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The global burden of malaria has been substantially reduced over the past two decades. Future efforts to reduce malaria further
will require moving beyond the treatment of clinical infections to targeting malaria transmission more broadly in the community.
As such, the accurate identification of asymptomatic human infections, which can sustain a large proportion of transmission, is
becoming a vital component of control and elimination programmes. We determined the relationship across common diagnos-
tics used to measure malaria prevalence — polymerase chain reaction (PCR), rapid diagnostic test and microscopy — for the
detection of Plasmodium falciparum infections in endemic populations based on a pooled analysis of cross-sectional data. We
included data from more than 170,000 individuals comparing the detection by rapid diagnostic test and microscopy, and 30,000
for detection by rapid diagnostic test and PCR. The analysis showed that, on average, rapid diagnostic tests detected 41% (95%
confidence interval = 26-66%) of PCR-positive infections. Data for the comparison of rapid diagnostic test to PCR detection at
high transmission intensity and in adults were sparse. Prevalence measured by rapid diagnostic test and microscopy was compa-
rable, although rapid diagnostic test detected slightly more infections than microscopy. On average, microscopy captured 87%
(95% confidence interval = 74-102%) of rapid diagnostic test-positive infections. The extent to which higher rapid diagnostic test
detection reflects increased sensitivity, lack of specificity or both, is unclear. Once the contribution of asymptomatic individuals
to the infectious reservoir is better defined, future analyses should ideally establish optimal detection limits of new diagnostics

for use in control and elimination strategies.
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ver the past two decades, considerable progress has been made in
reducing the global malaria burden. Between 2000 and 2013 alone,
malaria-related mortality decreased by 47% worldwide and 54% in
Africa. In addition, more than half of malaria endemic countries are on track to
meet global targets to reduce malaria incidence by 75% in 2015 (ref. 1). These
achievements are largely due to the widespread use of insecticide-treated nets
(ITNs) and highly effective antimalarial treatments. The treatment of sympto-
matic cases in particular has been enabled by notable advances in the develop-
ment and deployment of more accurate malaria diagnostics?3. However, efforts
to reduce the burden of malaria infections further in the future will require mov-
ing beyond the treatment of clinical infections to targeting transmission more
broadly in the community. As such, the accurate identification of asymptomat-
ic human infections, which can sustain a large proportion of transmission, is
becoming a vital component of control and elimination programmes?4,
Community chemotherapy (for example, mass screen and treat (MSAT)
or mass drug administration (MDA) programmes) in conjunction with on-
going vector control is an approach under consideration for the interruption
of transmission. This is achieved through the direct treatment of potentially
infectious individuals. In the case of MSAT strategies, delivering drugs spe-
cifically on the basis of positive test results may be considered preferable to

presumptive treatment because it provides clear benefit to the recipient and
limits excess drug use that may drive antimalarial resistance. However, ow-
ing to the insufficient sensitivity of existing field diagnostics used to identify
asymptomatic infections, studies have shown that MSAT has limited effect in
reducing transmission®®,

Measuring parasite infection by microscopy has been the gold standard
in malaria research for more than a century and remains relatively widespread
as a point-of-care diagnostic in clinical and epidemiological settings. More
recently, the advent of rapid diagnostic tests (RDTs), which measure the pres-
ence of histidine-rich protein 2 (HRP2) for Plasmodium falciparum and/or lac-
tate dehydrogenase for other Plasmodium species (pLDH), has expanded the
range of diagnostic options. Originally developed to inform clinical treatment,
RDTs are increasingly important for epidemiological characterization’ because
of their low cost and field applicability. However, most only have reported de-
tection limits in the range of 100 to 200 parasites per microlitre®® in compari-
son with around 50 parasites per microlitre by expert microscopy®.

Over the past three decades, the development of nucleic acid amplifica-
tion tests has improved the detection limit for malaria infection to less than 1
parasite per microlitre by ultrasensitive quantitative polymerase chain reac-
tion (@PCR)™2, Although these detection thresholds are more appropriate for
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Figure 1| Schematic of diagnostic detection limits with respect to parasite
and HRP2 density. The black curve indicates parasite density and the red
curve indicates HRP2 density. Time scale is in days prior to treatment and in
weeks after treatment. Horizontal lines are the detection limits of respective
diagnostics. The blue shaded area shows detectability of parasites by microscopy
and/or polymerase chain reaction (PCR), whereas the red shaded area shows
detectability of HRP2 by rapid diagnostic test (RDT).

measuring low-density infections than microscopy and RDTs, most PCR tech-
niques remain impractical for wide-scale use in field surveys owing to cost,
processing time and the lack of appropriate laboratory facilities in many en-
demic countries'®, Comparative analysis of malaria prevalence, measured by
both microscopy and PCR in cross-sectional surveys, has shown that sub-mi-
croscopic low-density infections are common across a range of transmission
settings™®'. These infections may be chronic and asymptomatic, particularly
in previously exposed individuals with more mature immune responses. More
importantly, even at low parasite densities, they are still capable of infecting
mosquitoes and seeding onward transmission®™. Even though RDTs are be-
coming more common in areas where these types of infections are prevalent,
studies formally evaluating their performance in detecting asymptomatic in-
fections remain scarce.

Recently, there has been an increased focus on developing improved di-
agnostics to inform malaria elimination strategies. The analysis presented in
this paper aims to determine the concordance of current malaria diagnostic
methods, forming a baseline to evaluate further how they can be improved
to inform malaria control and elimination strategies. It should be noted that,
in principle, quantifying the presence of gametocytes is considered the most
accurate method for characterizing transmission and the potential infectious-
ness of individuals. Research in this area is ongoing, but the technical chal-
lenges of existing gametocyte assays preclude them from standardized use'™.
Moreover, all malaria infections have the capacity to produce gametocytes'®,
Therefore, in the context of community chemotherapy programmes, any in-
dividual who tests positive for asexual parasites should be treated to reduce
transmission. Given this operational framework, this paper does not address
the role of diagnostics that specifically measure gametocytaemia.

So far, no studies have comprehensively evaluated the concordance across
PCR, RDT and microscopy detection methods simultaneously in asymptomatic
populations. Although microscopy- and PCR-measured prevalences are based
on similar biological endpoints (parasite density), diagnostic results based on
RDTs are less comparable given that HRP2 and pLDH are indirect measures
of parasite biomass'®. HRP2 can persist in the blood for up to two weeks after
parasite clearance?®. Consequently, results across these diagnostic methods
indicate a range of possible infection states, from patent or sub-microscopic
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infection to recently cleared infection (Fig. 1). A limited number of studies have
reviewed the detection capability of RDTs in asymptomatic individuals®?, but
key research questions still remain. A recent analysis of Demographic and
Health Surveys (DHS) across Africa showed a higher prevalence of malaria
when measured by RDTs compared with detection by microscopy in 19 out
of 22 surveys. This report also highlighted the issue of false positives owing
to prolonged presence of HRP2 after parasite clearance?. However, studies
have not reviewed the detection capability across all three diagnostics. Fur-
thermore, the DHS study only considered children under 5 years of age and
did not determine the effect of malaria transmission intensity on diagnostic
discordance. This is particularly important given that low-density infections
seem to be most common in adults and in low-transmission settings™>",

In this study, we determine the relationship across malaria prevalence
measures obtained by current diagnostic methods — PCR, RDT and micros-
copy — for the detection of P. falciparum infections in endemic populations
based on a pooled analysis of published and unpublished cross-sectional data.

METHODS

Literature review and data collection. \We carried out two separate literature
reviews to identify studies in which P. falciparum prevalence was measured by
different diagnostic techniques in the same individuals: first, by RDT and mi-
croscopy, and, second, by RDT and PCR. Relevant studies were identified in
PubMed and Embase, using MeSH and Map terms when possible. For the RDT
and microscopy review, the search terms were: “rapid diagnostic test’ and
‘microscopy’ [MeSH/Map] and ‘malaria falciparum’ [MeSH/Map]”, and for
the RDT and PCR review the search terms were: “‘polymerase chain reaction’
[MeSH/Map] and ‘malaria falciparum’ [MeSH/Map]". Searches were limited
to English, human and post-2005 (considering the substantial development in
RDTs over time??). For Embase, the searches were also limited to journal ar-
ticles. Inclusion criteria were applied as previously described®. In short, only
studies that were cross-sectional (on populations not selected according to
malaria test results or symptoms), that were of populations from a malaria en-
demic region, that used RDTs targeting P. falciparum only or mixed infections
(HRP2 and/or pLDH) and that used PCR or loop-mediated isothermal amplifi-
cation (LAMP) methods were included. For intervention studies, only baseline
data were included, except for treatment studies where a sufficient amount of
time had passed between last treatment and follow-up. Separate publications
that used the same data set or measured 0% prevalence by both methods were
removed, as well as data from clusters with fewer than five individuals. RDT and
microscopy studies identified in our literature search that also included PCR
measurements were included in the RDT and PCR data set, and vice versa for
RDT and PCR studies that included microscopy measurements. In addition to
the literature review, we sought as many individual-level data sets as possible
from studies with the above inclusion criteria.

RDT and microscopy. Where available, information on location, sample size,
RDT brand and type (HRP2 or pLDH), age group (15 or younger compared with
older than 15) and prevalence estimates were recorded>?-%?, Furthermore, data
from the DHS online database were extracted*®. These included individual-level
data on location and timing of collection, RDT and microscopy test results, RDT
brand?, age, sex, use of an ITN, fever and antimalarial use in the past two weeks.
In addition, individual-level data sets from one unpublished and one published
study were included*, as well as shared data sets of the RDT and PCR compar-
ison that also included microscopy measurements (see below)*>4°.

RDT and PCR. Corresponding authors of the 13 studies identified from the lit-
erature search were contacted to request individual-level data in December
2014 and reminders were sent out 4 weeks later. Of the contacted authors,
six responded within the timeframe; five data sets were included*-#74%%, and
one data set had been destroyed for privacy compliance. Prevalence meas-
ures and study information (including PCR method) were extracted as de-
scribed above from the publications in the aforementioned literature search
and the non-responders group, as well as included studies from the RDT
and microscopy search that also reported PCR proportions?>?7:3439404251-55,
Four additional individual-level unpublished and published data sets were
included**48,
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Statistical analyses. We analysed the association between PCR- and
RDT-measured prevalence, and microscopy- and RDT-measured prevalence by
fitting a linear relationship on the log odds scale'®*¢. Prevalence (on a scale of O
to 1) was defined as%, where log odds = loge(%)

QRi = QPi + 8Ri (1)

8 i = 6’Ri + ﬁo Q- QP) @

R

Q=+, 3
O =0+ By (2, - Q) “@

In Equations 1-4, QRi is the log odds of RDT-measured prevalence in trial i,
QPi is the log odds of PCR prevalence, QMi is the log odds of microscopy-meas-
ured prevalence, 5Ri is the log odds ratio (OR) of RDT- to PCR-measured prev-
alence (RDT:PCR; Equation 1) or RDT- to microscopy-measured prevalence
(RDT:microscopy; Equation 3), 5'R,. is the expected log OR of RDT:PCR prev-
alence (Equation 2) or RDT:microscopy prevalence (Equation 4) when the log
odds of PCR- or microscopy-measured prevalence is equal to the mean across
trials, ()P and QM are the mean log odds of PCR- and microscopy-measured
prevalence, respectively, across trials, and ﬁo is the regression coefficient. To al-
low for varying sample size and sampling variation across the surveys included
in our analysis, the model was fitted using Bayesian Markov Chain Monte Carlo
methods in JAGS version 3.4.0 and the rjags package in R version 3.0.2 (ref.
13). We also explored fitting polynomial relationships, but these provided no
substantial improvement in fit to the data over the linear model as assessed by
deviance information criterion, nor were these fitted relationships qualitatively
different (data not shown). To confirm that the fitted curves at different prev-
alence ranges were not overly influenced by the high number of data points in
lower transmission areas, we fitted separate relationships in three PCR-meas-
ured prevalence bands: <5%, 5-20% and >20%. These categories represent
approximate cut-offs that have been suggested as thresholds for operational
decision-making. Broadly speaking, programmes can begin to consider target-
ed and focal control strategies when parasite prevalence by microscopy falls
below 5% (ref. 57), which translates to a PCR-measured prevalence of 20%
(ref. 14), and move towards targeted elimination when it falls below 1% (ref.
58) (5% PCR-measured prevalence™).

We also conducted a meta-analysis of the risk ratio between RDT:PCR
prevalence or RDT:microscopy prevalence, adjusted for random effects at the
study level (for RDT:PCR) or country level (for RDT:microscopy). Studies that
reported zero infections by either diagnostic method were assigned a value of
0.01 to allow a risk ratio to be calculated. To evaluate the effect of explanatory
factors on discordant test results, individual-level data were analysed by logis-
tic regression, allowing for random effects at the study or country level as noted
above. The meta-analysis was done with the metafor package in R version 3.0.2,
and the logistic regression with the logit command in STATA version 13.

We assessed the ability of our models to predict RDT-measured preva-
lence based on microscopy- or PCR-measured prevalence data. Leave-one-out
cross validation was used to evaluate the RDT:PCR and the RDT:microscopy
models separately. The data available for direct comparison of malaria detec-
tion by RDT and PCR in the same individuals were sparse relative to the quan-
tity of data available for the RDT:microscopy and previous microscopy:PCR
comparisons. Therefore, we also triangulated the relationship between RDT-
and PCR-measured prevalence by combining the RDT:microscopy relationship
calculated in this study with the microscopy:PCR prevalence relationship that
has been previously defined®™. The credible interval of the triangulation line
was computed from the posterior distributions of all the parameters from both
equations combined. We evaluated whether this triangulated RDT:PCR rela-
tionship was significantly different from the observed RDT:PCR relationship
using the posterior distributions of the predictions from each model.

RESULTS

Literature search and data collection. The literature search generated 549 re-
sults in Pubmed and an additional 37 in Embase for RDT and microscopy, and
2,247 results in PubMed and an additional 426 in Embase for RDT and PCR. In
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Figure 2 | The relationship between rapid diagnostic tests (RDTs) and microscopy
Plasmodium falciparum prevalence overall (a) and stratified by age group (b).

In b red indicates children (those under 15 years) and yellow indicates adults
(those over 15 years). Dashed lines indicate the expected relationship if RDT and
microscopy detected equal prevalence. Horizontal and vertical lines indicate
95% confidence intervals around point estimates, whereas coloured solid lines
indicate the median of the Bayesian posterior distributions from the fitted model
and shaded areas indicate 95% credible intervals. Radius of point estimates
indicate cluster size (from small to large: <100, 100-1,000 and >1,000).

total, 20 RDT: microscopy studies and 13 RDT:PCR studies from the literature
search met our inclusion criteria. Combined with additional data sets from DHS
and unpublished studies, the pooled data available for evaluation yielded 323
pairs of prevalence estimates for RDT and microscopy>?-42444° and 162 pairs
for RDT and PCR?>?73439404245-55 The extracted proportions together with the
main characteristics of the studies from our literature search are provided in
the Supplementary Information. The main PCR method used was nested PCR
(nPCR; 15 of 20) of which mainly the Snounou method* was used (11 of 15).
The other methods included LAMP (1 of 20) and gPCR (4 of 20). All of the in-
cluded RDTs in both comparisons were based on HRP2, with 8 out of 20 studies
also including pLDH to measure species other than P. falciparum. However, this
study only focuses on the detection of P. falciparum infections.

Comparison of RDT- and microscopy-measured prevalence. Analysis of
RDT- and microscopy-measured prevalence included data from 172,281 indi-
viduals who were tested with RDTs (cluster prevalence range = 0-92%) and
186,434 tested with microscopy (cluster prevalence range = 0-87%). The
323 geographical clusters spanned a total of 29 countries (cluster size range =
5-7,664). Overall, prevalence of P. falciparum measured by microscopy detect-
ed 87% (95% confidence interval (Cl) = 74-102%) of RDT-positive infections.
Therefore, RDT and microscopy detection was comparable (Fig. 2a, Table 1),
with less of a difference between the two diagnostic methods in children under
15 years of age (77%, 95% Cl = 71-85%) compared with adults (over 15 years)
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Table 1 | Best fit relationships between RDT:microscopy and RDT:PCR prevalence.

RDT:microscopy
OVERALL

log odds RDT prevalence = 0.108 + 0.907 x log odds microscopy prevalence (all ages)
BY AGE CATEGORY

log odds RDT prevalence = 0.109 + 0.908 x log odds microscopy prevalence (under 15 years)
log odds RDT prevalence = -0.168 + 0.890 x log odds microscopy prevalence (over 15 years)
RDT:PCR

OVERALL

RDT prevalence (%) / slide prevalence (%)

log odds RDT prevalence = -0.968 + 1.186 x log odds PCR prevalence (all ages)
BY AGE CATEGORY

log odds RDT prevalence = -0.382 + 1.306 x log odds PCR prevalence (under 5 years)
log odds RDT prevalence = -0.864 + 1.213 x log odds PCR prevalence (6-15 years)
log odds RDT prevalence = -1.378 + 1.300 x log odds PCR prevalence (over 15 years)
BY AGE CATEGORY

log odds RDT prevalence = 1.097 + 1.690 x log odds PCR prevalence (<5% prevalence)
log odds RDT prevalence = 0.211 + 1.754 x log odds PCR prevalence (5-20% prevalence)
log odds RDT prevalence = -0.516 + 1.904 x log odds PCR prevalence (>20% prevalence)
PCR PREVALENCE BASED ON DATA TRIANGULATION

log odds PCR prevalence = 0.108 + 0.907 x [(log odds RDT prevalence —0.954)/0.868]

PCR, polymerase chain reaction; RDT, rapid diagnostic test.

(60%, 95% Cl = 48-86%) (Fig. 2b, Table 1). The lower age-specific risk ratios
are due to smaller cluster sizes after stratifying the data by age group. However,
regression analysis of individual-level data did not show a significant associa-
tion between age group and test discordance (Supplementary Table 1).

Effect of individual level covariates on RDT:microscopy discordance. In addi-
tion to age, we explored the effect of several other covariates on diagnostic
outcomes, and adjusted for transmission intensity as assessed by microsco-
py-measured prevalence (Supplementary Table 1). A significant association
was seen between self-reported antimalarial use in the two weeks before
survey testing and RDT positivity in individuals who tested negative by mi-
croscopy (OR =171, 95% ClI = 116-2.51, p = 0.006). The presence of fever
at the time of testing (recorded temperature with study-specific cut-off
or self-reported) reduced the odds of undetected malaria infection by RDT
among microscopy-positive individuals (OR = 0.59, 95% CI = 0.39-0.89,
p<0.001). Among individuals testing negative by microscopy, presence of a
fever was significantly associated with RDT positivity (OR = 1.84, 95% CI =
1.51-2.24, p<0.001), after adjusting for transmission intensity. There was a
borderline significant increased risk of malaria infection being undetectable
by RDT among those who used an ITN and were microscopy positive (OR =
1.26, 95% Cl = 1.00-1.59, p = 0.053), whereas use of an ITN was associated
with decreased RDT positivity (OR = 0.84, 95% C| = 0.73-0.97, p = 0.019)
among microscopy-negative individuals. There was no evidence of an asso-
ciation between RDT brand and the risk of an undetected malaria infection
by RDT among microscopy-positive individuals. Among microscopy-negative
individuals, the proportion testing positive was different between RDT brands,
but these results are difficult to interpret, owing to complete correlation be-
tween study and RDT brand. The year of the survey was not associated with
discordant test results for RDT:microscopy.

Comparison of RDT- and PCR-measured prevalence. Analysis of RDT- and
PCR-measured prevalence included 35,887 individuals tested with an RDT
(cluster prevalence range = 0-45%) and 31,178 individuals tested with PCR
(cluster prevalence range = 0-52%). There were a total of 162 geographical
clusters across 17 countries (cluster size range = 5-3,307, Figs 3a,b and Table
1). Pooled meta-analysis across all surveys showed that RDTs detected an av-
erage of 41% (95% Cl = 26-66%) of PCR-positive infections. This primarily
reflects the relationship between RDT and PCR in low-transmission settings,
with an average PCR prevalence of 8% across all the clusters included in our
analysis.
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Figure 3 | The relationship between rapid diagnostic test (RDT) and polymerase
chain reaction (PCR) prevalence overall (a) and zoomed in for <20% PCR
prevalence (b). Blue, observed RDT:PCR prevalence data and model fit; pink,
the triangulated RDT:PCR comparison (see methods); grey, the PCR:microscopy
comparison from ref. 13. Dashed lines indicate the expected relationship if RDT
(or microscopy) and PCR detected equal prevalence. Horizontal and vertical
lines indicate 95% confidence intervals around point estimates, whereas
coloured solid lines indicate the median of the Bayesian posterior distributions
from the fitted model and shaded areas indicate 95% credible intervals. Radius
of point estimates indicate cluster size (from small to large: <100, 100-1,000 and
>1,000).

Age, transmission intensity and undetected malaria infection by RDT. As
with the relationship between RDT- and microscopy-measured prevalence,
stratifying by age group improved the model fit to the data, showing a de-
crease in detectability by RDT with increasing age (Figs 4a-c). Meta-analysis
of the risk ratio between RDT and PCR positivity showed that, for children un-
der 5 years of age, RDTs detected 81% (95% Cl = 74-89%) of PCR-positive in-
fections. By comparison, RDTs detected fewer PCR-positive school-aged indi-
viduals (6-15 years) (70%, 95% Cl| = 57-86%), and even fewer among adults
over 15 years of age (49%, 95% Cl = 31-78%). There was a larger data set
available for analysis in the under 5 (140 clusters) and 6-15 (136 clusters) age
groups compared with adults (81 clusters), suggesting that additional data in
the higher age group could help to improve the accuracy of these estimates.
Previous studies have suggested that the proportion of carriers with
sub-microscopic infections decreases in areas of higher transmission intensi-
ty, potentially because of an association with re-infection and increased para-
site density™. A similar trend was also observed in the relationship between
RDT and PCR detectability. The fit to our data was improved after stratify-
ing by transmission intensity based on PCR-measured prevalence, showing
increased RDT sensitivity compared with PCR as transmission increases
(Fig. 4d-f). However, meta-analysis of the risk ratio between RDT and PCR
positivity did not show a significant difference between the three transmission
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ranges, possibly indicating that more data are needed to define a more robust
relationship for each transmission setting.

Figure 5 shows RDT detectability as a proportion of PCR-positive individ-
uals, stratified by age and transmission intensity. Irrespective of transmission
intensity, adults have the highest percentage of RDT-undetectable infections.
By contrast, the percentage of individuals with RDT-detectable infections in
all age groups increases as transmission intensity increases. However, since
infection rates are greater at high-transmission intensities, RDTs may still miss
a larger absolute number of infectious individuals at this level of endemicity.
Best-fit model estimates of PCR-measured prevalence based on RDT-meas-
ured prevalence are summarized in Figs 3, 4 and Table 1.

Effect of individual-level covariates on RDT:PCR discordance. \We evaluated the
impact of age and transmission intensity on RDT positivity among PCR-neg-
ative individuals as a potential indicator of prolonged HRP2 clearance time.
Logistic regression, adjusted for cluster PCR-measured prevalence, showed
that among PCR-negative individuals, school-aged children had a significantly
higher RDT positivity (OR =1.53,95% CI = 1.28-1.82, p<0.001) when compared
with a baseline of children under 5 years of age. Adults showed similar odds of
being RDT positive (OR =1.00, 95% CI = 0.64-1.58, p = 0.990) as those under
5 years. Infections that were undetected by RDT, based on PCR positivity, were
highest in adults (OR = 5.04, 95 %Cl = 4.14-6.13, p<0.001) compared with
those under 5 years, with a similar risk in school-aged children and those under
5 years (Supplementary Table 2).

RDT positivity among PCR-negative individuals varied between RDT
brands, as did the detection of infection in PCR-positive individuals, but these
results were not significant. Patients with a fever were less likely to have un-
detected infections by RDT if they were PCR positive (OR = 0.14, 95% CI =
0.06-0.32, p<0.001), but also more likely to have a RDT-positive result if they
were PCR negative (OR = 4.86, 95% CI = 2.29-10.30, p<0.001). More recent
surveys showed a lower risk of RDT-undetected infections, based on PCR pos-
itivity (OR = 0.77 per year, 95% Cl = 0.60-0.99, p = 0.044), which may indi-
cate animproved performance of RDTs over time. PCR method was associated
with test discordance at borderline significance, with RDTs detecting less PCR
positive results measured by gPCR than those measured by PCR (OR =1.92,
95% Cl = 0.98-3.74, p = 0.056), reflecting higher sensitivity of gPCR, as de-
scribed previously™*,

Model validation. From the leave-one-out analysis, the correlation coefficient
between observed and predicted values of RDT-measured prevalence from the
RDT:PCR model was 0.67, indicating a moderate agreement. The correlation
coefficient between observed and predicted values of RDT-measured preva-
lence from the RDT:microscopy model was 0.92, indicating a relatively stronger
agreement (Fig. 6). The credible interval of this triangulated relationship was
narrower than that of the directly observed line, owing to the larger number
of data points in the RDT:microscopy and microscopy:PCR data sets (Figs 2,
3, Table 1). There was no significant difference between the triangulated and
observed relationships at any transmission intensity.

DISCUSSION

As the burden of malaria continues to decline in many regions’, it is crucial
to understand the suitability of diagnostics for use in low-transmission and
near-eliminating areas where MSAT and MDA strategies are likely to be
applied. More specifically, how will diagnostic accuracy affect the ability
of MSAT programmes to detect and treat asymptomatic individuals or de-
termine local malaria prevalence thresholds for the initiation of MDA? Our
study results show that the detection capability of RDTs is comparable with,
and often greater than, microscopy. On average, microscopy captured 87%
of RDT-positive infections, with higher test concordance in children than in
adults. The extent to which this higher RDT detection reflects increased sen-
sitivity, lack of specificity, or both, is unclear. Compared with molecular detec-
tion methods, however, RDTs still miss a substantial proportion of infections,
capturing only 41% of PCR-positive individuals in low-transmission settings.
Our analysis included cross-sectional data with paired prevalence measures
by either RDT and microscopy or RDT and PCR from more than 180,000 indi-
viduals, spanning more than 400 geographical clusters. The detection levels
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Figure 4 | The relationship between rapid diagnostic test (RDT) and polymerase
chain reaction (PCR) prevalence by age group (a—c) and PCR prevalence band
(d—f). The Bayesian model was fitted separately for each age group or PCR
prevalence band. Age groups are younger than 5 years (a) 6-15 years (b) and
older than 15 years (c). PCR prevalence bands are <5% (d), 5-20% (e) and >20%
(f). Dashed lines indicate the expected relationship if RDT and PCR detected
equal prevalence. Horizontal and vertical lines around point estimates indicate
95% confidence intervals, whereas coloured solid lines indicate the median of
the Bayesian posterior distributions from the fitted model and shaded areas
indicate 95% credible intervals of these fits. Radius of point estimates indicate
cluster size (from small to large: <50, 50-100 and >100).

observed differed depending on age and transmission intensity, reflecting
complex dynamics at both the ecological and host level that may influence
parasite densities and the relative performance of these diagnostics.

Factors correlated with the accuracy of RDTs are varied and likely to be
driven by subtleties in the concentration and duration of HRP2 antigens in
peripheral circulation. A lower specificity by RDT is expected given that, in
addition to current infection, they can detect recent infection owing to resid-
ual HRP2 even after parasite clearance. Our analysis found that RDTs had a
higher positivity rate than microscopy among those who were more likely to
have current or recent high parasite densities — children, those with measured
or reported fever and those recently treated with antimalarial drugs. This may
indicate that high parasite densities and, therefore, ruptured schizonts (asex-
ual parasites that replicate to form multiple red blood cell invading parasites),
lead to increased and/or prolonged HRP2 levels. These levels are likely to vary
depending on an individual's clinical status and stage of infection owing to as-
sociated fluctuations in parasite density. Because RDTs have been designed for
clinical use, it is intuitive that their performance would be optimal in the detec-
tion of high-density infections associated with symptomatic disease. A previ-
ous analysis evaluating the sensitivity of RDTs and microscopy, specifically in
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Figure 5 | Rapid diagnostic test (RDT) detectable (darker colours) and undetectable (lighter colours) infections based on polymerase chain reaction positive
(PCR+) infections by age (under 5 years, 6-15 years and older than 15 years) and transmission intensity (PCR prevalence <5%, 5-20% and >20%). The height

of the bars for RDT detectable and undetectable proportions reflects the total prevalence of infection in that group according to PCR, whereas the width
of the bars shows the proportion of the population in each age group in most African settings (younger than 5 years (blue), 15%; 6-15 years (red), 35%; and

over 15 years (green), 50% of the total population’).

individuals with clinical symptoms, found an association between parasite den-
sity and RDT positivity®®. This study also stressed the issue of false positives
and how RDT specificity, in addition to being influenced by parasite density,
may be correlated with age and transmission intensity. Further investigation
into how RDT accuracy varies between clinical and subclinical populations
could help to elucidate the factors that drive these differences. Our analysis
also found that using an ITN was associated with better concordance of RDT
and microscopy results, most probably due to a lower risk of infection. This dis-
tinction is particularly relevant for elimination strategies, because an RDT-pos-
itive and microscopy-negative result after parasite clearance may still indicate
recent transmission in a population, whereas absence of infection does not.
In general, it should be noted that the quality of microscopy is likely to vary
more widely than that of RDTs. Microscopy in the context of research surveys
is more accurate than those typically encountered during routine surveillance®'.
Therefore, the relative sensitivity of these diagnostics may be more discordant
in programmatic settings than the relationship observed in this study.

Our analysis also found a number of factors that correlated with detec-
tion by RDT and PCR. Previous studies have demonstrated that the proportion
of carriers with sub-microscopic infections decreases in areas of high-trans-
mission intensity, potentially associated with superinfection (new malaria
infection in already infected individuals)™'*. This trend was also observed in
our analysis — the proportion of PCR-measured infections that were detect-
ed by RDT increased with higher transmission intensity. Although the inter-
action between infection, immunity and parasite density in these settings is
not fully understood, it has been suggested that only partial cross-immunity
is acquired against malaria parasite clones®?. Greater multiplicity of infection
in higher transmission settings could result in higher parasite densities if host
immune systems cannot respond to the diversity of parasites or if parasites
increase growth rates in the presence of competing clones'*®, In addition to
transmission intensity, we also observed age-associated variations in RDT de-
tection. Our analysis shows that, after adjusting for transmission intensity, the
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odds of having an RDT-undetectable infection in adults was fivefold higher
compared with under 5 year olds, potentially owing to more enhanced im-
mune responses in adults that suppress parasite proliferation. This finding
coincides well with data that show a lower sensitivity of microscopy relative
to PCR among adults®. In addition, among PCR-positive individuals, the odds
of a positive RDT result was seven times higher in patients with a fever. Over-
all, these results emphasize that fever, superinfections and childhood infec-
tions are commonly associated with high parasite densities, which, in turn,
may lead to higher HRP2 levels that persist after parasite clearance. A num-
ber of studies have shown a relationship between parasite biomass and HRP2
clearance time®°. However, these studies were predominantly in areas of
high-density infections; studies in areas of lower parasite densities are less
conclusive®. Moreover, HRP2 concentrations may be influenced by duration
of infection, parasite sequestration and HRP2 antibody responses®. Therefore,
characterizing HRP2 detection profiles at parasite densities that are more typ-
ically found in elimination settings can help to better gauge the accuracy of
RDTs in these areas. Our results also showed that risk of an RDT-positive and
PCR-negative test result was higher in school-aged children compared with
children under 5 and adults. This may be further evidence for an association
between age and recent high parasite density (approximately 2-4 weeks), but
may also suggest that infections can fall below the detection limit of PCR and
still be captured by RDTs. RDT results that are typically presumed to be false
positives may be advantageous when the identification of a recent as well as
a current infection is needed, such as in elimination settings, or if HRP2 is
still measurable during periods of fluctuating parasite density that drop below
the molecular detection threshold. An improved understanding of RDT per-
formance relative to PCR methods of various sensitivities, such as gPCR and
LAMP, could help to further benchmark the range at which RDTs can optimally
operate. Although the impact of the PCR method on test sensitivity has been
investigated in previous studies™, more data are required to evaluate this rela-
tive to RDT sensitivity in more detail.
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Figure 6 | The relationship between observed and predicted rapid diagnostic
test (RDT) prevalence from the RDT:microscopy comparison (a), and the
RDT:polymerase chain reaction comparison (b). Predictions were obtained using
leave-one-out cross-validation.

We were able to define a more robust model for the relationship between
prevalence measured by RDT compared with microscopy, than for the rela-
tionship between prevalence measured by RDT compared with PCR. This is
because a more comprehensive data set of comparative RDT and microsco-
py measures was available across a wider range of transmission intensities.
Medium- to high-transmission settings were particularly under-represented
in the comparison of RDT and PCR measures. With more than half of our data
from <5% PCR prevalence settings (57%; 93 of 162 clusters), the RDT:PCR
relationship described here primarily reflects RDT performance at low-trans-
mission intensity. However, the relationship between RDT- and PCR-meas-
ured prevalence estimated from directly observed paired data was not sta-
tistically different from the RDT:PCR relationship estimated by triangulating
the RDT:microscopy and microscopy:PCR relationships based on independent
data sets, improving confidence in our findings. Additional covariate informa-
tion in future studies would further explain other factors that influence diag-
nostic sensitivity. Although we included RDT brand as a covariate in both the
RDT:microscopy and RDT:PCR models, studies in this meta-analysis were not
collected specifically to evaluate RDT brand so data are not sufficiently repre-
sentative to draw conclusions on its impact on diagnostic sensitivity.

Overall, this study has established the relative detection capabilities of
existing diagnostics for the identification of asymptomatic individuals infected
with P. falciparum. To inform community chemotherapy programmes, however,
further analysis is needed to determine to what extent these individuals con-
tribute to onward transmission. As with detection, the potential infectiousness
of asymptomatic individuals is sensitive to fluctuations in parasite density over
the course of an infection and by season’™®8, These are driven by the maturity
of the host's immune response, which may vary by age and by local trans-
mission dynamics, such as seasonality, that can influence population-level
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immunity or within-host parasite behaviour. Therefore, defining infectivity in
relation to parasite density is especially important; this is addressed further
by Slater and colleagues in a companion paper in this supplement®. Once the
contribution of asymptomatic individuals to the infectious reservoir is better
defined, future analyses should ideally establish optimal detection limits of
new diagnostics for use in control and elimination strategies.
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