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Abstract

Objectives: Different methods detecting Plasmodium parasite infection or exposure are
available, but systematic comparison of all these methodologies to predict malaria infection
is lacking. Understanding the characteristics of respective tests is helpful to choose the most
appropriate tests for epidemiological or research purposes.

Methods: Microscopy, RDT, and PCR was performed for 496 patients presenting with febrile
illness in Dakar, Senegal in 2015. Blood samples had laboratory multiplex assays performed for
IgG serology and detection of HRP2 antigen. Sensitivity (Se) and specificity (Sp) for different
tests were calculated using PCR as the gold standard for detecting active infection. Modeling
through latent class analysis (LCA) compared each test to a modeled gold standard for Se/Sp
estimates.

Results: Against PCR, Se/Sp were 95.2%/93.7% for RDT, 90.4%/100.0% for microscopy, and
97.9%/48.1% for lab HRP2 detection. Compared to the modeled gold standard, Se of microscopy
was 93.5%, and Se of RDT, PCR, and lab HRP2 detection were all greater than 99%. Se/Sp of 1gG
serology were substantially for detecting active infection.

Conclusions: Compared to single tests, a combinatorial LCA approach of multiple biomarkers
for detecting malaria infection from patient samples provides greater sensitivity and specificity for
epidemiological estimates and research objectives.
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Introduction

Techniques for detecting the presence of and exposure to malaria parasites have developed
rapidly during the last few decades. While expert microscopy has long been considered
the gold standard for diagnosis, rapid diagnostic tests (RDTs) that detect the parasite
antigens HRP2 and lactate dehydrogenase (LDH) have become widely used at point

of care, and the sensitivity of some HRP2 based RDTs rivals or even eclipses that of
expert microscopy for diagnosis of Plasmodium falciparum (Abdallah et al., 2019). Due

to the relatively long half-life of HRP2 antigen after clearance of an infection, HRP2
based RDTs cannot necessarily distinguish between active and recently cleared infection
(Dalrymple et al., 2018). Polymerase chain reaction (PCR) methodologies are usually used
in the research context to detect infection and are particularly useful for detecting very
low-density infections missed by microscopy or RDT (Lucchi et al., 2011). Detection of
malaria antigenemia using a multiplex platform is another tool for the detection of current
or very recent infection, as this technique detects HRP2 with greater sensitivity than RDTs
(Plucinski et al., 2019a).

Measurement of IgG antibodies has most often been used for detecting exposure in

the context of population-based studies, with antibodies of varying half-lives useful

for assessing exposure over the long term or more recently. While enzyme-linked
immunosorbent assay (ELISA) has traditionally been used, multiplex bead-based assays
(MBA) have recently been developed that enable detection of multiple anti-malarial
antibodies simultaneously (Sarr, 2011). Multiplex bead-based assays have also been applied
to Plasmodium antigen detection and are useful for sensitive detection of antigen-positive
individuals with results evaluating performance of point-of-care RDTs (Plucinski et al,
2019h).

Senegal, on the west coast of Africa, is a malaria endemic country with relatively low
transmission that is and highly seasonal. With the scale up of malaria control interventions
over the last decade, parasite prevalence has fallen considerably. In the capital city of Dakar,
cross sectional surveys found malaria parasite prevalence among children under 5 years
declined from 1.5% in 2010-2011 to 0.2% in 2017 (Agence Nationale de la Statistique et
de la Démographie 2012, 2017). In northern Senegal, five antibodies with short half-lives
were found to be useful for assessing short term trends in transmission in low transmission
(parasite prevalence < 1%) villages (Sarr et al., 2011). However, the relationship of the
seropositivity of malaria antibodies of varying half-lives to malaria diagnostic methods is
poorly understood. More information is needed to support interpretation of seroprevalence in
febrile patients seeking care, and among patients with active malaria infection.

We present here a facility-based sampling of febrile patients of all ages with suspected
malaria, in which RDT, blood smear, and photo-induced electron transfer polymerase chain
reaction (PET-PCR) had been conducted. At a later time, blood samples were analyzed in
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the laboratory for HRP2 antigenemia and a panel of Plasmodium antibodies representing
long and short half-life 1gG targets.

Materials and Methods

Study design

This study utilized blood samples from patients seeking care for fever under a protocol
designed to validate a malaria diagnosis technique using loop mediated isothermal
amplification (LAMP) technology (Alethia Malaria Meridian Bioscience Inc. Cincinnati,
OH) (Lucchi et al., 2013, Lucchi et al., 2016). Patients of all ages with suspected malaria
who sought care at two health facilities in peri-urban Dakar (Youssou Mbargane hospital in
Rufisque and Deggo health post in Pikine) were enrolled during the malaria transmission
season from September to November 2015. During the consultation, patients presenting with
fever or reported fever during the preceding 48 hours were tested using a malaria RDT
(Carestart Malaria Pan, Access Bio, United Kingdom), with treatment according to Ministry
of Health guidelines.

Ethics Statement

The study was explained to the participant or the relative for children in French or in the
local language. All patients were enrolled after giving their informed consent. The study
protocol was reviewed and approved by National Ethics Committee of the Senegal Ministry
of Health and Social Welfare. U.S. Centers for Disease Control and Prevention staff were not
considered to be engaged in human subjects research.

Data and sample collection

Febrile patients were recruited regardless of RDT result. Age, sex, the time of sampling, and
date were collected from patients who provided informed consent. Thick and thin smears
were created, and 4 ml of venous blood was drawn into a tube containing EDTA as an
anticoagulant. For each patient, 50 pl of venous blood were spotted in each of 5 circles onto
a 903 Whatman filter paper, allowed to dry in ambient air (dried blood spots; DBS), and
stored at room temperature in individual resealable bags with desiccant.

Laboratory assays

Thick and thin blood smears were prepared for all patients onsite. The thin and thick films
were performed using 1 drop and 3 drops of blood, respectively, then stained with Giemsa
10% for 20 minutes. Expert microscopists at the Parasitology Laboratory at LeDantec
Hospital read thick smears for diagnosis and performed species identification using the thin
smears. All slides were read by two microscopists and in case of discrepancy of 20 % or
more in reported parasite density, the slides were read by a third reader, whose reading

was considered final. A total of one hundred fields were read before declaring a thick film
negative. The parasite density (PD) was determined in the thick film by counting 200 (if the
number of parasites was equal to or greater than 100 after counting 200 WBC) or 500 (if the
number of parasites was less than 100 after counting 200 WBC) white blood cells (WBC)
trophozoites. The PD was calculated by multiplying the number of trophozoites by 8000
WBCs (the average number of WBCs per ul of blood) divided by number of WBCs counted.
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PET-PCR was carried out at the Centers for Disease Control and Prevention (CDC) in
Atlanta, GA, USA on the DBS samples after DNA extraction. To run the PET-PCR, total
DNA was extracted from two dried blood spots using the QlAamp blood kit (QIAGEN,
Inc., Chatsworth, CA), and PET-PCR was run according to the protocol multiplexed for
Plasmodium genus and P, falciparum species primers (Lucchi et al., 2013, Lucchi et al.,
2016). A sample was considered positive if the Ct < 40 cycles.

Antibody testing of the DBS elutions was performed at CDC. Whole blood was eluted from
a 6 mm diameter circle of DBS with a solution of phosphate buffered saline (PBS), 0.05%
Tween20, 0.5% BSA and 0.02% NaN3 to a final 1:20x dilution of whole blood. Presence of
anti- £ falciparum 1gG antibodies was determined using the Luminex multiplex bead-based
assay (Rogier et al., 2015). The 1gG antibodies assayed for were against the MSP1, AMA1,
LSA1L, CSP, SALSA, StarpR, and GLURP-Ro £ falciparum antigens. Recombinant proteins
or peptides were coupled to seroMap beads (Luminex Corp) and multiplex IgG detection
assay run as previously described with an approximate serum dilution of 1:400 (Rogier et
al., 2017). Plates were read the same day on the Bio-Plex 200 instrument (BioRad, Hercules,
CA). The median fluorescence signal for a target of 50 beads/analyte were generated,

and the median fluorescence intensity (MFI) final was generated for each analyte after
subtracting MFI values from blank background beads that were included on each plate
(Rogier et al., 2015). This MFI-bg value was used for analyses. The HRP2 antigen was
detected using a multiplex bead-based assay as described previously (Rogier et al., 2017).
The 1:20 dilution of whole blood was used as sample type, and plates read on the Bio-Plex
200 instrument under the same conditions as described above, and MFI-bg data was used for
analyses.

Data analysis

The threshold for positivity to HRP2 antigen was determined by running the assay on

92 negative blood samples (assayed at 1:20 dilution) from U.S. residents who had never
traveled to malaria-endemic countries. The lognormal mean and standard deviation were
generated for the assay signal from this sample set, and the log mean + 3 standard deviation
(SD) assay signal was used as the HRP2 positivity threshold. In the same manner for each of
the IgG targets, the same 92 blood samples were assayed with the multiplex 1gG detection
assay (at serum dilution of 1:400), and same distribution calculated for seropositivity
threshold assay signals for each of the antigen targets.

Of the anti- falciparum antibodies, MSP1 and AMAL were categorized as long half-life
antibodies and LSAL, CSP, SALSA, StarpR, and GlurpRo were categorized as short half-life
antibodies (Ondigo et al., 2014, Yman et al., 2019). If the MFI-bg signal of either of the
long half-life antibodies was categorized as seropositive, long half-life antibody status was
categorized as positive; similarly, if the MFI-bg signal of any short half-life antibody was
categorized as seropositive, short half-life antibody status was categorized as positive.

We conducted a latent class analysis (LCA) to calculate sensitivity and specificity of each
test compared to a modeled gold standard as described previously (Liu et al., 2016). We
considered one class to represent disease positive and the other as diseased negative. We
performed two analyses: one LCA including RDT, blood smear, PET-PCR, and HRP2
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antigenemia (four-test model), and one LCA with RDT, blood smear, PET-PCR, HRP2
antigenemia, long half-life antibodies, and short half-life antibodies (six-test model). We
used the Hui-Walter latent class method (Hui et al., 1980) to estimate disease class
membership probabilities and assess the diagnostic test characteristics. The number of
classes for the four- and six-test models were specified by choosing the smallest Bayesian
Information Criterion (BIC) (Schwarz, 1978). The basic latent class model assumes that
manifest variables are independent of each other within the latent classes, termed conditional
independence (locally independent). That is, it is assumed that the diagnostic tests are
independent within a latent class. Conditional independence of the models was assessed
using a modified version of Garrett and Zeger’s approach (Garrett et al., 2000). Log odds
ratios for both the observed and expected two-way tables associated with a pair of tests were
calculated and compared with a z-test. Extreme zvalues indicated conditional independence.
In such cases the model was refit by replacing the variables for the two dependent tests with
a joint 4 category variable ((positive, positive); (positive, negative); (negative, positive); and
(negative, negative)).

We performed logistic regression analysis using stepwise backwards elimination to
explore the relationship between antibody levels (logMFI-bg) and HRP2 antigen positivity,
considering HRP2 antigenemia as evidence of current or recent infection in the past two
months (Plucinski et al., 2018).

In total, 496 patients were enrolled, 60.1% male and 39.9% female. 16.6% were < 15 years
of age, 22.3% were 15-19 years, 28.3% were 20-29 years, 18.0% were 30-44 years, and
14.8% were 45 years and older. Results for RDT and HRP2 antigenemia were available for
all 496 patients, and antibody (long and short half-life panel) results were available for 494
patients, 298 of whom had blood smear results, 284 of whom had PET-PCR results, and 224
of whom had results for all six tests.

RDTSs were positive in 67.3% (95% CI 63.0-71.5) of those for whom results were available,
HRP2 antigenemia in 81.9% (95% CI 78.2-85.2), blood smear in 61.4% (95% CI 55.6—
67.0), and PET-PCR was positive in 68.7% (95% CI 62.9-74.0). These proportions were
not significantly different among the 225 for whom all four results were available. Overall,
one or more long half-life antibodies were present in 89.4% (95% CI 86.6-92.0) and one or
more short half-life antibodies were present in 80.6% (95% CI 77.1-84.1) (Table 1).

Results for the concordance of test results for the 225 samples for whom RDT, HRP2
antigenemia, blood smear, and PET-PCR are shown in Figure 1. In total, 188 of the

febrile patients (83.7%) had a positive result for one or more tests, and 130 (57.8%) were
positive for all four diagnostic tests (RDT, blood smear, PET-PCR, and HRP2 antigenemia).
Using PET-PCR as the gold standard, RDT was 95.2% sensitive and 93.7% specific,

expert microscopy was 90.4% sensitive and 100.0% specific, and HRP2 antigenemia was
97.9% sensitive and 48.1% specific. Four patients (1.8%) had a positive RDT and HRP2
antigenemia, but negative PCR and blood smear, suggesting recently cleared parasitemia.
Three infections (1.3%) were detected by PET-PCR but not RDT or HRP2 antigenemiga;
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one of these was also detected by blood smear, and two had very low amounts of DNA by
PET-PCR. While HRP2 antigenemia was identified in 37 samples (16.6%) not positive by
blood smear, RDT, or PET-PCR, it was identified in three samples positive by PCR that were
negative by RDT and blood smear.

In the 4-test LCA, HRP2 antigenemia and RDT were found to be conditionally dependent,
and in the 6-test LCA, long and short half-life antibodies were found to be conditionally
dependent; the model was refit by replacing the variables for the two dependent tests with

a joint 4 category variable ((positive, positive); (positive, negative); (negative, positive);

and (negative, negative))(Table 2). Positivity of the modeled gold standard was 62.4% for
the 4-test LCA and 62.3% for the 6-test LCA. Sensitivity and specificity for RDT, blood
smear, PET-PCR, and HRP2 antigen was very similar whether or not antibody positivity
was included in the model. Sensitivity was greater than 99% for RDT, PET-PCR, and HRP2
antigen detection, but only 93.6% for blood smear, for both the 4-test and 6-test LCA.
Comparing RDT, blood smear, PET-PCR, and antigen detection, specificity was highest for
blood smear (99.6% and 99.5% for the 4-test and 6-test LCA, respectively), and lowest

for HRP2 antigenemia (47.3% in the 6-test LCA). In the 6-test LCA, the sensitivity and
specificity of antibody detection were both lower than the other tests and (87.3% and 15.4%,
respectively) compared to the modeled gold standard.

Seropositivity was highest for 1gG antibodies with known longer half-lives, at 85.5%

and 78.3% for MSP1 and AMAL1, respectively (Table 3). 1gG positivity was lowest for
antigens inducing more short-term 1gG responses, with StarpR and SALSA at 17.7%

and 10.7%, respectively. Seropositivity reported for patients with positive vs. negative
HRP2 antigenemia was also highly similar to that reported for patients with positive vs.
negative PCR. Except for 1gG antibodies against HRP2, overall antibody positivity was
associated with both HRP2 antigen positivity and PET-PCR positivity for each IgG target.
In the multivariate model, logMFI-bg of AMA1 (Pr Chi-sq 0.0046), LSA1 (Pr Chi-sq
0.0372), StarpR (Pr Chi-sq 0.0077), and GlurpRo (Pr Chi-sq <0.0001) were positively
associated with HRP2 antigenemia, logMFI-bg of HRP2 was negatively associated with
HRP2 antigenemia (Pr Chi-sq <0.0001), and CSP, SALSA and MSP1 were non-significant.

Discussion

This clinic-based study enabled a comparison of multiple tests used for determining 2
falciparum infection as well as assessment of IgG seropositivity status among patients with
suspected malaria. Both RDTs and lab-detected HRP2 antigenemia detection by multiplex
bead-based assay had high sensitivity for detection of parasite infection, approaching that

of PET-PCR, and surpassing that of expert microscopy. Microscopy was more specific than
either PCR or the modeled gold standard, as RDTs and particularly HRP2 antigenemia
detect residual antigenemia long after an infection has cleared (Plucinski et al., 2018). None
of the IgG tests, either singly or in combination, approached the performance of currently
available diagnostic tests, making it clear that serology for IgG antibodies has low value as a
tool for detection of active infection.
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The modeled gold standard by latent class analysis found consistent results, regardless of
whether 1gG positivity was included in the analysis (4-test LCA vs 6-test LCA). Compared
to the modeled gold standard, PET-PCR, RDT, and HRP2 antigenemia each had a sensitivity
of greater than 99%, while blood smear had a sensitivity of 93.6% in both the 4-test

and 6-test LCA. In comparison, an analysis using LCA to compare sensitivity of PCR,
blood smear, and RDT to a modeled gold standard among children under five years in

a cross-sectional population-based survey in the Democratic Republic of Congo found
sensitivities for blood smear, RDT, and PCR of 76.7%, 86.9%, and 94.6%, respectively,

and specificities of 97.2%, 88.1%, and 88.3%, respectively (Doctor et al., 2016). In this
DRC study population, parasite prevalence by PCR was 38.6%. While the values differed
substantially from this population of clinically ill older children and adults, both found PCR
to be highly sensitive and blood smear to be highly specific compared to a modeled gold
standard.

Historical parasite prevalence among children < 5 years in the study area has been estimated
at 0.2% (Agence Nationale de la Statistique et de la Démographie, 2015), antibody
prevalence among this older symptomatic population, even among those who were antigen
negative, was substantially higher. Seroprevalence estimates by an 1gG-detecting MBA in
a population-based survey (of all ages) conducted in 2013 in a zone of central Senegal
with slightly higher transmission found similar results for antibodies against CSP, GLURP,
and MSP1, but substantially higher seroprevalence for AMA1 and substantially lower
seroprevalence of LSAL and SALSA (Perraut et al., 2017). In this current study, detection
of long half-life IgG (against AMA1 and MSP1) and short half-life IgG (CSP, GLURP-
Ro, LSA1L, SALSA, and StarpR) antibodies was significantly associated with presence of
parasite (by PCR) and parasite antigen (by HRP2 antigenemia). The only 1gG antibody not
correlated with parasite positivity was that against the HRP2 antigen.

There are important limitations to our study: while the sampling of a population seeking
care for clinical illness was appropriate for an evaluation of diagnostic modalities, this
population is not representative of all persons residing in this area, and therefore findings
cannot be generalized to the overall population and may be different from those seen in a
cross-sectional survey among mostly asymptomatic individuals. Additionally, these results
are from a single study site in Senegal, and the use of these same biomarkers and the LCA
may not provide the same results in other human and £ falciparum populations.

Each of the testing modalities examined has different characteristics that make it suited for
particular applications. RDT demonstrates remarkable sensitivity and very good specificity
for point of care use. Even expert microscopy, while highly specific, is not as sensitive as
the other testing modalities, and may be best used in reference centers and research, though
PCR continues to be the most appropriate tool for identification and characterization of
parasites in research settings. HRP2 antigen detection using the laboratory assay is highly
sensitive and may be a useful tool for identifying samples that are RDT negative but may be
PCR positive in research settings. While multiplex seroprevalence is not a useful diagnostic
modality for acute diagnosis, MFI assay signal and seropositivity classification gives far
greater nuance and serology may be very useful for research and surveillance, particularly in
low transmission settings in which parasite prevalence is so low that massive sample sizes
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are needed for accurate and precise estimates. These findings provide guidance for study and
surveillance design, considering test characteristics, to choose the most appropriate tools for

the desired measurement.
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Figure 1. Concordance among tests for active P. falciparum infection for 225 patientswith results
for all tests.

Ovals display number of positives for each test either by itself, or concordance with other
tests.
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Test positivity rate among patients presenting with febrile illness, by test, among samples with results available

Test Resultsavailable (N) | Positivity % (95% CI)
RDT 496 67.3% (63.0-71.5
HRP2 antigenemia 496 81.9% (78.2-85.2)
Blood smear 298 61.4% (55.6-67.0)
PET-PCR 284 68.7% (62.9-74.0)
21 long half-life antibody + 494 89.4% (86.6-92.0)
> 1 short half-life antibody + 494 80.6% (77.1-84.1)
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Sensitivity and specificity of each test compared to modeled gold standard using 4-test and 6-test latent class

analysis
4 tests: RDT, blood smear, PCR, HRP-2 6 tests: RDT, blood smear, PCR, HRP-2 antigenemia, long
antigenemia and short half-life antibody
Test sensitivity specificity sensitivity specificity
93.59 99.63 93.61 98.48
Blood smear (89.44-97.74) (98.28-100.00) (89.46-97.77) (95.79-100.00)
99.87 93.43 99.86 92.21
PET (99.25-100.00) (87.88-98.98) (99.18-100.00) (86.27-98.15)
98.37
RDT +, HRP-2 + (96.21-100.00) - - -
45.47
RDT -, HRP-2 - - (34.77-6.17) - -
99.10 93.33
RDT -- - (97.43-100.00) (87.83-98.83)
99.91 47.27
HRP-2 - - (99.33-100.00) (36.60-57.93)
87.26

Antibodies: long +, short
+

Antibodies: long -, short

(81.71-92.82)

15.47
(07.75-23.19)
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Table 3.

Positivity of each antibody among all samples, and by HRP-2 antigenemia and PET-PCR status

By HRP-2 antigenemia result

By PET-PCR result

Page 14

HRP-2positive  HRP-2negative  cpj-g0* PET-PCR PET-PCR Chi-sQ”
Antibody Percent positive (n=406) (n=90) positive negative
Target (n=496) (n=195) (n=89)
69.6 % 77.1% 35.6% 80.0% 49.4%
GlurpRo (65.5-73.6) (72.7-81.1) (25.7-46.4) P <0.001 (73.6-85.4) (38.7-60.3) P <0.001
9.5% 9.4% 10.0% 9.7% 10.1%
HRP2 (7.1-12.4) (6.7-12.6) (4.7-18.1) P=0.85 (6.0-14.8) (4.0-17.0) P=084
372% 42.9% 11.4% 45.6% 18.6%
LSAlL (32.9-41.7) (38.0-47.9) (5.6-19.9) P <0.001 (38.5-52.9) (11.0-28.5) P <0.001
78.3% 82.5% 59.1% 87.7% 54.7%
AMA1 (74.4-81.9) (78.5-86.1) (48.1-69.5) P <0.001 (82.2-92.0) (43.6-65.4) P <0.001
59.3% 64.8% 34.1% 74.4% 32.6%
Csp (54.8-63.7) (59.9-69.5) (24.3-45.0) P <0.001 (67.6-80.3) (22.8-43.5) P <0.001
85.5 % 89.5% 67.0% 91.8% 72.1%
MSP1 (82.0-88.5) (86.1-92.4) (56.2-76.7) P <0.001 (87.0-95.2) (61.4-81.2) P <0.001
17.7 21.2% 2.2% 23.1% 5.6%
StarpR (14.5-21.4) (17.3-25.2) (0.3-7.8) P <0.001 (17.4-29.6) (1.9-12.6) P =0.0003
10.7 12.3% 3.3% 12.8% 2.3%
SALSA (8.1-13.7) (9.3-15.9) (0.7-9.4) P =0.005 (8.5-18.3) (0.3-7.9) P =0.005

*
Exact confidence limits
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