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Abstract. Over the past decade, Zambia has made substantial progress against malaria and has recently set the
ambitious goal of eliminating by 2021. In the context of very high vector control and improved access tomalaria diagnosis
and treatment in Southern Province, we implemented a community-randomized controlled trial to assess the impact of
four rounds of community-wide mass drug administration (MDA) and household-level MDA (focal MDA) with
dihydroartemisinin–piperaquine (DHAP) implemented between December 2014 and February 2016. The mass treatment
campaigns achieved relatively good household coverage (63–79%), were widely accepted by the community (ranging
from 87% to 94%), and achieved very high adherence to the DHAP regimen (81–96%). Significant declines in all malaria
study end points were observed, irrespective of the exposure group, with the overall parasite prevalence during the peak
transmission season declining by 87.2% from31.3%at baseline to 4.0% in 2016 at the endof the trial. Children in areas of
lower transmission (< 10% prevalence at baseline) that received four MDA rounds had a 72% (95% CI = 12–91%)
reduction in malaria parasite prevalence as compared with those with the standard of care without any mass treatment.
Mass drug administration consistently had the largest short-term effect size across study end points in areas of lower
transmission following the first two MDA rounds. In the context of achieving very high vector control coverage and
improved access to diagnosis and treatment for malaria, our results suggest that MDA should be considered for
implementation in African settings for rapidly reducing malaria outcomes in lower transmission settings.

INTRODUCTION

Over the past decade, Zambia has made substantial prog-
ress against malaria by scaling up national coverage of long-
lasting insecticide-treated nets (LLINs), targeted indoor residual
spraying (IRS), and improved access to diagnosis and treat-
ment.1 The ZambiaMinistry of Health recently set the ambitious
goal of eliminatingmalaria by 2021.2 Across Southern Province,
in combinationwith improvedsurveillance at health centerswith
the District Health Information System 2 (DHIS2) software plat-
form, the Zambia National Malaria Control Centre scaled up
community-based diagnosis and treatment through trained
community health workers (CHWs) with surveillance from 2011
through the latter half of 2014. Community health workers were
provided malaria rapid diagnostic tests (RDTs) for use in sus-
pectedmalariapatients, aswell as artemether–lumefantrine (AL)
for treatment of those with confirmed infection, with the goal of
subnational elimination in this area.
Whereas LLINs, IRSwith pyrethroids, and improved access

to case management had been used across Zambia, starting
in 2011–2014, a scaled intervention package was introduced
in the higher transmission districts in Southern Province along
Lake Kariba. This consisted of universal access to LLINs,
targeted IRS coverage with highly effective Actellic® 300CS
(Syngenta Global, Basel, Switzerland), and improved access
to diagnosis and treatment in the community with the addition
of CHWs as part of a national CHW expansion effort. In this

context, 60 health facility catchment areas (HFCAs), stratified by
lower and higher transmission areas, took part in a community-
randomized controlled trial to assess the impact of community-
wide mass drug administration (MDA) with the long-acting
antimalarial dihydroartemisinin–piperaquine (DHAP) and focal
MDA (fMDA) at the household level with DHAP, compared with
a control of nomass treatment.3 Following two rounds of MDA
and fMDA, parasite prevalence during peak transmission (April
and May) declined markedly across the entire study area from
31.3% at baseline in 2014 8.4% in 2015, irrespective of mass
treatment exposure or baseline prevalence. In the higher
transmission strata, the reductions were seen in all intervention
and control groups, with limited evidence of MDA having a
substantial impact on infection prevalence. In the lower trans-
mission strata,malaria parasite prevalence declined from7.7%
at baseline to 0.5% after the first two MDA rounds, an 87%
larger decline than seen in the control group.
Here, we present the trial results of all four rounds of MDA

and fMDA with DHAP implemented between December 2014
and February 2016, as compared with a control of no mass
treatment (standard of care) within the context of the scaled
interventionpackage implemented throughout the trial area. In
doing so, overall trends in thepopulation coverageof themass
treatment rounds, as well as malaria outcomes, over the
course of the 2-year trial are presented. Trends in the primary
components of the scaled intervention package (LLINs, IRS,
and access to diagnosis and treatment) before and during the
trial are also presented.

METHODS

The full protocol for this trial, aswell as the trial methods and
results after the first two MDA rounds, has been published
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elsewhere.3,4 Ethical approval was obtained from the in-
stitutional review boards at Tulane University, Western In-
stitutional Review Board (for PATH), and the University of
Zambia. The trial was also approved by the ZambiaMedicines
Regulatory Authority and the National Health Research Au-
thority for conduct in Zambia. Written informed consent was
obtained from each participant before enrollment in the trial.
The trial is registered with ClinicalTrials.gov (NCT02329301).
Study design, study site, and participants. A community-

randomized controlled trial was carried out in 60 HFCAs from
May 2014 to May 2016 to evaluate the impact of four rounds
(two sequential rounds in each, the first year and the second
year) of the mass treatment interventions with DHAP at re-
ducing the study end points. The trial area was selected be-
cause it contains areas of historically higher and lower
transmission, allowing us to test the mass treatment strate-
gies across a range of transmission. As such, the trial areawas
equally stratified a priori into higher (³ 10% parasite preva-
lence in children younger than 5 years; n = 30 HFCAs) and
lower (< 10% parasite prevalence in children younger than 5
years; n = 30 HFCAs) transmission strata at randomization.
The trial was conducted in an area within 10 districts along

Lake Kariba in Southern Province, Zambia (Figure 1). All
households in the study site (approximately 330,000 people in
56,000 households, a third of which reside in each of the three
exposure arms) were geographic information system (GIS)-
enumerated in 2013 and 2014 before the trial. Malaria trans-
mission in the study site is seasonal, with the peak occurring in
April–May of each year at the end of the annual rainy season
(December to April), ranging from greater than 50% parasite
prevalence along the lake to less than 10% among inland
populations at higher elevation.5

Randomization. Health facility catchment areas served as
the unit of randomization. The 60 HFCAs were randomly
assigned via a computer algorithm (unblinded) to the MDA,
fMDA, or a control of no mass treatment using the random
allocation rule to ensure each exposure group was assigned
20 HFCAs, within lower and higher transmission strata.6

Standard of care, interventions, and study time line. The
standard of care formalaria across Zambia consists of vector
control with either LLINs or IRS, as well as diagnoses (with
either an RDT or microscopy) of all suspected cases pre-
senting to the health system, with all positive individuals
treated with the first-line treatment AL.7 However, under the
status quo standard of care across most of Zambia, vector
control coverage occasionally lapses because of the timing
of intervention campaigns, whereas access to diagnosis
and treatment can be challenging because of difficulty in
accessing services at distant health facilities. Throughout
the trial area, a scaled intervention package, with no mass
treatment, served as the standard of care. This intervention
package focused on ensuring there was universal coverage
of LLINs combined with targeted use of Actellic 300CS for
IRS, high-quality surveillance and reporting, and improved
access to diagnosis and treatment through the expansion
of CHW-based community case management (CCM). To
achieve this, a comprehensive net campaign was carried out
in the trial area in August 2014, just before the first mass
treatment round. Two rounds of IRS Actellic were carried out
in the trial area just before the rainy season in November of
2014 and 2015, andwere targeted to sprayable houses in the
highest risk areas with the goal of reaching 50% household
coverage across the trial area. Starting in the latter half of
2014 before the start of MDA campaigns, CCM was scaled
up throughout the trial area by placing CHWs who were
specifically trained and equipped with RDTs and AL to di-
agnose individuals with suspected malaria and treat those
found to be positive. Where logistically feasible, reactive
case detection was also carried out by CHWs, consisting of
RDT-testing all community members within a 140-m radius
of a confirmed index case, with all positives treated
according to the national guidelines.
All individuals in MDA- or fMDA-designated intervention

clusters were tested for a Plasmodium falciparum parasite
infection during eachmass treatment campaign using an RDT
(SD Bioline® Malaria Antigen P. falciparum for detecting the
histidine-rich protein two antigen, Standard Diagnostics Inc.,
Gyeonggi-do, Republic of Korea). Mass drug administration
consisted of offering all eligible individuals DHAP, irrespective
of an RDT result. Focal MDA consisted of offering DHAP to all
eligible individuals who resided in a household where anyone
tested positive by RDT. An age-appropriate 3-day course of
DHAP (Sigma Tau, brand name Eurartesim®, Rome, Italy) was
used among all eligible and consenting individuals during each
mass treatment round, according to the manufacturer’s and
national treatment guidelines for treating malaria (see
Supplemental Information Table 1 for age-based DHAP dosing
guidelines).7 The first and last doses of each 3-day coursewere
given under directly observed therapy to the extent possible.
The timing of the four rounds went as follows: round 1 took
place just before the rainy season in December 2014, round 2
occurred during the rainy season in February–March 2015,
round 3 occurred during the dry season in October 2015, and
round 4 occurred during the rainy season in February 2016
(Figure 2). The rounds were intended to be implemented at the
end of each dry season or just at the beginning of the rainy
season. Timing of the interventions varied slightly between the
first and second years because of logistical issues. In both the
treatment arms,childrenaged<3monthsandpregnantwomen
in their first trimester were excluded from receiving DHAP

FIGURE 1. Map of 60 health facility catchment areas included in the
mass treatment trial.
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according to the manufacturer recommendations; they were
instead offered the appropriate dose of antimalarial treatment
according to the Zambian national policy if RDT positive.
Extensive community engagement activities were under-

taken before and during the first and second sets of mass
treatment campaigns. As described elsewhere,8 the community
engagement strategy included district consultative meetings,
local chiefs’ orientation, villagemeetings, drama performances,
community radio messages, visual-based print materials for
household interactions, public address announcements, and
theuseofCHWs, religious leaders, teachers, andneighborhood
health committees as avenues of dissemination.
The control group received the standard of care package

that was implemented across the entire study area, as de-
scribed earlier, but did not receive any mass treatment. All
individuals with severe illness of any kind were referred to the
nearest health facility and were not included in the study.
Study end points. The primary study end point wasmalaria

parasite infection prevalence among children aged < 6 years
by RDT, with secondary end points consisting of cumulative
infection incidence among all ages by PCR and RDT, and
confirmedmalaria case incidence among all ages. Cumulative
infection incidence was defined as the number of parasite
infections by PCR (all ages ³ 3 months old) in a longitudinal
cohort divided by their total time of exposure. Confirmed
malaria case incidence rate was defined as the number of
outpatient and community-based laboratory-confirmed malaria
cases per 1,000 population per year.
Measurement of malaria program coverage and poten-

tial confounding factors. Long-lasting insecticide-treated net
coveragewas defined as the proportion of households with ³ 1
LLIN. Indoor residual spraying coverage was defined as the
proportion of households reporting their domicile was sprayed

by the national program within the last 12 months. Both were
measured using a standardized questionnaire asked to the
head of the household during three household surveys con-
ducted during the high-transmission season (April and May) at
baseline in 2014, after mass treatment rounds 1 and 2 in 2015,
and after mass treatment rounds 3 and 4 in 2016 (Figure 2). As
described elsewhere,4 each survey consisted of a simple ran-
dom sample of householdswithin each of the 60HFCAs froma
complete enumeration (with geo-coordinates) of households in
early 2014 that served as the sampling frame. Age, gender,
recent history of fever, treatment seeking, and malaria treat-
ment for all individuals in the household, as well as household
socioeconomic status, were ascertained from a standardized
questionnaire during each of the three household surveys. In
addition to treatment seeking ascertained from respondent
recall from the survey questionnaire, an indicator of access to
malaria diagnosis and treatment at each survey round was
estimated by the Euclidean distance of each surveyed house-
hold and either the closest health facility or CHW; geo-
coordinates were available for all surveyed households and
health facilities. The geo-coordinates of CHW residence were
updated each year as their involvement inCCM formalariawas
scaled-up across Southern Province. Monthly total rainfall was
obtained from the Climate Hazards Group InfraRed Pre-
cipitation data. The enhanced vegetation index (which repre-
sents a proxy measure of an area’s propensity to harbor
mosquitoes) was ascertained from publicly available satellite
data. The methods used to assess population coverage of the
mass treatment rounds, adherence to DHAP, and acceptability
of MDA are presented elsewhere.8–10

Measurement of malaria parasite infection prevalence.
Plasmodium falciparum parasite infection prevalence in chil-
dren was measured using RDTs during the peak transmission

FIGURE 2. Trial time line of major activities. This figure appears in color at www.ajtmh.org.
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season by the household surveys conducted at baseline
(2014), follow-up 1 (2015), and follow-up 2 (2016), as de-
scribed earlier and in detail elsewhere.4 A sample size of 2,820
children in each of the three survey rounds was sought to
detect a 50% reduction in infection prevalence from the
baseline to the first follow-up survey, with 80% power taking
into account the cluster randomization with coefficients of
variation of 0.41 and 0.31 in lower and higher transmission
strata, respectively.11

Measurement of cumulative infection incidence. Details
of the methods for the longitudinal cohort for ascertaining
cumulative infection incidence are described elsewhere.3,4,12

In summary, cumulative infection incidence was measured
among a target sample size of 2,250 individuals aged
³ 3 months enrolled in a cohort at the time of the first mass
treatment intervention (December 2014). At enrollment, all
participants in the MDA and fMDA arms were presumptively
cleared of any infection with DHAP that coincided with the
first mass treatment round. Participants in the control group
who were RDT positive at enrollment were cleared with AL at
this same time. Participants were then visited eachmonth for
17 follow-up months (January 2015 through May 2016). At
each visit, an RDT and dried blood spot were collected. All
participants at monthly follow-up visits with a positive RDT
received AL. Participants were asked during each monthly
visit about any fevers and/or treatment for malaria that oc-
curred since the last cohort follow-up visit.
Measurement of confirmed malaria case incidence.

Routine DHIS2 data on monthly confirmed outpatient malaria
cases were ascertained from all 60 health facilities, and their
CHWs, in the study area from January 2012 through May
2016. Confirmed case counts were standardized by the esti-
mated midyear populations of each HFCA to obtain the con-
firmed malaria case incidence rate per 1,000 population.
Statistical analysis. All analyses were based on intention-

to-treat where all individuals were assumed to receive the
exposure assigned to their HFCA during randomization. All
analyses were stratified a priori by the lower and higher
transmission strata. The community-randomized controlled
trial study design was accounted for by including the cluster
(HFCA) as a random effect in all analyses.
The effect of MDA/fMDA exposure compared with control

for malaria infection prevalence in children was estimated
posttest for the 2015 and 2016 follow-up surveys separately,
as well as pooled across the 2015 and 2016 surveys, using a
crude odds ratio in a bivariate logistic regression model. A
secondary model, defined a priori, adjusted for child age (in
years), gender, household wealth from an asset index, rainfall,
enhanced vegetation index, household elevation, and house-
hold protection by LLINs and IRS.
Incidence rate ratios (IRRs) from a random-effects negative

binomial regression model were used to estimate the expo-
sure effect of four rounds of MDA/fMDA, compared with the
control group, on the PCR-determined cumulative infection
incidence among cohort participants. Individuals who were
present and tested at enrollment (baseline) and completed
³ 3 months of the first 6 months of follow-up were included in
the cohort analysis. Because of the timing of the mass treat-
ment rounds and because their impact was expected to differ
significantly between the rainy (high transmission) anddry (low
transmission) seasons, the cohort analyseswere stratified into
the following three time segments: period 1 during the first

rainy season post-enrollment from January through May
2015, period 2 during the dry season from April through No-
vember 2015, and period 3 during the second rainy season
from December 2015 through May 2016. A second random-
effects negative binomial model included adjustment for first
month’s infection status, child age, gender, householdwealth,
rainfall, enhanced vegetation index, household elevation,
and household protection by IRS.
We estimated the combined exposure effect of all four

rounds of MDA/fMDA, compared with the control group, on
monthly confirmed malaria case incidence using a negative
binomial model, standardized by midyear catchment pop-
ulation estimates. The model controlled for the previous
month’s cases, calendar month, rainfall, and enhanced veg-
etation index monthly anomalies. The analysis compared
changes in confirmed malaria case incidence over a pooled
baseline period from January through December 2013 and
2014 (pre-mass treatment)with apooledpost-mass treatment
period from January through December 2015 and 2016. Be-
cause there were substantial differences between the three
exposure groups (MDA, fMDA, and control group) in monthly
confirmedmalaria case incidenceduring thebaselineperiod, a
difference-in-differences (DiD) model was used to account for
baseline case incidence, whereby the exposure effect repre-
sents the difference in the change in confirmed case incidence
within the MDA and fMDA versus the control group, from the
baseline to follow-up periods.

RESULTS

Across all four mass treatment rounds, 65,040 households
were visited and invited to partake in theMDA campaigns and
66,370 households were offered participation in the fMDA
rounds (Table 1). A total of 268,502 courses of DHAP were
administered to eligible and consenting individuals during the
four MDA rounds, irrespective of the RDT result, and 65,319
courses of DHAP were administered to individuals in house-
holds with an RDT-positive resident during the four fMDA
rounds. Data from passive surveillance of adverse events
showedDHAP to have beenwell tolerated in this study.13 Data
from the household survey and accompanying qualitative re-
search indicatedMDAwas awidely acceptable intervention in
the study communities.8 Overall, adherence to the 3-day
DHAP treatment course was estimated to be 82.4% and
92.8% across all four MDA and fMDA rounds, respectively;
adherence rates in the fMDA armwere higher than those in the
MDA arm in all rounds.10 There was no evidence of treatment
failure from DHAP.10 Household coverage of MDA across all
four rounds was estimated to be 70.6%, ranging from 63.4%
to 79.3%; coverage across all four fMDA roundswas similar at
71.4%, ranging from62.2% to 76.6%.Coveragewas lower for
mass treatment rounds during the rainy season when access
to some areas was difficult.9

As previously reported, there were no differences among
the MDA, fMDA, and control groups at baseline in child and
household demographics, treatment seeking for fevers, in-
tervention coverage, and climate (Table 2 and Supplemental
Table 2).3 Household LLIN possession and use by children
younger than 6 years did not differ between intervention and
control groups post-baseline during the 2 years of the trial
(Table 2). However, the use of LLINs by children increased
significantly from 46.8% at baseline to 64.9% during the first
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year of the trial (Rao–Scott χ2 = 22.58, df = 1;P< 0.0001); there
wasnodifference in rates of LLINusebetween2015and2016.
As previously reported, IRS coverage at baseline was signifi-
cantly higher in the fMDA (19.7%) and control groups (17.0%)
than the MDA group (6.9%, Rao–Scott χ2 = 6.00, df = 2; P =
0.0497),3 although no differences between exposure groups
were observed after baseline. Household IRS coverage sig-
nificantly increased across all exposure groups from baseline
(14.5%) to the first year of the mass treatment rounds 1 and 2
(36.7%, Rao–Scott χ2 = 24.05, df = 1; P < 0.0001); there were
no significant differences between exposure groups in IRS
coverage between 2015 and 2016.
The proportion of children with reported fever in the past

2 weeks decreased from a mean of 23.4% across exposure
groups at baseline to 15.4% after mass treatment rounds 1
and 2 and 14.6%after rounds 3 and 4 (Table 2, Rao–Scott χ2 =
24.72, df = 2; P < 0.0001). Seeking treatment at a public or
private healthcare provider for children with fevers was high
across all exposure groups and study years, ranging from
60.1% to 69.2%. Although the proportion of households
within 1.5 km of a malaria treatment provider (CHW or health
facility) did not differ across exposure groups, significantly
more households were within this distance to a treatment
provider in 2015 and 2016 than in the baseline of 2014 (Rao–
Scott χ2 = 26.34, df = 2; P < 0.0001), which was due almost
exclusively to increases in CHWs who started providing CCM
for malaria in the latter half of 2014. For children with fevers,
seeking care from a CHW increased from 2014 to the end of
the trial in 2016, irrespective of the exposure group. Among
children with a history of fever in the past 2 weeks who were
found to be RDT positive at the time of the surveys, a signifi-
cant proportion were reported to have been appropriately
treated in the past 2 weeks with AL for that infection.
There was no difference between exposure groups in mean

monthly total rainfall during the rainy seasons (January toApril)
during any of the study years (Figure 3). As reported pre-
viously,3 the mean monthly total rainfall during the rainy sea-
son in 2015 (during mass treatment rounds 1 and 2) was
significantly lower than the rainfall during the 2014 rainy sea-
son at baseline. This trend continued in 2016 at the timing of
mass treatment rounds 3 and 4, with mean monthly total
rainfall during the rainy season falling to 105.8 mm (as com-
paredwith 1,030.3mm in2014 [t-test =11.34,P-value<0.001]
and 116.4 mm in 2015 [t-test = 3.17, P-value = 0.0019]).
Irrespective of the exposure group or transmission strata,

the overall RDT parasite prevalence in children younger than 6
years during the peak malaria transmission season (April to
May) declined precipitously from 31.3% in 2014 at baseline
before the mass treatment rounds to 8.4% in 2015 after
rounds 1 and 2 (a 73.2%decline), to 4.0% in 2016 after rounds
3 and 4 (an 87.2% decline, Figure 4). Parasite prevalence was
highest in the lower elevation areas along Lake Kariba. As
reported previously,3 only MDA in the low-transmission areas
had a significant impact in reducing child parasite prevalence
after the first two rounds (Table 3). Mass drug administration
rounds 3 and 4 1 year later in the lower transmission areas led
to amodest but not statistically significant further reduction in
parasite prevalence compared with those that received the
standard of care of the scaled intervention package (odds
ratio = 0.58, 95% CI: 0.12–2.58). Overall, compared with
populations receiving only the standard of care, those groups
receiving four MDA rounds in areas of lower transmission
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experienced a significant decrease in the odds of a parasite
infection in children by 72% after accounting for potential
confounding factors (adjusted odds ratio = 0.28, 95% CI:
0.09–0.88). No significant impact of MDA in the higher trans-
mission areas was observed, and no significant impact of
fMDA was observed irrespective of transmission strata or the
number of fMDA rounds.
Among 2,230 individuals enrolled into the infection in-

cidence cohort study just before the first mass treatment
round, 92% completed at least 3 months of the first 6 months
of follow-upandwere included in the analysis. Across all arms,
92%, 83%, and 36% of individuals completed at least 6, 12,
and 17 months of follow-up over the entire cohort period, re-
spectively. A total of 593 PCR-detected infections were
observed among the cohort followed for a total of 28,089
person-months of observation over the full 17-month follow-

up period. Irrespective of the exposure group, the overall PCR
infection incidence declined significantly over the 17-month
follow-upperiod, from29.0 infections per 1,000during the first
peak transmission season (January–May) in 2015 to 11.0 in-
fections per 1,000 during the subsequent peak transmission
season in 2016, a decline of 62% (Table 4). The overall cu-
mulative PCR infection incidence over the follow-up period
was lower in the MDA group than the standard of care in both
the lower (3.6 versus 5.9 infections per 1,000, respectively)
andhigher (30.8 versus 47.9 infectionsper 1,000, respectively)
transmission strata, although neither reduction was statisti-
cally significant. There was no significant difference between
the fMDA and control group, irrespective of transmission
strata or any period of the cohort follow-up.
Irrespective of the exposure group or transmission strata,

confirmed malaria case incidence during the rainy season

FIGURE 3. Total monthly rainfall, 2011–2016. This figure appears in color at www.ajtmh.org.

FIGURE 4. Spatial distribution of malaria parasite prevalence during peak transmission (April–May) in 2014–2016, from household surveys,
Southern Province, Zambia.

MASS DRUG ADMINISTRATION IMPACT IN SOUTHERN PROVINCE, ZAMBIA 13

http://www.ajtmh.org


declined significantly from a baseline period from 2013 to
2014 (20.56 and 63.03 cases per 1,000 in the lower and higher
strata, respectively) to 5.70 and 19.89 cases per 1,000 in the
lower and higher strata, respectively, in 2015 and 2016
(Table 5). In the lower transmission strata, confirmed malaria
case incidence declined by 37% more among those who re-
ceived four roundsofMDAcomparedwith thosewho received
the scaled standard of care with no mass treatment (adjusted
DiD IRR = 0.63, 95% CI: 0.49–0.80), after accounting for the
baseline confirmed case incidence and potential confounding
factors. Thiswasconsistent over the first two rounds (adjusted
IRR = 0.59, 95% CI: 0.44–0.78) and rounds 3 and 4 (adjusted
IRR = 0.71, 95% CI: 0.49–1.04). There was no observed
benefit of MDA or fMDA in lowering confirmed malaria case
incidence during the rainy season before and after the mass
treatment periods in the higher transmission strata.

DISCUSSION

A community-randomized controlled trial was used to as-
sess the impact of four rounds (during 2 years with two rounds
per year) of MDA and fMDA with DHAP compared with a
control group that received no mass treatment between 2014
and 2016 in 60 HFCAs in Southern Province, Zambia. The
entire study area, including the control group, received a
scaled standard of care intervention package consisting of
high LLIN coverage (more than 77% household ownership),
up to 50% household coverage with IRS Actellic 300CS, and
improved surveillance and reporting through DHIS2. Impor-
tantly, the scaled intervention package included the use of
CHWs to provideCCM thatwas scaled-up during the baseline
period of 2014, resulting in vastly improved access to malaria
diagnosis and treatment across the study communities. In this
context, significant declines in all malaria health outcomes
were observed over the course of the study, irrespective of the
exposure group. Overall, parasite prevalence during the peak
transmission season declined from 31.3% at baseline (2014)
to 4.0% in 2016 (an 87% decline). Overall, cumulative PCR-
based infection incidence measured in the cohort group de-
clined by 62%during the peak transmission season in 2015 to
2016. In addition, irrespective of the exposure group, health
management information systemdata showed that confirmed
malaria case incidence declined during the peak transmission
season from 42.2 per 1,000 before the trial to 12.9 per 1,000 in
the 2015–2016 transmission seasons (a 69% decline).
As reported previously,3 children in communities that re-

ceived the first two MDA rounds experienced a significant
87% reduction in the odds of a malaria parasite infection
during the high transmission season in 2015 in areas of lower
transmission, compared with children who received only the
scaled standard of carewithoutmass treatment. Therewas no
observed additional benefit fromMDA rounds 3 and 4 on child
parasite prevalence during the peak transmission season in
2016, although parasite prevalence remained at < 1% in this
group. However, across all four MDA rounds in areas of lower
transmission, children who received MDA had a significant
78% (95% CI: 12–91% reduction) reduced odds of having a
parasite infection during the high transmission seasons, as
compared with the control group.
Similar to results for malaria parasite prevalence, the effect

size for the four MDA rounds on PCR-confirmed infection in-
cidence was greatest (IRR = 0.29) in the lower transmission
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strata. However, because of the overall decline in infection
incidenceover the courseof the trial, therewere very fewPCR-
confirmed infections observed in the lower transmission
strata, and thus the power was quite low to detect statistical
differences between different intervention and control groups
in these areas. The only observed effect (marginally signifi-
cant) of MDA on cumulative infection incidence was in the
higher transmission strata during the peak transmission sea-
son following the first two rounds. Although there was no
impact of MDA on the overall time to first infection over the full
17-month follow-up period, this may have been driven by the
very low transmission during the dry seasonwhere few people
in any exposure group became infected.12 However, over the
first 6months of the trial during the 2015 transmission season,
individuals in communities that received the first two MDA
rounds had a significant delay in the time to first infection

(hazard ratio = 0.41, 95% CI: 0.18–0.91) in lower and higher
transmission areas combined, after accounting for potential
confounders.12

Data from confirmed malaria case incidence support the
results from parasite prevalence and infection cohort in-
cidence. Mass drug administration had a consistently larger
impact in the lower transmission strata following the first two
rounds, achieving a statistically significant 41% larger re-
duction in confirmed case incidence than the standard of care
of receiving no mass treatment.
Our results in the lower transmissionstrataare similar to those

observed ina recent cross-overMDA trial in four countries in the
Greater Mekong Subregion.14 In this trial of three rounds of
MDA-DHAP on top of a standard of care of improved access to
case management and surveillance, P. falciparum prevalence
was reduced from 5.1% at baseline to < 1% at follow-up,

TABLE 4
CumulativePlasmodium falciparum infection incidencebyPCRamong individuals older than 3months in cohort households followedmonthly from
January 2015–May 2016, by rainy and dry seasons

Exposure group Person-months PCR positives
Cumulative incidence rate per 1,000

person-months (95 % CI)
Unadjusted incidence rate
ratio vs. control (95% CI)

Adjusted incidence rate
ratio vs. control (95% CI)

Lower transmission
strata

Rainy season 1 after mass treatment rounds 1–2 (January–May 2015)
MDA 1,641 7 4.3 (1.7–8.8) 0.21 (0.03–1.34) 0.26 (0.04–1.90)
fMDA 1,596 13 8.1 (4.3–13.9) 0.93 (0.19–4.53) 1.59 (0.34–7.55)
Control 1,379 13 9.4 (5.0–16.1) Reference Reference

Dry season after rounds 1–2 (June–November 2015)
MDA 1,682 7 4.2 (1.7–8.6) 0.49 (0.07–3.43) 0.75 (0.11–5.31)
fMDA 1,790 4 2.2 (0.6–5.7) 0.58 (0.09–3.87) 1.01 (0.15–6.62)
Control 1,545 6 3.9 (1.4–8.5) Reference Reference

Rainy season 2 after mass treatment rounds 3–4 (December 2015–May 2016)
MDA 1,744 4 2.3 (0.6–5.9) 0.26 (0.03–2.00) 0.32 (0.04–2.62)
fMDA 1,739 3 1.7 (0.4–5.0) 0.47 (0.07–3.35) 0.70 (0.10–5.02)
Control 1,513 7 4.6 (1.9–9.5) Reference Reference

Higher transmission
strata

Rainy season 1 after mass treatment rounds 1–2 (January–May 2015)
MDA 1, 499 51 34.0 (25.3–44.7) 0.44 (0.15–1.35) 0.38 (0.14–1.02)*
fMDA 1,430 73 51.0 (40.0–64.2) 0.76 (0.26–2.25) 0.57 (0.21–1.56)
Control 1,440 104 72.2 (59.0–87.5) Reference Reference

Dry season after rounds 1–2 (June–November 2015)
MDA 1,596 75 47.0 (37.0–58.9) 1.09 (0.36–3.30) 1.40 (0.51–3.83)
fMDA 1,518 64 42.2 (32.5–53.8) 1.26 (0.42–3.76) 1.52 (0.55–4.24)
Control 1,560 72 46.2 (36.1–58.1) Reference Reference

Rainy season 2 after mass treatment rounds 3–4 (December 2015–May 2016)
MDA 1,573 18 11.4 (6.8–18.1) 0.45 (0.14–1.50) 0.61 (0.19–1.93)
fMDA 1,418 36 25.4 (17.8–35.1) 1.21 (0.38–3.78) 0.86 (0.27–2.77)
Control 1,426 36 25.2 (17.7–35.0) Reference Reference

fMDA = focal MDA; MDA = mass drug administration. All standard errors of treatment effects are adjusted to account for the CRCT study design using a random effect at the cluster level in a
negative binomial model. Adjusted model additionally included first month incidence, age, gender, household SES, vector control, rainfall, EVI, and elevation.
*P < 0.10.

TABLE 5
Mean monthly confirmed malaria case incidence from the routine health information system

Exposure group

Monthly confirmed malaria case incidence rate per 1,000 catchment population Adjusted difference-in-differences incidence rate ratio (95% CI)

Pre-intervention
period

(January–May
2013 and 2014)

Post-intervention
period

(January–May 2015)
after rounds 1–2

Post-intervention
period (January–May

2016) after
rounds 3–4

Post-intervention period
(January–May 2015
and 2016 pooled)
after all four rounds

Pre-intervention vs.
post-intervention

2015 after rounds 1–2

Pre-intervention vs.
post-intervention

2016 after
rounds 3–4

Pre-intervention vs.
post-intervention
2015–2016 after
all four rounds

Lower transmission strata
MDA 17.79 3.89 2.99 3.43 0.59 (0.44–0.78)* 0.71 (0.49–1.04) 0.63 (0.49–0.80)*
fMDA 19.25 7.97 4.22 6.06 0.90 (0.70–1.15) 1.08 (0.77–1.52) 0.96 (0.77–1.19)
Control 24.33 8.32 5.27 6.80 Reference Reference Reference

Higher transmission strata
MDA 59.20 15.24 7.24 11.18 0.92 (0.73–1.15) 1.03 (0.72–1.47) 0.94 (0.76–1.16)
fMDA 44.17 26.69 12.74 19.62 1.00 (0.80–1.25) 1.20 (0.84–1.70) 1.03 (0.84–1.27)
Control 78.90 47.35 8.25 27.50 Reference Reference Reference
fMDA = focal MDA; MDA = mass drug administration. Negative binomial model with random effect included at the health facility catchment area level, controlling for monthly total rainfall, EVI,

and previous month’s case counts.
*P < 0.05.
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representing a significantly greater decline than the standard of
care. However, the P. falciparum infection prevalence returned
to near baseline levels 12 months later, likely as a result of
reintroduction from surrounding areas.
Compared with the control group, fMDA did not have any

observed impact on any study end points in this setting, irre-
spective of the number of rounds or the baseline transmission
level. This was likely due to the overall lower population-level
treatment coverage with DHAP that occurred by design in
these areas, as compared with the MDA group, even though
individuals testing positive by RDT who received DHAP may
have benefited individually.
Vector control coverage during the study remained high

(> 80% household coverage in 2015 and 2016). Moreover,
theswitch toActellic 300CS for IRS in2015 likelymitigatedany
pyrethroid or carbamate resistance in the study area,15 which
has been reported in Zambia.16 However, although it is pre-
sumed that this level of vector control contributed to the
overall decline in malaria transmission observed over the
course of the study period, this trial was not designed to as-
sess the impact of these interventions.
Improved access to prompt diagnosis and treatment of

malaria, including the scale-up of CCM in the study area,
appeared to have had a large impact on access to malaria
diagnosis and treatment. Several observations support this
conclusion. First, across all study years it was reported by
mothers during the household surveys that among their chil-
drenwith a fever in the previous 2weeks,more than 60%were
taken for treatment to formal healthcare providers, including
newly placed CHWs. Second, with the increase in numbers of
trained CHWs providing CCM, with the majority of the in-
crease occurring in the second half of the 2014 baseline year
(therewere only 187 trainedCHWs in the trial area at the endof
2013, increasing to 423 by the end of 2014, resulting in a CHW
toat-risk population of approximately 1/850), the proportionof
households within 1.5 km of a malaria treatment provider
significantly increased by approximately 3- to 4-fold from only
12.7% in the first half of 2014 before CHW scale-up, to 42.3%
and 43.4% in 2015 and 2016, respectively. By 2016, as many
as one in five children (21.9%) with fever taken for treatment
were seen by a CHW in their area. Finally, the 2015 and 2016
household surveys showed that more than 50% of children
were reported to have received treatment with AL for a recent
case of malaria (those with a fever in the past 2 weeks and a
positive RDT at the time of the survey). By contrast, a recent
study found that among such children in large surveys across
Africa, only 20% had received an artemisinin-based combina-
tion therapy for a recent bout ofmalaria defined the sameway.17

In the context of lower rainfall during the 2015 and 2016
rainy seasons, we hypothesize that the increased coverage of
effective vector control, which primarily reduces infectious
bites (i.e., force of infection),18–20 along with much improved
access to diagnosis and treatment, which shortens the dura-
tion of infection and infectivity,21–26 acted together to mark-
edly decrease malaria transmission across the entire study
area after the 2014 baseline year. The added value of MDA or
fMDA could only be evaluated in this context of substantial
improvement with the scaled intervention package. In control
areas that received no mass treatment, child malaria parasite
prevalencedeclined from9.3%at the2014baseline to1.9% in
2016 in areas of lower transmission, and from 56.0% to just
10.0% in areas of higher transmission. Comparative declines

from baseline to 2016 among those who received MDA were
7.7–0.7% and 50.6–10.5% in areas of lower and higher
transmission, respectively. In addition, providing more than
330,000 courses of DHAP over four rounds of MDA and fMDA
in two-thirds of the study area may likely have lowered the
overall parasite reservoir across the area that contributed in-
directly to declines in control areas,27 possibly similar to the
community effect seen in LLIN trials,28 as well as in a recently
completed MDA trial in Myanmar.29

We observed the largest impact (effect size) of MDA during
the first two rounds and in areas of lower transmission across
study end points. This finding is consistent with a consensus
of mathematical modeling studies.30

As noted previously for the results from the first two mass
treatment rounds, results of this trial across all four rounds
should be interpreted considering several potential limitations.
First, we include here only a follow-up timeof 2–3months since
the final round of mass treatment. We continue to monitor the
longer term trends in malaria outcomes after the last mass
treatment round; preliminary results suggest that there has
been no rebound in malaria health outcomes as of May 2017,
15 months after the last MDA round, whereas the scaled
standard of care intervention package has been maintained.31

Second, although the overall number of clusters in the trial was
60, comparison of each of the mass treatment approaches to
the control groupwithin each transmission strata only included
20 total clusters, rendering statistical power an issue as trans-
mission declined more than expected in the control clusters.
Third, the use of an intention-to-treat analysis could have
resulted inmisclassificationofmass treatment exposure,which
may have biased our results toward the null of no treatment
effect. Fourth, we did not directly account for population mo-
bility in our analyses, althoughovernight travel in the study area
was estimated to be quite low.32 Fifth, the surveys relied on
RDTs that may have overestimated malaria infection preva-
lence due to persistent antigenemia among those who were
recently infected and treated before the surveys.33 However,
there is no reason to believe this would have been different
between exposure groups, and thus bias would have been
limited. And finally, the use monthly cohort visits may have
missed some infections that arose and were subsequently
cleared between monthly visits.
In the context of a community-randomized controlled trial

of four rounds of MDA or fMDA with DHAP in Southern
Province, Zambia, all malaria health outcomes measured
during the trial droppedprecipitously frombaseline, reaching
pre-elimination levels across almost the entire study area by
2016, including in areas that had until recently experienced
malaria parasite prevalence in excess of 50%.5 Our results
show that MDA contributed significantly to the observed
declines in some malaria outcomes during the peak malaria
transmission seasons. We suggest that MDA should be
considered for implementation in African settings only after
the successful scale-up and maintenance of vector control,
and only once very good access to malaria diagnosis and
treatment has been established and maintained. It is in this
context that MDA will likely have the most lasting impact on
malaria transmission.
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