda.org, and agasasira@gmail.com. Victor Bigira, Uganda National
Health Laboratory Services, Kampala, Uganda, E-mail: vbigira@
gmail.com. Humphrey Wanzira, Pilgrim Africa, Kampala, Uganda,
E-mail: wanzirah@yahoo.com. Jane Achan, Medical Research Council
Unit, The Gambia, E-mail: achanj@yahoo.co.uk. Paul Natureeba, Mak-
erere University-John Hopkins University Collaboration, Kampala,
Uganda, E-mail: pnature@gmail.com. Diane Havlir, Philip J. Rosenthal,
IsabelRodriguez-Barraquer, andGrantDorsey,DepartmentofMedicine,
University of California, San Francisco, San Francisco, California,
E-mails: diane.havlir@ucsf.edu, philip.rosenthal@ucsf.edu, isabel.
rodriguez@ucsf.edu, and grant.dorsey@ucsf.edu. Prasanna Jaganna-
than, Department of Medicine, Stanford University, Stanford, California,
E-mail: prasj@stanford.edu.

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. The Lancet, 2009 Maintaining momentum for malaria elimination.
Lancet 374: 266.

2. Mendis K, Rietveld A, Warsame M, Bosman A, Greenwood B,
WernsdorferWH, 2009. Frommalaria control to eradication: the
WHO perspective. Trop Med Int Health 14: 802–809.

3. FeachemRGet al., 2010.Shrinking themalariamap: progressand
prospects. Lancet 376: 1566–1578.

4. World Health Organization, 2019. World Malaria Report 2019.
Geneva, Switzerland: WHO.

5. Bhattarai A et al., 2007. Impact of artemisinin-based combination
therapy and insecticide-treated nets on malaria burden in
Zanzibar. PLoS Med 4: e309.

6. O’MearaWP,Mangeni JN, SteketeeR,GreenwoodB, 2010.Changes
in the burden of malaria in sub-Saharan Africa. Lancet Infect Dis 10:
545–555.

FIGURE 4. Adjusted prevalence ofmicroscopic and submicroscopic parasitemia among participants from each intervention group. This analysis was
limited to three studies that used sensitive methods to detect submicroscopic parasitemia (loop-mediated isothermal amplification/quantitative PCR).
Each intervention is representedbyadistinct coloredbox. The length of theboxes indicates thedurationof the studies, andwidth indicates the95%CIof
the estimate. Prevalence ratios, relative to the reference group (no chemoprevention, no indoor residual spraying [IRS]), are shownas a secondary y-axis.
Vertical dashed lines indicate the timing of population-level interventions: long-lasting insecticidal nets distribution (yellow) and rounds of IRS (gray). This
figure appears in color at www.ajtmh.org.

MALARIA CONTROL IN HIGH-TRANSMISSION SETTINGS IN UGANDA 791

mailto:mkamya@infocom.co.ug
mailto:mkamya@infocom.co.ug
mailto:jnankabirwa@yahoo.co.uk
mailto:akakuru@idrc-uganda.org
mailto:marymkakuru@gmail.com
mailto:earinaitwe@idrc-uganda.org
mailto:jrek@idrc-uganda.org
mailto:jkapisi@idrc-uganda.org
mailto:jkapisi@idrc-uganda.org
mailto:agasasira@gmail.com
mailto:vbigira@gmail.com
mailto:vbigira@gmail.com
mailto:wanzirah@yahoo.com
mailto:achanj@yahoo.co.uk
mailto:pnature@gmail.com
mailto:diane.havlir@ucsf.edu
mailto:philip.rosenthal@ucsf.edu
mailto:isabel.rodriguez@ucsf.edu
mailto:isabel.rodriguez@ucsf.edu
mailto:grant.dorsey@ucsf.edu
mailto:prasj@stanford.edu
https://creativecommons.org/licenses/by/4.0/
www.ajtmh.org


7. Trape JF et al., 2012. New malaria-control policies and child
mortality in Senegal: reaching millennium development goal 4.
J Infect Dis 205: 672–679.

8. Bjorkman A et al., 2019. From high to low malaria transmission in
Zanzibar-challenges and opportunities to achieve elimination.
BMC Med 17: 14.

9. Trape JF et al., 2014. The rise and fall of malaria in a West African
rural community, Dielmo, Senegal, from1990 to 2012: a 22 year
longitudinal study. Lancet Infect Dis 14: 476–488.

10. Moonen B et al., 2010. Operational strategies to achieve and
maintain malaria elimination. Lancet 376: 1592–1603.

11. Uganda Bureau of Statistics, 2015. Uganda Malaria Indicator
Survey 2014–15. Available at: https://dhsprogram.com/pubs/
pdf/MIS21/MIS21.pdf. Accessed March 21, 2020.

12. Katureebe A et al., 2016. Measures of malaria burden after long-
lasting insecticidal net distribution and indoor residual spraying
at three sites in Uganda: a prospective observational study.
PLoS Med 13: e1002167.

13. Kigozi R et al., 2012. Indoor residual spraying of insecticide and
malaria morbidity in a high transmission intensity area of
Uganda. PLoS One 7: e42857.

14. Raouf S et al., 2017. Resurgence of malaria following discontin-
uation of indoor residual spraying of insecticide in an area of
Uganda with previously high-transmission intensity. Clin Infect
Dis 65: 453–460.

15. KamyaMRet al., 2015.Malaria transmission, infection, and disease
at three sites with varied transmission intensity in Uganda: impli-
cations for malaria control. Am J Trop Med Hyg 92: 903–912.

16. Arinaitwe E et al., 2009. Artemether-lumefantrine versus
dihydroartemisinin-piperaquine for falciparum malaria: a lon-
gitudinal, randomized trial in young Ugandan children. Clin In-
fect Dis 49: 1629–1637.

17. Bigira V et al., 2014. Protective efficacy and safety of three anti-
malarial regimens for the prevention of malaria in young
Ugandan children: a randomized controlled trial.PLoSMed 11:
e1001689.

18. Jagannathan P et al., 2018. Dihydroartemisinin-piperaquine for
intermittent preventive treatment of malaria during pregnancy
and risk of malaria in early childhood: a randomized controlled
trial. PLoS Med 15: e1002606.

19. WanziraH, KakuruA, Arinaitwe E, Bigira V,MuhindoMK,ConradM,
Rosenthal PJ, Kamya MR, Tappero JW, Dorsey G, 2014. Longi-
tudinal outcomes in a cohort of Ugandan children randomized to
artemether-lumefantrine versus dihydroartemisinin-piperaquine
for the treatment of malaria. Clin Infect Dis 59: 509–516.

20. Musiime AK et al., 2019. Impact of vector control interventions on
malaria transmission intensity, outdoor vector biting rates and
Anopheles mosquito species composition in Tororo, Uganda.
Malar J 18: 445.

21. Okia M, Hoel DF, Kirunda J, Rwakimari JB, Mpeka B, Ambayo D,
Price A, Oguttu DW, Okui AP, Govere J, 2018. Insecticide re-
sistance status of the malaria mosquitoes: Anopheles gambiae
andAnopheles funestus in eastern and northern Uganda.Malar J
17: 157.

22. Hopkins H et al., 2013. Highly sensitive detection of malaria par-
asitemia in a malaria-endemic setting: performance of a new
loop-mediated isothermal amplification kit in a remote clinic in
Uganda. J Infect Dis 208: 645–652.

23. Hofmann N, Mwingira F, Shekalaghe S, Robinson LJ, Mueller I,
Felger I, 2015. Ultra-sensitive detection of Plasmodium falci-
parum by amplification of multi-copy subtelomeric targets.
PLoS Med 12: e1001788.

24. MabasoML,SharpB, Lengeler C, 2004.Historical reviewofmalarial
control in southern African with emphasis on the use of indoor
residual house-spraying. Trop Med Int Health 9: 846–856.

25. Najera JA, Gonzalez-Silva M, Alonso PL, 2011. Some lessons for
the future from the global malaria eradication programme
(1955–1969). PLoS Med 8: e1000412.

26. Corbel V et al., 2012. Combination of malaria vector control in-
terventions in pyrethroid resistance area in Benin: a cluster
randomised controlled trial. Lancet Infect Dis 12: 617–626.

27. Fullman N, Burstein R, Lim SS, Medlin C, Gakidou E, 2013. Nets,
spray or both? The effectiveness of insecticide-treated nets
and indoor residual spraying in reducing malaria morbidity and
child mortality in sub-Saharan Africa. Malar J 12: 62.

28. Hamel MJ, Otieno P, Bayoh N, Kariuki S, Were V, Marwanga D,
Laserson KF, Williamson J, Slutsker L, Gimnig J, 2011. The
combination of indoor residual spraying and insecticide-
treated nets provides added protection against malaria com-
pared with insecticide-treated nets alone. Am J Trop Med Hyg
85: 1080–1086.

29. Pinder M et al., 2015. Efficacy of indoor residual spraying with
dichlorodiphenyltrichloroethane against malaria in Gambian
communities with high usage of long-lasting insecticidal mos-
quito nets: a cluster-randomised controlled trial. Lancet 385:
1436–1446.

30. Oxborough RM, 2016. Trends in US President’smalaria initiative-
funded indoor residual spray coverage and insecticide choice
in sub-Saharan Africa (2008–2015): urgent need for affordable,
long-lasting insecticides.Malar J 15: 146.

31. Odokonyero TAE, Ssengooba F, 2019. Financing Indoor Residual
Spraying for Malaria Prevention in Uganda: Options for Cost
Minimization. Kampala, Uganda: Economic Policy Research
Centre.

32. Greenwood B, 2017. New tools for malaria control - using them
wisely. J Infect 74 (Suppl 1): S23–S26.

33. 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.

34. Morris U et al., 2018. A cluster randomised controlled trial of two
rounds of mass drug administration in Zanzibar, a malaria pre-
elimination setting-high coverage and safety, but no significant
impact on transmission. BMC Med 16: 215.

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

792 KAMYA AND OTHERS

https://dhsprogram.com/pubs/pdf/MIS21/MIS21.pdf
https://dhsprogram.com/pubs/pdf/MIS21/MIS21.pdf



