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Abstract. Malaria burden in Zambia has significantly declined over the last decade because of improved coverage of
several key malaria interventions (e.g., vector control, case management, bed net distributions, and enhanced
surveillance/responses). Campaign-based mass drug administration (MDA) and focal MDA (fMDA) were assessed in a
trial in Southern Province, Zambia, to identify its utility in elimination efforts. As part of the study, a longitudinal cohort was
visited and tested (by PCR targeting the 18s rRNAand aPlasmodium falciparum–specific rapid diagnostic test [RDT] from
SDBioline) everymonth for the trial duration (18months). Overall, there was high concordance (> 97%) between the PCR
andRDT results, using thePCRas thegold standard. TheRDTshadhigh specificity andnegative predictive values (98.5%
and 98.6%, respectively) but low sensitivity (53.0%) and a low positive predictive value (53.8%). There was evidence for
persistent antigenemia affecting the low specificity of the RDT, while false-negative RDTs were associated with a lower
parasite density than true positive RDTs. Plasmodium falciparum was the dominant species identified, with 98.3% of all
positive samples containing P. falciparum. Of these, 97.5%were mono-infections and 0.8% coinfections with one other
species. Plasmodium malariae was found in 1.4% of all positive samples (50% mono-infections and 50% coinfections
withP. falciparum), whereasPlasmodiumovalewas found in 1.1%of all positive samples (90%mono-infections and 10%
coinfections with P. falciparum). Although MDA/fMDA appeared to reduce P. malariae prevalence, P. ovale prevalence
appeared unchanged.

INTRODUCTION

Buoyed by dramatic reductions in malaria morbidity and
mortality, Zambia has recently adopted a strategy aimed at
achieving national elimination by 2021.1 The strategy includes
the use of mass drug administration (MDA) to accelerate to
zero transmission. Although historically MDA was found to
be a useful malaria control tool, having a substantial short-
term impact on parasite prevalence, it fell out of favor pre-
dominantly because of concerns around drug resistance and,
once it waswithdrawn, resurgence.More recently, the utility of
MDA has been revisited, although its optimal application and
cost-benefit remain under debate.2 Nevertheless, MDA has
been shown to be effective in Zambia under research condi-
tions, especially in lower transmission settings,3 and is now
being deployed at a large scale as part of national elimination
efforts.
As transmission falls and elimination becomes the goal, it is

necessary to ensure that all infections that maintain R0 above
one, whether symptomatic or not, are cleared. Attacking the
sub-patent asymptomatic reservoir may help achieve elimi-
nation more rapidly.4 A key challenge in treating all infections
is identifying them. Compared with the most sensitive di-
agnostic tests such as loop-mediated isothermal amplifica-
tion (LAMP)5 or PCR,6 current routine diagnostics such as

microscopy and malaria rapid diagnostic tests (RDTs) have a
higher limit of detection (LOD). Below this limit, infections
may be missed, contributing significantly to transmission.7

Presumptive treatment (i.e., providing an antimalarial in the
absence of test confirmation) mitigates for imperfect diag-
nostics and can provide community-level protection from re-
infection for the duration of the drug’s half-life. To quantify
the level of missed infections by routine diagnostic tests, a
more sensitive tool such as PCR or LAMP is required. There
are a large number of PCR assays for detection of malaria
infections, each with a different LOD, sensitivity, specificity,
cost, reproducibility, etc. The multiplex photo-induced elec-
tron transfer (PET)-PCR assay was used in this study, as it
was developed specifically for large-scale surveillance in
resource-limited settings.8,9

This study aimed at assessing the prevalence of all
malaria infections as well as the RDT and PCR concor-
dance for P. falciparum in a Zambian population experi-
encing low to very low transmission, that is, < 200 cases
per 1,000 population, in the context of a community ran-
domized controlled trial assessing the impact of MDA with
dihydroartemisinin–piperaquine.

MATERIALS AND METHODS

Study design and sample collection. As published pre-
viously,10 30 high-transmission and 30 low-transmission
health facility catchment areas (HFCAs) were randomly
assigned to one of three arms of the study: MDA, focal MDA
(fMDA), and control (n = 10 HFCAs in each). Within each of the
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60 total HFCAs, roughly 40 individuals older than 3 months
were enrolled in a nested longitudinal cohort and surveyed
monthly by community health workers for the duration of the
study (18 months).11 At each visit, the following were ascer-
tained: finger-prick blood samples for Giemsa microscopy
(first 6 months only), an RDT (SD Bioline Malaria Ag P.f,
Standard Diagnostics, Gyeonggi-do, Republic of Korea), and
dried blood spot (DBS). Individuals testing positive were
treated with the national standard of care. Dried blood spots
were collected on Whatman 903 protein saver cards (first
6 months) or Whatman no. 3 filter paper (remainder of study)
(Whatman®, Maidstone, United Kingdom), dried during col-
lection, packed in standard plastic “pill” bagswith desiccants,
and stored (< 1 month) at room temperature before being
transported to the laboratory at the National Malaria Control
Centre in Lusaka, Zambia, for storage at −20�C.
DNA extraction. DNA was extracted from a single 6-mm

punch (equivalent to roughly 13 μL of blood) from each DBS
using the QIAamp DNAmini kit (QIAGEN, Hilden, Germany) and
eluted in 100 μL of buffer. Punches were cleaned between
samples by dipping in 70% ethanol and flaming. Rapid di-
agnostic test–negative samples with two or more DBSs were
extracted inpoolsof10orfive (dependingonRDTpositivityof the
area), whereas RDT-positive/PCR-pool–positives or single-spot
DBSs were extracted individually. Extracted DNA was stored at
4�C for immediate analysis or at −20�C for longer term storage.
PCR detection. Extracted parasite DNA was detected us-

ing PET-PCR,12 on a LightCycler 480 real-time PCR machine
(Roche, Basel, Switzerland). In brief, all sampleswere tested in
duplicate (5 μL of template, equivalent to 0.7 μL of whole
blood) in a duplex reaction with Plasmodium spp. and Plas-
modium falciparum primers labeled with FAM and HEX fluo-
rophores, respectively. Samples with duplicate crossing point
values of < 40 were recorded as positive. All samples positive
by PET-PCR for P. falciparum or for other Plasmodium spp. at
the genus level were then tested for the presence of other
species, that is,Plasmodiumovale,Plasmodiummalariae, and
Plasmodium vivax, as described previously.12 A limiting di-
lution series of 3D7 P. falciparum genomic DNA (MRA-151G,
ATCC, Manassas, VA), obtained through BEI Resources,
National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH), contributed by David
Walliker of a known parasitemia was assayed three times in
duplicate by PET-PCR. The standard curves generated from
this series established a comparable LOD, as previously
published.12 For clarity, any reference to PCR refers to PET-
PCR, as no other PCR assay was used.
Data analysis. Data were aggregated using an Alteryx

(Irvine, CA) workflow and visualized in Tableau (Seattle, WA)
software. Standard curves relating crossing point values to
parasitemia were fit using a linear regression model in R
(Vienna, Austria). Odds ratios of outcomes in the current
month based on the previous month were calculated in R
using logistic regression.

RESULTS

Plasmodium falciparum detection. DNA was extracted
from 32,848 DBS samples and assessed for the presence of
P. falciparum parasites by PCR. Of these, 31,492 had a valid
RDT result, and of these, 10,696 had a valid microscopy
reading. Using PCR as the gold standard, the sensitivity,

specificity, and positive and negative predictive values of the
RDTwere assessed (Table 1).Whereas specificity (98.5%)and
negative predictive values (NPVs, 98.6%) were as per the
manufacturer’s expectations (roughly 98.5%), the sensitivity
(54.2%) andpositive predictive values (PPVs, 53%) of theRDT
were significantly lower than the manufacturer’s reported
performance of 93.8% sensitivity with 1–50 parasites/μL and
100% sensitivity at > 51 parasites/μL. A similar analysis of
microscopy performance showed markedly lower sensitivity
at 28.8%, albeit with roughly comparable specificity at 99.2%
(Table 2).
To assesswhether the sensitivity of the twodiagnosticswas

influenced by parasitemia of an infection, real-time PCR–
generated crossing point values were converted into an esti-
matedmeasure of parasite density and stratifiedby theRDTor
microscopy result. For both diagnostics, there was a statisti-
cally significant difference in parasite density for samples
testing positive by RDT (P < 0.001, Figure 1A, geometric mean
of 47.7 (95% CI: 38.6–58.9) parasites per μL) or microscopy
(P < 0.001, Figure 1B, geometric mean of 200 (95% CI:
137–293) parasites per μL) versus those testing negative
(geometric mean of 10.3 (95%CI: 8.5–12.5) and 10.8 (95%CI:
8.7–13.5) parasites per μL, respectively).
To evaluate for any association between the test results by

PCR and and those by RDT from 1 month to the next, all
individuals with both RDT and PCR results for consecutive
months were assessed (Table 3). For clarity, combined PCR
and RDT results, where PCR is the gold standard, are referred
to as true negative (TN) (i.e., RDT−/PCR−), false positive (FP)
(i.e., RDT+/PCR−), false negative (FN) (i.e., RDT−/PCR+), or
true positive (TP) (i.e., RDT+/PCR+). Where appropriate, the
timing of samples is indicated in superscript as current month
(curr) or previous month (prev).
Among individuals who tested TN in the previous month

(TNprev), roughly 3% tested positive by RDT and/or PCR in the
next month. By comparison, among individuals who tested
positive by the RDT and/or PCR in the previousmonth, 33.5%
tested positive by the RDT and/or PCR in the next month
(Figure 2). When examining the association between previous
month’s status and the current month’s status, a few key
observations were made (Figure 3). First, the odds ratios of
being FPcurr are 20.2 (14.7–27.4), 30.1 (22.3–40.5), or 5.4
(3.0–9.1) times greater for those who were TPprev, FPprev, or
FNprev, respectively, than those who were TNprev (Figure 3B).
Second, the odds ratios of being FNcurr are 8.2 (5.4–12.2), 2.6
(1.2–5.0), or 20.6 (14.7–28.4) times greater for those who were
TPprev, FPprev, or FNprev, respectively, than those who were
TNprev (Figure 3C). Finally, the odds ratios of being TPcurr are
27.5 (20.4–36.7), 11.1 (7.2–16.4), or 13.4 (8.8–19.6) times
greater for those who were TPprev, FPprev, or FNprev, re-
spectively, than for those who were TNprev (Figure 3D).

TABLE 1
Comparison of RDT detection of Plasmodium falciparum infections

against PCR as the gold standard for all mass drug administration
cohort samples with results for both tests

PCR+ PCR−

RDT+ 503 446 53.0% PPV
RDT− 425 30,117 98.6% NPV

54.2% sensitivity 98.5% specificity –

PPV = positive predictive value; NPV = negative predictive value; RDT = rapid diagnostic
test.
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All Plasmodium species. After all samples were assayed
byduplexPET-PCR for allPlasmodium spp. andP. falciparum,
87 DBS samples were found to be positive by PCR for the
presence of a non–P. falciparum malaria parasite. Of these,
eight of the samples could not be tested. For the remaining 79
samples, we were only able to positively identify a non–
P. falciparum infection in 17 samples, meaning that 62 sam-
ples remained genus positive, but were not positive for any of
the other species that we tested (P. malariae, P. ovale, and
P. vivax). The PET-PCR crossing point values for the remaining
samples were not significantly higher than those that were re-
solved. As with the non–P. falciparum infections, all P. falciparum–

positivesampleswere testedandeightcoinfectionswere identified
(Table 4). No samples were found positive for P. vivax.

ForP.malariae, a total of 14 infections were identifiedwith a
peak of four infections in the first month, after which a maxi-
mum of one infection was identified per month (Figure 4A). Of
the 14 individuals found with P. malariae, none were positive
more than once. Fifty percent were coinfections with
P. falciparum (Table 4), of which a number were RDT positive
(Figure 4A). In the MDA and fMDA arms of the study,
P. malariae infections essentially disappeared soon after the
first two campaign rounds were completed, whereas in the
control arm, P. malariae infections were found until the last
month (Figure 4A).
By contrast, roughly 90% of all P. ovale infections were

mono-infections (Table 4), none of which were RDT positive
(Figure 4B). A total of 10 individuals were infected and, unlike
P. malariae, one individual was found to be infected twice
(11 infections total), with a gap of 1 month between the
two positive results. Plasmodium ovale infections were only
found in the MDA and control arms of the study, but the fre-
quency of infections remained constant throughout the study
(Figure 4B).

DISCUSSION

Rapid diagnostic tests have revolutionized routine di-
agnostic confirmation ofmalaria as an illness. They are robust,

TABLE 2
Comparison of microscopy detection of Plasmodium falciparum in-
fections against PCR as the gold standard for all mass drug ad-
ministration cohort samples with results for both tests

PCR+ PCR−

Microscopy+ 130 32 80.2% PPV
Microscopy− 322 10,212 96.9% NPV

28.8% sensitivity 99.7% specificity –

PPV = positive predictive palue; NPV = negative predictive value.

FIGURE 1. Parasite density of Plasmodium falciparum photo-induced electron transfer–PCR–positive samples stratified by the rapid diagnostic
test result (A) or the microscopy result (B). Diagnostic results are shown as positive (red) or negative (gray). Microscopy positive samples (A) are
shown as solid squares, while microscopy negative or samples not assessed by microscopy are shown as solid circles.
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inexpensive, easy to use, and very effective at identifying
symptomatic infections. Increasingly though, in low-transmission
settings, they are being used not only to diagnose clinical ill-
ness, but also, in other program activities such as reactive
case detection, to find additional, often asymptomatic, indi-
viduals. These often low-parasitemia infections are often
missed by standard RDTs, threatening elimination efforts.13,14

This study sought to both assess RDT performance and
identify non-falciparum infections in anarea that experienced a
dramatic reduction inmalaria prevalence over the course of an
18-month period.
Using PCR as the gold standard, overall there was very high

(> 97%) concordance between the PCR and RDT results.
Microscopywasonly used in the first 6monthsof the studybut
showed a similar pattern. High concordance was reflected in
the excellent specificity and NPVs of approximately 98.5% for
the RDT. However, the PPVs and sensitivity (approximately
53%) were lower than expected. Several factors may have
contributed to both the false-positive and FN results.
ToassistwithvisualizingtheFN/TP/FPclassificationused in this

study, a schematic (Figure 5) illustrates how a simple infection
could potentially progress in terms of diagnostic outcomes.
Clearly, each infection is a complex interplay between host, par-
asite, and diagnostic performance. As such, infections will prog-
ress or oscillate through these stages at very different rates.
False-positive RDT results. Rapid diagnostic tests assay

for the presence of a parasite protein. The majority of
P. falciparum RDTs measure the levels of Plasmodium fal-
ciparum histidine-rich protein 2 (PfHRP-2), a protein that is
well documented to persist many weeks after an infection
has been cleared.15 To assess whether FPs were due to this
persistent PfHRP-2 antigenemia, previous month’s com-
bined RDT and PCR results were assessed against the
subsequent month’s results (Table 3, Figure 2). For indi-
viduals who were TP in the previous month, 14%were FP in
the next (Table 3). This correlates to a 20.2 times greater
odds ratio of being FPcurr for those who were TPprev than
those who were TNprev (Figure 3B). Interestingly though,
individuals who tested FPprev had a 30.2 times greater odds
ratio for testing FPcurr than thosewhowere TNprev. Note that
all RDT-positive individuals received a course of antima-
larial treatment. This is markedly different from those who
were TN (1%) or FN (4%) and suggests that persistent
antigenemia is responsible at least in part for some of the FP
RDT results. One would expect individuals who tested FP in
the previous month to clear any PfHRP2 by the next month.
Interestingly though, 20% of those who tested FP in the

TABLE 3
Comparison of previous months’ combined RDT and PCR results
against the next months’ combined results for RDT and PCR

Previous month’s
result

Next month’s result

True negative
(%)

False negative
(%)

False positive
(%)

True positive
(%)

True negative 22,981 (97) 212 (1) 195 (1) 185 (1)
False negative 228 (70) 51 (16) 14 (4) 31 (10)
False positive 242 (70) 8 (2) 70 (20) 28 (8)
True positive 245 (61) 28 (7) 58 (14) 72 (18)
RDT = rapid diagnostic test. All samples with both RDT and PCR results for at least two

consecutive months are included. Figures in parentheses show the row percentage
breakdowns of the previous month’s result combination by the next month’s result
combination. True negative: RDT−/PCR−, false negative: RDT−/PCR+, false positive:
RDT+/PCR−, and true positive: RDT+/PCR+.

FIGURE 2. Plasmodium falciparum infections identified by both the
rapid diagnostic test (RDT) and photo-induced electron transfer–PCR
for all samples where both test results are available for two or more
consecutive months. Combined results for the current month are
shown as true negatives (gray) or positives by the RDT (false positive)
or PCR (false negative) or PCR and RDT (true positive) (orange),
stratified into the same groups for the previous month. Samples are
expressed as a percentage of the column total, with inset figures
showing the number of samples.
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previous month remained FP in the next. It is possible that
this shows that PfHRP2 is being cleared slower in this
Zambian population and could be tested by measuring the
antigen levels directly. Another possibility is that non-
specific cross-reactivity, as previously reported,16 may be
contributing to this finding.
Although it would be optimal to reduce the number of FPs,

these are relatively small numbers that are unlikely to translate
to a significant increase in antimalarial consumption. Fur-
thermore, they do not threaten the attainment of elimination,
although they may briefly mask its arrival.
False-negative RDT results. Unlike FPs, FN RDT results

represent a clear threat to interrupting transmission and if not
minimized could prevent elimination from being reached as
well as impact an individual’s access to prompt and appro-
priate treatment. It was therefore concerning to find that∼45%
(425/928) of PCR-positive individuals were RDT negative,
resulting in a low RDT sensitivity (Table 1). However, this was
tempered by ∼75% of these FNprev individuals become
aparasitemic (TNcurr or FPcurr) in the followingmonth (Table 3).
In other words, most of these clinically undetectable

infections appeared to resolve. Nevertheless, a significant
25% remained infected in the next month, of which two-
thirds were undetectable by the RDT (FNprev). These indi-
viduals likely represent a chronically infectedpopulation that,
despite their low parasitemias, could be contributing to on-
going transmission.
From a diagnostic perspective, it is likely that the key reason

for the presence of FNs relates to the LOD of the RDT (i.e.,
samples have an PfHRP-2 analyte concentration below the
LOD. It is unlikely that theprozoneeffect, that is, the interference
in a diagnostic sensitivity due to very high antibody or in this
case antigen concentration, contributed significantly to the FN
RDTs.17 Molecular techniques such as PCR have the potential
to dramatically lower the LOD, and it is not surprising that they
identify a significant number of FN RDT results. As with a pre-
vious study performed in Southern Province, Zambia, where
RDTFNswereassociatedwitha lowermeancopynumber,18we
also observed a significant reduction in parasite density in the
FNs (Figure 1). This suggests that the FNs are explained at least
in part by low-density infections. Clearly, if PET-PCR identifies
FN RDTs, other even more sensitive nucleic acid–based am-
plification techniqueswith lower LODswill identify additional FN
PET-PCRsamples.A final consideration is thatPfHRP-2/3gene
deletions are contributing to the FN pool, and with deletions
identified in a number of surrounding countries,19–23 it is highly
likely that they are present in Zambia.24 In light of this, FNs
represent an important set of samples to examine for any
PfHRP2/3 gene deletions.
To maximize test performance, one can either reduce

the LOD (i.e., make the test more sensitive)25 or increase the
volume of sample tested (i.e., increase the amount of the

FIGURE 3. Plasmodium falciparum infections identified by both the rapid diagnostic test (RDT) and photo-induced electron transfer-PCR for all
samples where both test results are available for two or more consecutivemonths. The breakdown for the current month, true negativecurr (A), false
positivecurr (B), false negativecurr (C), or true positivecurr (D) is shown in each of the 4 panels. Bars are colored as false negatives (pink), false positives
(gray), or true positives (red) for the previous month, and expressed as a percentage of the total (excluding true negativeprev), with inset figures
showing the number of samples.

TABLE 4
Number and frequency of different mono- and coinfections with
Plasmodium spp. determined by photo-induced electron transfer-
polymerase chain reaction

Plasmodium species P. falciparum (%) P. ovale (%) P. malariae (%)

P. falciparum 962 (97.5) – –

P. ovale 1 (0.1) 10 (1.0) –

P. malariae 7 (0.7) 0 (0) 7 (0.7)
P. falciparum = Plasmodium falciparum; P. malariae = Plasmodium malariae; P. ovale =

Plasmodium ovale. Note that percentages are given as a fraction of all infections.
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analyte sampled).26 For the former, this generally correlates
with an increase in cost through additional assay steps,
costlier reagents, supplementary oversight/controls, and
high sensitivity to trace contaminants. In 2018, a new RDT
with a significantly lower LOD was released to market. It is
hoped that this next-generation test will improve detection
rates, but it is not clear how well it will bridge the gap to the
molecular approaches. For the latter, the volume of blood,
usually 50–100 μL, that can be collected from a finger prick
is limited, meaning that a significant proportion of the
sample would be consumed in identifying a positive, thus
leaving less sample for further analyses such as genotyping.
Using a different blood collection system (e.g., intravenous)
is time-consuming, costly, requires skilled personnel, and

more onerous sample storage (e.g., cold chain). Moreover,
this would be additional to the requirements of performing
an RDT and may negatively influence consent for testing.
For routine molecular surveillance, where emphasis has to
be placed on a robust, rapid, and affordable (< $2 for
commodities per sample by PET-PCR) system for sample
collection and analysis, DBS combined with PET-PCR
represents a good compromise to larger volume high-
sensitivity approaches.
Temporal heterogeneity. Approximately 30% of individ-

uals who tested positive the previous month, regardless of
the test method, remained positive in the next month. When
assessing TPs (TPcurr, Figure 3D), an individual testing TPprev

is much more likely (odds ratio of 27.5) to test TPcurr than any
other result from the prev. Considering that all TPprev individ-
uals were treated with an appropriate course of antimalarial
drugs, one would expect these to be the least likely to test
TPcurr. There are a number of potential explanations for this
result. The first is that this represents a pool of individuals
who are being repeatedly reinfected. Identifying and in-
tervening in this high-risk population may be key to inter-
rupting transmission. Hazard ratios and an adjusted negative
binomial regression model identified PCR positivity at
baseline as being significantly associated with reduced time
to first infection and cumulative infection incidence, re-
spectively (P < 0.01).11 The second is that there was a clinical
treatment failure, which could be from suboptimal dosing
(e.g., incorrect dosing or a failure by the patient to complete
the full course) or from antimalarial drug resistance. To differ-
entiate between a treatment failure and a reinfection, samples
can be genotyped; however, although we did successfully ge-
notypeanumberof infections, noconsecutiveTPsampleswere
successfullygenotypedandnoclonal haplotypes identified.We
therefore cannot rule out either option, but in light of the expe-
rience of health workers in prescribing antimalarials and en-
couraging adherence and the lack of documented drug
resistance to the current frontline antimalarials in Zambia, we
favor reinfection as the likely cause of this result.
Other Plasmodium infections. Although species iden-

tification has not been performed systematically across

FIGURE 4. Plasmodiummalariae (A) andPlasmodiumovale (B) infections identifiedbyphoto-inducedelectron transfer-polymerasechain reaction
per month by trial arm in the cohort for the duration of the study. Infections are shown as rapid diagnostic test (RDT)–positive (red) or RDT-negative
(gray), and the size of the square denotes the number of infections (small = 1, large = 2). No P. ovale infections were found in the focal mass drug
administration arm of the trial.

FIGURE 5. Schematic of assumed infection progression and asso-
ciated diagnostic outcomes. Early in the infection, HRP2 concentra-
tion is below the RDT limit of detection (LOD), whereas Plasmodium
falciparum DNA is above the PCR LOD, giving a false-negative result.
Later in the infection, sufficient HRP2 has accumulated to yield a
positive rapid diagnostic test (RDT), yielding a true positive. Finally,
in the posttreatment/clearance phase, parasite DNA is absent,
whereas HRP2 persists, giving a false-positive RDT result. Note that
progression of an infection through the above stages is not linear or
absolute, that is, a false-negative infectionmaynever develop to a true
positive.
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Zambia, P. falciparum dominates the landscape with ∼98%
of all infections, P. malariae is consistently found in 2–4% of
all infections, while P. ovale is rarely observed, and P. vivax
essentially absent.27–30 This study broadly confirmed these
observations, with P. falciparum representing 97.5% of all
infections and small numbers of infections fromP. ovale and
P. malariae (Table 4). It is unclear at this stage why a large
proportion of non–P. falciparum infections could not be
resolved to the species level. To address this, we are ex-
ploring the utility of alternative PCR assays with a lower
LOD, to both confirm the genus-positive result and to
confirm the species if positive. With such a focus on
P. falciparum detection in Zambia (e.g., the exclusive use
of a P. falciparum–only RDT), it is encouraging that no
samples were positive for P. vivax and only limited evidence
of other non–P. falciparum infections was found. Never-
theless, from an elimination perspective, it is important to
ensure that other species are also effectively targeted.
Despite the small numbers, MDA and fMDA appeared to
reduce the prevalence of P. malariae in comparison to the
control arm (Figure 4A). Considering that 50%of P.malariae
infections were coinfections with P. falciparum (Table 4),
this species may be more amenable to P. falciparum
elimination/control efforts, as identifying the P. falciparum
reservoir will automatically identify half the P. malariae
reservoir. By contrast, P. ovale was identified as a mono-
infection 90% of the time (Table 4). While marginally rarer,
P. ovale showed no obvious change in prevalence during
the study. However, it was noticeably absent from the fMDA
arm for unknown reasons. Cross-sectional surveys have
continued in the trial areas and should be analyzed for
non–P. falciparum species to increase confidence in con-
firming longer term trends.

SUMMARY

Considering that the RDTs used in this study were de-
veloped to identify malaria in symptomatic individuals rather
than to detect all infections, overall they performed well and
demonstrated high specificity. However, sensitivity was
significantly lower than expected and was associated with reduced
parasitedensity,suggestingthatthisreflectedthetest’sLOD.Asmall
pool of individuals were associated with multiple P. falciparum in-
fections. Identifying these individuals and treating them for, or pro-
tectingthemfrom, infectionwouldbenecessary foramore targeted
approach. Finally, the low frequency of non–P. falciparum infec-
tions reflects current understanding of species transmission in
Zambia, with P. falciparum dominating the landscape.
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