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Abstract. Community-based active casedetectionofmalaria parasiteswith conventional rapid diagnostic tests (cRDTs)
is a strategy used most commonly in low-transmission settings. We estimated the sensitivity of this approach in a high-
transmission setting in Western Kenya. We tested 3,547 members of 912 households identified in 2013–2014 by index
childrenwith (case) andwithout (control) cRDT-positivemalaria. All were tested forPlasmodium falciparumwith both a cRDT
targeting histidine-rich protein 2 and with an ultrasensitive real-time polymerase chain reaction (PCR). We computed cRDT
sensitivity against PCR as the referent, compared prevalence between participant types, and estimated cRDT detectability
as a function of PCR-estimated parasite density. Parasite prevalence was 22.9% by cRDTs and 61.5% by PCR. Compared
with children aged < 5 years or adults aged > 15 years, geometric mean parasite densities (95%CI) were highest in school-
agechildren aged5–15years (8.4p/uL;6.6–10.6). Theoverall sensitivityof cRDTwas36%;amongasymptomatic household
members, cRDTsensitivitywas25.5%and lowest in adults aged>15years (15.8%).Whenmodeledasa functionofparasite
density, relative to school-age children, the probability of cRDT positivity was reduced in both children aged < 5 years (odds
ratio [OR] 0.48; 95%CI: 0.34–0.69) and in adults aged > 15 years (OR: 0.35; 95%CI: 0.27–0.47). An HRP2-detecting cRDT
hadpoor sensitivity for activeP. falciparumcasedetection inasymptomatic communitymembers, andsensitivitywas lowest
in highly prevalent low-density infections and in adults. Future studies can model the incremental effects of high-sensitivity
rapid diagnostic tests and the impacts on transmission.

INTRODUCTION

Between 2000 and 2015, malaria cases in Africa have
declined by 40%1,2 and the proportion of Africans who live
in hyper- or holoendemic transmission settings has declined by
more than 70%.1 These successes have enabled fresh ap-
proaches to enhanced control measures, some of which rely on
active case detection (ACD) in asymptomatic individuals in
community settings.3 Active case detection is typically deployed
either in response to an index case as reactive case detection
(RACD) or in high-risk populations as proactive case detection
(PACD).4TheseACDprogramsarecommonstrategiesofmalaria
control programs in low-transmission settings in Asia.5 In African
studies, PACD and RACD identify large numbers of additional
cases,6–12but commonlycitedbarriers toACD inAfricansettings
are operational barriers, limited spatial aggregation, highparasite
prevalence, and uncertain suitability of common malaria rapid
diagnostic tests (RDTs) to detect abundant low-density infec-
tions in community settings.13

Conventional rapid diagnostic tests (cRDTs) enhance clin-
ical diagnosis and case management14 but are increasingly
used for community-based detection in asymptomatic peo-
ple.15 Because of their operability and availability, cRDTs
have been repurposed for community-based studies for de-
tection of “hot spots,”16 for RACD,12 and mass screen and
treat programs.17 Despite these applications, the sensitivity of
cRDTs in such settings and how this varies between groups
remain unclear. Generally, cRDTs that detect thePlasmodium
falciparum histidine-rich protein 2 (HRP2) are benchmarked to
detect parasitemias at a density of 200 parasites/μL (p/μL) of
whole blood18 but are believed to have a limit of detection of

approximately 100 p/μL.15 Many studies have compared cRDT
detection with molecular detection as a reference,12,19–21

but few19,22 have used PCR estimates of parasite density
by which to explore the quantitative limit of detection of
cRDT. Therefore, there exists a paucity of direct estimates of
the probability of cRDT positivity as a function of parasite
density among asymptomatic individuals of all ages in high-
transmission settings.
In this study, we developed and applied a sensitive molec-

ularP. falciparum detection assay that allows for infections tobe
quantified and then used this assay to directly estimate the
sensitivity of a conventional HRP2-based RDT applied in a
case–control study of malaria prevention in Western Kenya. Our
field study enrolled children as cases (cRDT-positive) or controls
(cRDT-negative), along with their household members; we hy-
pothesized that, in this high-transmission setting, this HRP2-
detecting cRDTwould detect a large proportion of PCR-positive
infections and that detectability would be highest in children.

MATERIALS AND METHODS

Ethical review. The study was approved by the Ethical
ReviewBoardsofMoiUniversity (000778) andDukeUniversity
(Pro00044098). All participants provided written informed
consent; assent was obtained from children older than 8
years.
Specimen collection. The field study was conducted in

Webuye, Kenya, in 2013–2014, and described elsewhere.23

Webuye has perennial P. falciparum transmission with a
seasonal peak in May–June, and the principal vectors are
Anopheles arabiensis and Anopheles gambiae s.s. Briefly,
index case and control children and their households were
enrolled: case children aged 1–10 years were consecutively
identified when admitted to Webuye Sub-County Hospital
with cRDT-confirmed falciparummalaria; on discharge, these
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case children were age-, village-, and gender-matched to
community-dwelling control children. Control children were
cRDT negative and excluded if they were unwell or had taken
antimalarials in the prior month. All household members of
index children were sampled within 1 week of case child
hospital discharge. All index and household participants were
tested at enrollment with the SDBiolineMalaria Ag P.f. (HRPII)
cRDT (Standard Diagnostics, Inc., Suwon city, Korea). Par-
ticipants with positive cRDT results were treated: case chil-
drenwere treatedwithusual careasper localguidelines—typically
parenteral quinine—and community participants with artemether–
lumefantrine.At the timeofcRDTtesting,capillarybloodwasstored
on a filter paper as a dried blood spot (DBS) in plastic bags with a
desiccant.
Parasite detection assay development. We designed

a duplex TaqMan real-time PCR assay targeting the
P. falciparum multicopy motif pfr36424 and the human gene
β-tubulin.25 We aligned 41 separate sequences of pfr364
in the P. falciparum reference genome 3D7 in ClustalW26 and
used Primer3 to design primers to amplify a 126-nt segment
from 22 of these sequences and to design a TaqMan probe
targeting a conserved segment of this amplicon with the re-
porter FAM and the quencher QSY; the β-tubulin TaqMan
probe was synthesized with the VIC reporter and a QSY
quencher (Supplemental Table 1).
We first amplified purified genomic DNA (gDNA) templates of

reference P. falciparum lines. These individual 12 μL reactions
consisted of 250 nM of each pfr364 primer, 300 nM of pfr364
probe, 300 nM of each β-tubulin primer and probe, 6 μL of
TaqManEnvironmentalMasterMix (AppliedBiosystems, Foster
City, CA), 1μLof templategDNA, andwater, andwere amplified
on an ABI QuantStudio 6 platform. Reference parasite lines
were 3D7, Dd2, K1, FCR3/FMG, and 7G8, each obtained from
MR4, and were quantified using the Qubit dsDNAHSAssay Kit
(ThermoFisher, Waltham, MA). We then prepared quantitative
mocked DBSs of P. falciparum at known densities of 2,000,
1,000, 200, 100, 20, 10, 2, 1, 0.2, and 0.1 p/μLwithwhich to test
the lower limit of detection of P. falciparum. To do so, we cul-
tivated P. falciparum strain 3D7 using standard methods and
pelleted erythrocytes, and diluted these 1:20 into uninfected
whole blood; we measured % parasitemia by Giemsa-stained
thin smear and erythrocytes/μL using a hemocytometer. Serial
dilutions of this source material were made into uninfected
whole blood, and these were each preserved in duplicate as
DBSs. We first tested the duplex pfr364/β-tubulin assay using
these templates in six technical replicates; we then used these
templates to directly compare in parallel the performance of this
assay with that of reported real-time assays targeting varATS27

and pfldh28; for these tests, cycle threshold (Ct) lines were set
manually for each assay at identical ΔRn values above back-
ground fluorescence and in the exponential phase of amplifi-
cation. Reaction mixtures were as reported for these assays,
excepting for the enzyme (TaqMan Environmental MasterMix),
the platform (QuantStudio 6), and the number of cycles (45, as
reported for the varATS assay).
Parasite detection procedures. Field-collected DBSs

were stored at room temperature for up to 2 years and then
singly punched into individual wells of a 96-well deepwell
plate; each plate also contained a punch from a mock, non-
quantitative DBS containing 3D7 gDNA as an extraction
control. In this study, gDNA was extracted from DBSs in a
plate format using Chelex-100.29 Each gDNA specimen was

tested with the duplex pfr364/β-tubulin real-time PCR assay
in duplicate in 384-well reaction plates, with reaction condi-
tions as described previously. Each reaction plate included 10
positive controls in duplicate as a standard curve, at parasite
densities of 2,000, 1,000, 200, 100, 20, 10, 2, 1, 0.2, and 0.1
p/μL. Negative controls were included on each reaction plate,
and all reaction plates were prepared in dedicated work-
spaces and with filtered tips. Cycle threshold lines were set
manually above baseline fluorescence.
Statistical analyses. We compared between assays test

positivity with chi-squared tests and Ct values by computing
pairwise correlation coefficients. For testing of clinical sam-
ples, the analytical population was defined as nonmissing
specimens from participants with nonmissing individual
clinical/demographic data who were from households where
the index child (case or control) was non-missing. Specimens
positive for P. falciparummet the following criteria: 1) positive
amplification of human β-tubulin and 2) amplification ofpfr364
in either both replicates or in a single replicate with a Ct value
£ 38. We assigned parasite densities based on mean esti-
mated quantities using a standard curve generated from
standards from 2,000 to 1 p/μL. Prevalence ratios (PRs) were
computed with Poisson regression. We summarized parasite
densities by computing geometric means (geomean) and
compared densities using analysis of variance (ANOVA) of
log10-transformed densities. We modeled the probability of
cRDT positivity as a function of log10-transformed parasite
density with logistic regression. We repeated these analyses
in adjusted models including indicator variables for age to
estimate age-specific odds ratios (ORs) controlling for para-
site density. Statistical analyses were computed in Stata/SE
v14.2 (Stata Corp, College Station, TX).

RESULTS

Parasite detection assay performance. When tested
against purified gDNA from P. falciparum reference strains,
the duplex pfr364 TaqMan real-time PCR assay reported lower
limits of detection, ranging from 2.2 × 10−5 ng/μL to 1 × 10−2 ng/
μL of gDNA.When tested initially on gDNA extracted frommock
quantitative DBSs prepared with known densities of parasites,
the assaywas positive down to 0.1 p/μL (Supplemental Table 2).
A standard curve fit to Ct measurements from densities of
1–2,000 p/μL returned anR2 of 0.9624with an efficiency of 90%.
These templates were then used to directly compare the

performance of this pfr364 assay with that of real-time PCR
assays targeting pfldh and varATS (Figure 1). In 12 replicates
at densities of 1 p/μL or less, detection was successful (de-
fined as Ct £ 40) less often for pfldh (5/12) than for varATS
(11/12) or pfr364 (10/12) (P < 0.05 for each comparison with
pfldh). When compared with varATS and pfldh parasite de-
tection assays, Ct values among successful tests for pfr364
were highly correlated with those for both pfldh (correlation
efficient 0.9392, P < 0.001) and varATS (0.9833, P < 0.001).
Parasite prevalence. The parent field study enrolled 4,377

participants (2,203 in case households and 2,154 in control
households). From these, DBS samples were available for
4,116 participants; of these, 4,075were able to bematched to
clinical data and tested for malaria parasites with real-time
PCR.We further restricted analyses only to those households
for which clinical and molecular data were available for the
index child, resulting in 3,547 participants in 912 households.
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The overall prevalence of parasites was 22.9% (813/3,547)
by cRDT and 61.5% (2,180/3,547) by real-time PCR (Table 1);
overall, the prevalence of subpatent infections, defined as
cRDT-negative and PCR-positive, was 39.3% (1,395/3,547).
The prevalence of parasites in members of case households
was higher than that in members of control households by
both cRDT (PR: 2.21; 95% CI: 1.82–2.70) and PCR (PR: 1.74;
95% CI: 1.58–1.92). Compared with children aged < 5 years,
the prevalence of parasites in adults aged > 15 years was
lower by cRDT (PR: 0.65; 95% CI: 0.49–0.87) but not by PCR
(PR: 1.0; 95% CI: 0.88–1.15). We observed similar patterns in
both case and control households, in that adults had lower
prevalence by cRDT but similar prevalence to children by PCR
(Supplemental Table 3).
Parasite density distribution. The geomean (95% CI) para-

site density was 12.1 p/μL (10.4–14.0) (Table 2). Predictably,
geomean (95% CI) densities were highest among case chil-
dren (1,717 p/μL; 1,172–2,514) and lowest among control
children, who were defined as cRDT-negative (1.3 p/μL;

1.0–1.8); surprisingly, among asymptomatic household
members, geomean (95% CI) densities were higher in case
(5.9 p/μL; 5.0–6.9) than in control households (4.0 p/uL;
3.2–4.9) (P = 0.005 by ANOVA). Excluding index children,
geomean (95% CI) densities were highest in school-age
children aged 5–15 years (8.4 p/μL; 6.6–10.6) compared with
younger (5.2 p/uL; 3.7–7.2) and older (3.4 p/uL; 2.9–4.0) par-
ticipants (P < 0.001 by ANOVA).
Sensitivity of parasite detection by cRDT. Among the 2,180

PCR-positive infections, we computed cRDT sensitivity
against PCR as the reference standard after binning PCR-
estimated densities (Table 3). The overall sensitivity of cRDT
was 36% (785/2,180); this declined from 98.2% (54/55) at
densities in excess of 100,000 p/μL to 8.5% (55/650) at den-
sities < 1 p/μL; above the conventional limit of detection of 100
p/μL, the aggregate sensitivity was 84% (436/517); less than
100 p/μL, the sensitivity was 21% (349/1,663). By age, the
overall sensitivity was highest in children aged < 5 years
(49.3%;322/653) and lowest in adults aged>15years (15.9%;

FIGURE 1. Comparison of cycle threshold (Ct) values of real-time PCR Plasmodium falciparum detection assays genomic DNA (gDNA)
extracted from dried blood spots (DBSs) prepared by spiking into whole blood P. falciparum 3D7 parasites at densities of 0.1 to 2,000 parasites/μL
(p/μL) were tested in parallel in real-time PCR assays targeting pfr364, pfldh, and varATS. Each template was tested in quadruplicate in each
assay, and Ct lines were manually set for each assay at identical ΔRn values above background fluorescence and in the exponential phase of
amplification. A Ct value of 0 indicates failed amplification. Left: scatterplot of Ct values of pfr364 (x axis) and corresponding Ct values of pfldh or
varATS (y axis) during amplification of gDNA of mocked DBSs across a range of parasite densities. Dotted line indicates equality. Right: Ct values
for pfldh (squares), pfr364 (circles), and varATS (diamonds) as a function of parasite density.

TABLE 1
Parasite prevalence by detection method and subgroup

Conventional malaria
rapid diagnostic

test–positive, % (n/N)
Prevalence ratio

(95% CI)
Real-time PCR positive,

% (n/N)
Prevalence ratio

(95% CI)
Subpatent infections,*

% (n/N)
Prevalence ratio

(95% CI)

Overall 22.9 (813/3,547) NA 61.5 (2,180/3,547) NA 39.3 (1,395/3,547) NA
Index children
Controls 0 (0/419) REF 33.7 (141/419) REF 33.7 (141/419) REF
Cases 100 (360/360) NA 98.9 (356/360) 2.94 (2.42–3.57) 0 NA

Household members† 16.4 (453/2,768) – 60.8 (1,683/2,768) – 45.3 (1,254/2,768) –

Controls 10.3 (144/1,405) REF 44.6 (626/1,405) REF 35.1 (493/1,405) REF
Cases 22.7 (309/1,363) 2.21 (1.82–2.70) 77.6 (1,057/1,363) 1.74 (1.58–1.92) 55.8 (761/1,363) 1.59 (1.42–1.78)

Age (years)
< 5 14.6 (75/513) REF 58.1 (298/513) REF 44.6 (229/513) REF
5–15 26.6 (254/955) 1.82 (1.41–2.35) 65.3 (624/955) 1.12 (0.98–1.29) 40.2 (384/955) 0.90 (0.76–1.06)
³ 15 9.5 (124/1,300) 0.65 (0.49–0.87) 58.5 (761/1,300) 1.0 (0.88–1.15) 49.3 (641/1,300) 1.10 (0.95–1.28)
NA = not applicable; REF = referent category.
* Defined as the proportion of real-time PCR-positive infections that were negative by cRDT.
† Excluding index children.
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121/762). Among only 1,683 asymptomatic household
members, the overall sensitivity of cRDT was 25.5% (429/
1,683); this was lower in adults aged > 15 years (15.8%; 120/
761) than in children aged < 5 years (23.2%; 69/298) and with
school-age children (38.5%; 240/624) (P < 0.01 for each).
Influence of parasite density on cRDT detection. We used

logistic regression to estimate the probability of cRDT posi-
tivity as a function of PCR-estimated density. The overall
distribution of densities remained right-skewed, and this was
largely driven by cRDT-negative infections; the distribution of
cRDT-positive infections was nearly normal (Figure 2A). The
probability of cRDT detectionwas directly related to the log10-
transformeddensity. Using thismodel, the probability of cRDT
positivity at the conventional density threshold of 100 p/μL
was 60.1% (95% CI: 56.6–63.6). The lowest parasite density
below which the 95% CI of the probability of cRDT detection
no longer crossed 0.95 was 7,377 p/μL (probability 93.1%;
95% CI: 90.9–94.8). We conditioned this model on age-
groups (Figure 2B); controlling for parasite density, relative to
school-age children, the probability of cRDT positivity was
unchanged in children aged < 5 years (OR: 0.93; 95% CI:
0.71–1.23) but significantly lower in adults aged > 15 years
(OR: 0.32; 95% CI: 0.24–0.43).
Finally, we used logistic regression to estimate the proba-

bility of cRDT positivity as a function of PCR-estimated den-
sity in models conditioned on age (Figure 2C and D) only
among asymptomatic household members. Among asymp-
tomatic household members, the lowest parasite density for
which the sensitivity CI included 0.95 was 36,790 p/uL
(probability of cRDT positive 91.9%; 95% CI: 88.2–94.5).
When conditioned on age-group, relative to school-age chil-
dren, the probability of cRDT detection was reduced in both
children younger than 5 years (OR: 0.48; 95% CI: 0.34–0.69)
and adults aged > 15 years (OR: 0.35; 95% CI: 0.27–0.47).

DISCUSSION

In thismolecular epidemiologic study ofmalaria parasites in
Kenya, we developed and used an ultrasensitive real-time
PCR assay for P. falciparum parasites to describe the distri-
bution of infections and directly measure the sensitivity of
a common cRDT. We report that, among asymptomatic
household members of index children who were admitted to
hospital with cRDT-positive malaria, most infections were
undetectable by cRDT and the overall sensitivity of the HRP2-
detecting cRDT was very poor. This poor sensitivity was

partially owing to a large abundance of low-density infections
that was unexpected in this high-transmission setting. Finally,
cRDT sensitivity was consistently lower in adults aged > 15
years, irrespective of parasite density. Collectively, these
findings suggest that cRDTs are not suitable tools for effective
malaria parasite case detection in asymptomatic residents of
high-transmission communities.
The sensitivity of a widely used cRDT was very low. The

cRDT we used detects HRP2, achieved a 95% detection rate
against samples at 200 p/μL in rigorous testing,18 and was a
WHO-prequalified product. Despite this, the overall sensitivity
in asymptomatic household members was 25.5%, similar to
that of recent studies in Ethiopia30 and Eswatini.12 Quantita-
tively, in our study, only at densities greater than 36,790 p/μL
did the probability of cRDT positivity exceed 95% in asymp-
tomatic participants. We observed this poor performance
despite cRDT testing in a high-transmission setting in which
HRP2 persistence would be expected to enhance the de-
tectability of parasites. It is unlikely that parasites with HRP2
deletions contributed to this poor performance because these
parasites are rare in Western Kenya,31 and, given that most
infections in our study area are polyclonal,32 thiswould require
the co-occurrence of more than one HRP2-deleted (and
HRP3-deleted) parasite to remain undetected. The low sen-
sitivity and the resulting inability to identify a large proportion
of low-density infections in asymptomatic, community mem-
bers suggest cRDTs in high-transmission settings would be
an ineffective approach to case detection.
Conventional rapid diagnostic test sensitivity was lowest in

adults, in whom only 15.9% of PCR-positive infections were
detected. Although this partially resulted from amore skewed
density distribution in adults toward low densities, it is notable
that sensitivity was poorer in adults even at similar densities.
Specifically, among asymptomatic household members in
models controlling for parasite density, compared with
school-age children, the oddsof detectionwith cRDT in adults
was reduced by 65% (OR: 0.35; 95% CI: 0.27–0.47). Epide-
miologically, enhanced detectability in children could result
from HRP2 antigen accumulation in school-age children
resulting from preceding infections, but this is not supported
by the similar parasite point prevalence by PCR wemeasured
in each age-group. The influence of preceding infections on
cRDT sensitivity could be mediated by differential clearance
rates of HRP2by age, specifically here if HRP2 is clearedmore
rapidly in adults; this idea is supported by models indicating
that HRP2 persistence after treatment is more prolonged in

TABLE 2
Parasite density by participant type and age

No. of PCR-positive infections
Plasmodium falciparum density, p/μL,

geometric mean (95% CI) P-value*

Overall 2,180 12.1 (10.4–14.0) Not applicable
Type of participant
Control child 141 1.3 (1.0–1.8) < 0.001
Case child 356 1,717 (1,172–2,514)
Control household member 626 4.0 (3.2–4.9)
Case household member 1,057 5.9 (5.0–6.9)

Age (years)†
< 5 298 5.2 (3.7–7.2) < 0.001
5–15 624 8.4 (6.6–10.6)
³ 15 761 3.4 (2.9–4.0)
* Computed with analysis of variance comparing log10-transformed densities.
† Excluding case children.
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children than in adults,33 but it is unclear if this observation is
the result of higher starting densities in children. Alternatively,
HRP2may be rendered less detectable in adults by anti-HRP2
IgG, which can be present in measurable quantities in clinical
samples34 but are of uncertain diagnostic impact.35 Because
the PCR-estimated parasite prevalence was similar in adults
to other age-groups and because these represent a large
proportion of prevalent, likely transmissible infections, the low
sensitivity in adults further renders cRDTs unsuitable as a tool
bywhich to identify and treat infections, and thereby efficiently
reduce transmission.
To a greater degree than other studies in sub-Saharan

Africa, we report a large number of infections that are below
the limits of detection of conventional diagnostics. We found
that 74.5% (1,254/1,683) of infections in asymptomatic
householdmemberswere cRDT-negative and 33.7%of these
(570/1,683) were below the putative lower limit of detection of
1 p/μL for the high-sensitivity RDT (HS-RDT).36 Similarly
skewed distributions of parasite densities are more typically
reported from low-transmission sites,37–39 which are typically
defined on the basis of a far lower PCR-estimated parasite
prevalence (typically less than 5%). By contrast, our PCR
prevalence was 60.8%, and reports in other settings with this
degree of transmission have typically reported less right-
skewed distributions of parasite densities with a much larger
proportion of parasites at densities greater than 100 p/
μL.19,40,41 Even though our study differed by enrolling two
parallel groups of household members with different levels of
risk, the prevalence was high enough in both control (44.6%)
and case (77.6%) households to expect that larger propor-
tions would have been detectable by cRDTs.42 The reasons
for this unexpectedly high prevalence of very low-density in-
fections may include the high levels of ownership and use of
insecticide-treated nets.23 In addition, the proportion of par-
ticipants who were adults and therefore most likely to harbor
low-density infections was higher in our study (47%) than in
Tanzania (35%>20years)41 orBurkina Faso (25%>15years),
potentially skewing density profiles.40 These directly mea-
sured density distributions support the use in high-
transmission settings of newly available HS-RDT, which has
demonstrated enhanced analytical sensitivity for low-density
parasitemias in Uganda,19 Papua New Guinea,22 and Myan-
mar.43 This enhanced detectability of HRP2 should enable the
identification of a substantially higher proportion of low-
density infections in asymptomatic community members.
The ability to capture these low-density infections in a range

of transmission settings will be enhanced by the expanding
use of ultrasensitive, high-throughput, real-time PCR de-
tectionassays likeour duplexpfr364assay,whichoffers anew
option for robust and scalable parasite detection in molecular
epidemiologic studies. Like the parasite detection assay tar-
geting varATS,27 this assay targets a multicopy motif in the
P. falciparum genome, specifically annealing to 22 identical
sequences in the parasite genome. In direct comparisons,
Ct values obtained by pfr364 and varATS assays on identi-
cal templates were highly correlated and nearly identical
(Figure 1). The assay amplified a wide range of reference
parasite genomes from diverse settings, and, when applied to
quantitative standards during the production phase of testing,
returned positive results in 51/52 replicate tests of a standard
at 0.1 p/μL. In addition, the assay includes an internal human
control β-tubulin to confirm gDNA extraction, and, similar to
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the varATS assay but unlike other ultrasensitive PCR detec-
tion assays, does not require a large blood volume from ve-
nipuncture37 or RNA extraction with reverse transcription,44

two steps which limit application to large field studies owing
to both cost and specialized sampling requirements. Given
the demonstrated ability of the similarly ultrasensitive varATS
assay to identify gametocytemic infections22 and therefore
the likely contribution of these low-density infections to on-
ward transmission,42 future studies can adapt and improve
these assays to better sample these cryptic infections in di-
verse settings.
As we previously reported with cRDT detection,23 we ob-

served with PCR detection the clustering of P. falciparum

infections within the households of children with malaria.
Notably, this household clustering has typically been reported
from low-transmission areas, including in Southeast Asia,45

Zambia,46 Namibia,47 Zanzibar,48 Rwanda,49 and coastal
Kenya,50 and less often investigated in high-transmission set-
tings like ours. Potential reasons for the spatial aggregation of
infections typically includeshared risksof vectorexposure, similar
accessibility to health care, or participation in household-level
chains of parasite transmission. Understanding these factors,
and how they may be interrupted in high-transmission settings,
could serve as a rationale for household-level interventions.
This study has some limitations. Because enrollment was

triggered by hospitalized malaria cases, we sampled few

FIGURE 2. Parasite density distribution and probability of detection by conventional rapid diagnostic test (cRDT). (A) Distribution of parasite
densities estimated by PCR among cRDT-positive (dark gray) and cRDT-negative (light gray) participants for all participants (case, control, and
asymptomatic household members). (B) Probability of cRDT positivity as a function of PCR-estimated parasite density for all participants (case,
control, and asymptomatic householdmembers), modeled by logistic regression and stratified by age categories. Dots at top and bottom indicate
positive and negative cRDT results, and gray shading indicates 95% CI of modeled probability. (C) Distribution of parasite densities estimated by
PCR among cRDT-positive (dark gray) and cRDT-negative (light gray) participants for only asymptomatic household members. (D) Probability of
cRDT positivity as a function of PCR-estimated parasite density for only asymptomatic household members, modeled by logistic regression and
stratified by age categories. Dots at top and bottom indicate positive and negative cRDT results, and gray shading indicates 95% CI of modeled
probability.
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households during the low-transmission season, when par-
asite distributionsmaybe quite different. Therefore, we could
not compare detectability and parasite epidemiology be-
tween seasons. In addition, insofar as our observations may
influence the design of RACD interventions, this approach
may limit the generalizability of our findings to interventions
which may use alternate triggers for screening, such as un-
complicated malaria. Our parasite density estimations could
have been biased, owing to differential efficiency of gDNA
extraction between samples or to stochastic variability be-
tween technical replicates at low densities. In mitigation, we
observed consistent human β-tubulin amplification between
samples within a very narrow range of Ct values, and we
enforced additional criteria on parasite amplification out-
put to reduce the risk of false-positives. In addition, the as-
say targets P. falciparum only and therefore would not be
a suitable tool where non-falciparum species predominate.
Finally, we did not have direct measurements of HRP2,
the antigen detected by the cRDT, to better understand
if HRP2 differences account for differences in parasite
detectability.
We describe a large proportion of cRDT-negative infections

in this high-transmission setting. Additional observations are
that parasite densities in all participant subgroups were
skewed toward very low densities, and therefore that the
sensitivity was poor of a cRDT detecting HRP2. In addition,
age mediated the probability of detecting an infection with
cRDT, in that adults aged > 15 years had the lowest de-
tectability irrespective of parasite density. These findings
suggest that cRDT is not likely to be effective at detecting a
large proportion of asymptomatic infections. Further steps
include crediblemodeling of the impact on transmission of the
detection and treatment of cRDT-positive infections, as well
as of the incremental benefits on detectability and down-
stream impact of new HS-RDTs. These data and tools will
enable us to test the efficiency and effectiveness of
community-based detection strategies on malaria trans-
mission in diverse settings.
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