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Abstract

Background

Plasmodium falciparum histidine-rich protein 2 (HRP2)-based rapid diagnostic tests (RDTs)
are exclusively recommended for malaria diagnosis in Uganda; however, their functionality
can be affected by parasite-related factors that have not been investigated in field settings.

Methods

Using a cross-sectional design, we analysed 219 RDT-/microscopy+ and 140 RDT+/micros-
copy+ dried blood spots obtained from symptomatic children aged 2—10 years from 48 dis-
tricts in Uganda between 2017 and 2019. We aimed to investigate parasite-related factors
contributing to false RDT results by molecular characterization of parasite isolates. ArcGIS
software was used to map the geographical distribution of parasites. Statistical analysis was
performed using chi-square or Fisher’s exact tests, with P < 0.05 indicating significance.
Odds ratios (ORs) were used to assess associations, while logistic regression was per-
formed to explore possible factors associated with false RDT results.

Results

The presence of parasite DNA was confirmed in 92.5% (332/359) of the blood samples. The
levels of agreement between the HRP2 RDT and PCR assay results in the (RDT+/micros-
copy+) and (RDT-/microscopy+) sample subsets were 97.8% (137/140) and 10.9% (24/
219), respectively. Factors associated with false-negative RDT results in the (RDT-/
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microscopy+) samples were parasite density (<1,000/ul), pfhrp2/3 gene deletion and non-P.
falciparum species (aOR 2.65, 95% ClI: 1.62-4.38, P = 0.001; aOR 4.4, 95% Cl 1.72—13.66,
P =0.004; and aOR 18.65, 95% Cl: 5.3-38.7, P = 0.001, respectively). Overall, gene dele-
tion and non-P. falciparum species contributed to 12.3% (24/195) and 19.0% (37/195) of
false-negative RDT results, respectively. Of the false-negative RDTs results, 80.0% (156/
195) were from subjects with low-density infections (< 25 parasites per 200 WBCs or
<1,000/pl).

Conclusion

This is the first evaluation and report of the contributions of pfhrp2/3 gene deletion, non-P.
falciparum species, and low-density infections to false-negative RDT results under field con-
ditions in Uganda. In view of these findings, the use of HRP2 RDTs should be reconsidered;
possibly, switching to combination RDTs that target alternative antigens, particularly in
affected areas, may be beneficial. Future evaluations should consider larger and more
representative surveys covering other regions of Uganda.

Background

In 2019, the World Health Organization (WHO) estimated that there were 229 million cases
of and 409,000 deaths due to malaria globally. The WHO African region accounts for a dispro-
portionately high share of the global burden (94% of malaria cases in 2019 alone) [1,2]. Nearly
all malaria cases in the WHO African region are caused by Plasmodium falciparum. Uganda is
ranked among the top six countries with the highest malaria burdens [1-3]. Malaria remains a
major public health problem in Uganda, with 16 million cases annually, accounting for 30% of
outpatient visits to health facilities (HF), 14-20% of hospital admissions and 8-10% of inpa-
tient deaths [4-6]. Although the epidemiology of malaria varies, it is endemic throughout the
whole country, and transmission occurs year-round. P. falciparum accounts for >95% of
malaria infections in Uganda [6-11]. Efforts to reduce the burden of malaria have included the
use of long-lasting insecticidal nets (LLINs), indoor residual spraying (IRS) of insecticides,
intermittent preventive therapy (IPT) and diagnosis and treatment of cases [10,12].

Case management that involves testing and treatment is a major intervention for malaria
control in Uganda. The WHO recommends parasitological confirmation of malaria in all
suspected malaria cases prior to the administration of antimalarial treatment [13]. Uganda
adopted the policy shift from a clinical to parasite-based diagnosis with microscopy or rapid
diagnostic tests (RDTs) in 2011 [10]. Blood smear microscopy is the gold standard for malaria
diagnosis because it is inexpensive to perform and is able to differentiate malaria species and
quantify parasites. However, microscopy requires well-trained, competent microscopists and
functional infrastructure as well as effective quality control (QC) and quality assurance (QA)
systems. RDTs utilise monoclonal antibodies that are impregnated on a test strip and directed
against the target parasite antigen to detect malaria antigens in a small amount of blood. RDT's
are increasingly favoured for malaria diagnostic confirmation because they require no capital
investment or electricity, are simple to perform and are easy to interpret [10]. Due to the pre-
dominance of P. falciparum which accounts for >95%, the country’s malaria diagnosis policy
recommends the use of HRP2 antigen-based RDTs as the most effective type of RDT [10,11].
Since the introduction of RDTs in the late 2000s, over 900 million RDTSs have been used for

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020

2/19


https://doi.org/10.1371/journal.pone.0244457

PLOS ONE

Limitations of rapid diagnostic tests in areas of varied malaria transmission intensity in Uganda

malaria testing in Uganda, all of which were HRP2-based and targeted P. falciparum. As a
result, HRP2-specific RDTs currently account for >80% of the total malaria tests in Uganda
[6,10]. However, with the changing epidemiology of malaria as countries advance towards
elimination, highly sensitive diagnostic tools that detect low-density parasite infections and
sub-patent infections will be required. Currently, only nucleic acid amplification tests
(NAATS) are sufficiently sensitive to detect these low-density infections. However, this method
is limited to well-equipped laboratory settings due to its inherent complexity and need for lab-
oratory equipment [14,15].

Malaria RDTs are known to capture at least three target antigens: lactate dehydrogenase
(LDH), Plasmodium falciparum histidine-rich protein 2 (PfHRP2) and pan-plasmodial aldol-
ase. HRP2 RDTs are the most sensitive for parasite detection and are heat-stable under field
conditions compared to the other antigen tests [16,17]. However, HRP2 RDTs have limita-
tions, as their performance has been shown to be affected by product quality and parasite-
related factors such as pfhrp2/3 gene deletion, non-P. falciparum species and prozone effects
that lead to false-negative RDTs [18-23]. The presence of pfhrp2 and pfhrp3 gene deletions in
P. falciparum parasite populations has been reported in Uganda [24,25] and other malaria
endemic countries in sub-Saharan Africa [18,19,21,26-31]. Additionally, there is an increasing
prevalence of non-P. falciparum species in Uganda [5,11]. P. falciparum parasites that lack the
pfhrp2/3 genes and non-P. falciparum species are not detected by HRP2 RDT's and may con-
tribute to false-negative RDT results, leading to a reduction in the effectiveness of these tests
[19,21,32,33]. Evidence of the possible contributions of parasite gene deletions, non-P. falcipa-
rum species and low-density infections to false-negative HRP2 RDT results in Uganda is lim-
ited. As Uganda advances towards malaria elimination, it is important to ensure that all
malaria infections are detected by effective diagnostic tools and treated promptly to enhance
case management and surveillance-based interventions. In this study, we assessed the possible
factors contributing to false-negative HRP2-based RDTs in blood samples collected from 48
districts in Uganda.

Methods
Study design and setting

This was a cross-sectional study that analysed dried blood spots collected during previous
malaria surveys of symptomatic individuals in 48 districts of Uganda between 2017 and 2019
[34-36]. The surveys were designed to evaluate the effect of different types of LLINs on para-
site prevalence, covering nearly half of the country and a wide range of epidemiological set-
tings [35,36]. Malaria is endemic in 95% of the country, and transmission occurs throughout
the year, with two peak transmission seasons in June—July and November—December [35-
37]. The parasite surveys were conducted at 6-month intervals that coincided with the two
peak transmission seasons.

Study population, participant selection and data collection

Details of sampling, participant selection and enrolment in the previous malaria surveys in
which the DBS were obtained have been described and published elsewhere [35,36]. In brief, a
total of 104 clusters (health sub-districts) across 48 districts were selected and randomized to
receive different LLINSs. Fifty (n = 50) households were randomly selected from each cluster to
participate in the study. In the selected households, children aged 2-10 years were assessed
for the presence of fever (based on an axillary temperature of >37.5°C) before enrolment.
Enrolled children were tested for malaria using HRP2 RDTs, and diagnosis was confirmed

by microscopy [35,36]. Additionally, dried blood spots (DBS) were collected and stored for
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molecular testing of parasites. Written consent was obtained from the parents/guardians of the
children, and assent was obtained from the children aged 8 years and above prior to com-
mencement of the study procedures. This study utilised the data and DBS collected during
malaria surveys. A GIS map of sites where the DBS samples were collected is indicated in Fig 1.

Selection of dried blood spots

A total of 7,276 symptomatic participants were tested for malaria in previous surveys using
HRP2 RDTs and blood smear microscopy, of whom 2,058 (28.3%) had positive blood smears

@® Blood samples (359)

- Waterbodies
[ oistrict Boundaries (13

‘

Fig 1. Geographical distribution of DBS samples across the study areas. The red dots represent the DBS samples.

https://doi.org/10.1371/journal.pone.0244457.9001
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according to microscopy. In addition, DBS were collected for all samples. Of the 2,058 positive
samples, 10.8% (222/2058) had a negative HRP2 RDT despite a positive blood smear (RDT-/
microscopy+). Out of these 222 samples, three (3) samples were excluded due to contamina-
tion, leaving 219 for final analysis. In this study, we conducted molecular analyses for all 219
(RDT-/microscopy+) samples and a randomly selected subset of (RDT+/microscopy+) sam-
ples. In brief, from a list of all 1,836 (RDT+/microscopy+) samples, simple random sampling
was used to select 140 DBS for molecular analysis. PCR was performed on all the selected sam-
ples to confirm the presence of parasite DNA and species determination. Details of the sample
selection procedure are indicated in the study profile (Fig 2).

Laboratory analysis

Rapid diagnostic tests (RDTs). The HRP2 RDT results were available in the previous
malaria survey database. During the surveys, HRP2-based P. falciparum-specific RDTs (SD
Bioline Malaria Ag Pf 05FK120; Standard Diagnostics, Gyeonhhi-do, South Korea) were used
to test for malaria in febrile patients with a history of fever (based on an axillary temperature
of >37.5°C). The test is designed to detect only P. falciparum infections. RDTs were performed
according to the manufacturer’s instructions.

Blood smear microscopy. All blood smear microscopy results were obtained from the
previous survey database. In brief, blood smears were stained with 2% Giemsa for 30 minutes.

[

Total tested for malaria, N= 7,276 ]
‘r[ Blood Smear Negative (-), N= 5,218 ]
Blood Smear Positive (+), N= 2,058 ]

[ RDT Negative (-) N=222 }i"‘{ RDT Positive (+), N=1,836 J

y

—»{ Excluded, N=03 J

4

N=219

Random sample of N= 140

A
[ PCR (+) = 195 ]

[ PCR (-) =24 J [ PCR (+)t 137 ] [ PCRt—) =3 J

Fig 2. Study profile. Shows how the (RDT-/microscopy+) and (RDT+/microscopy+) DBS samples were selected. (RDT-/microscopy+) means samples that were
RDT negative but microscopy positive for malaria while (RDT+/microscopy+) are samples that were positive on both RDTs and microscopy.

https://doi.org/10.1371/journal.pone.0244457.9g002
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Each blood smear slide was read independently by two competent (level 1 WHO certified
reader) laboratory scientists. The slide readers were blinded to each other’s results and were
not aware of participants’ RDT results. Thick blood smears were evaluated for the presence of
parasites (asexual forms) and gametocytes following the standard WHO methodology [38].
Parasitaemia was determined by counting the number of parasites per 200 or 500 WBCs for
low-density infections on thick smears (assuming a standard of 8,000 WBCs per pl in accor-
dance with WHO methods) [38]. Smears were considered negative if no parasites were
observed in 200 oil-immersion fields (1000X) in a thick blood film. For quality assurance pur-
poses, 20% of blood smears were retrieved and crosschecked for the presence of parasites.

Parasite DNA extraction. The dried blood spots (DBS) were shipped to the Australian
Defence Forces Malaria and Infectious Disease Institute (ADFMIDI) Brisbane, Queensland,
Australia, where all molecular testing was conducted. Details of DNA extraction by QIAamp
DNA Mini Kits (QIAGEN, Crawley, UK) and the QIAcube robotic platform (QIAGEN, Craw-
ley, UK) have been described and published elsewhere [21,25,32,33,39,40]. In brief, from each
DBS sample, three discs of dried blood were punched into 1.5 mL microfuge tubes. DNA was
extracted using QIAamp DNA Mini Kits and the QIAcube robotic platform (QIAGEN, Craw-
ley, UK) according to the manufacturer’s instructions. Samples were eluted to a volume of
100 pL with AE buffer. P. falciparum positive control DBS spots were processed and run along-
side the samples.

Confirmation of parasite DNA and Plasmodium speciation. The detailed procedure for
the controls, primers and PCR conditions used for amplification, speciation and detection of
parasite DNA has been widely described and published elsewhere [21,25,32,33,39,40]. In brief,
different Plasmodium species in the blood samples were confirmed by amplification of the 18S
ribosomal RNA (18S rRNA) gene using multiplex PCR. The primer sequences used for PCR
amplification of the different species are indicated in S1 Table. The presence of P. falciparum
infection was further confirmed by P. falciparum-specific PCR and amplification of the MSP1
and MSP?2 single-copy genes. Gel electrophoresis using 2% agarose was used to confirm the
presence of bands.

Amplification of pfhrp2 and pfhrp3 genes. The detailed procedure, primers used and
PCR conditions used for amplification and detection of the pfhrp2 and pfhrp3 genes are well
described and published elsewhere [21,25,32,33,41]. In brief, all samples that were confirmed
as P. falciparum-positive and in which Merozoite Surface Protein 1 (MSP1) and Merozoite Sur-
face Protein 2 (MSP2) genes were detected, the exon 1 and exon 2 of the pfhrp2 and pfhrp3
genes were amplified to investigate the presence or absence of the pfhrp2 and pfhrp3 genes.
The primer sequences used for the amplification of pfhrp2 and pfhrp3 exon 1 and exon 2 are
indicated in the supplemental data (Table 2). PCR controls using laboratory lines DD2, 3BD5,
HB3 and 3D7 with known pfhrp2/3 status and human negative controls were included in each
PCR run. PCR runs were considered valid only if all controls were amplified and resulted in
bands of expected sizes on gel electrophoresis. In all cases, samples were considered gene-
deleted if they were positive for P. falciparum DNA on PCR and the presence of the MSP1 and
MSP2 single-copy genes were confirmed but exon 1 or exon 2 of the pfhrp2 or pfhrp3 genes
failed to amplify despite amplification in assay controls.

Quality control. As part of quality control, blood smear microscopy was performed in a
blinded manner by level 1 WHO-certified microscopists. In addition, a random sample of 20%
of the slides was re-read by two level one WHO-certified microscopists. A third level 1 expert
resolved any discrepancies (difference in parasite counts between two microscopy readings
>20%). All three slide readers were independent of the process and from an external labora-
tory. The research laboratory in Australia, where molecular analysis of the samples was per-
formed, is a WHO collaborating centre for malaria, a member of the WHO pfhrp2 and pfhrp3
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gene deletion detection laboratory network and participates in the WHO NAAT external qual-
ity assurance programme.

Ethical approval. The study was approved by the Makerere University School of Medi-
cine Research Ethics Committee (#REC REF 2017-111), the Uganda National Council of Sci-
ence and Technology (Ref No: HS271ES), and the Australian Department of Defence and
Veterans’ Affairs Human Research Ethics Committee (DDVA HREC 096-18). In the primary
surveys in which the samples were collected, participants were enrolled after providing written
informed consent. Only samples from participants who provided consent for future use of bio-
logical samples were selected for this analysis.

Data management and statistical analysis. As part of data management, demographics
and predictor variables linked to the blood samples were extracted from the previous survey
database. All data were entered and managed in Excel before they were exported to STATA
for analysis. Data quality checks were performed to check for and correct any inconsistencies
using pivot tables in Excel. ArcGIS software version 10.8 (Environmental Systems Research
Institute (Esri), California U.S.) was used to map the sites where the DBS were collected and
where the different parasite species occurred. Data analysis was performed with STATA ver-
sion 14 (StataCorp LP, College Station, TX). Statistical testing was performed with chi-square
or Fisher’s exact tests, with P < 0.05 indicating significance. The odds ratio was used to evalu-
ate the association, while logistic regression analysis was performed to explore the factors asso-
ciated with false RDT results.

Results
Baseline characteristic of the samples

In this study, we conducted molecular analysis of 359 DBS samples that were collected from
symptomatic individuals in previous malaria surveys to investigate parasite-related factors
contributing to false-negative HRP2 RDTs in Uganda. Overall, 92.5% of the samples (332/359)
contained parasite DNA confirmed by PCR. The majority of the DBS samples came from par-
ticipants who were aged >5 years (58.8%), male (50.7%) and mostly from the eastern region of
Uganda (51.3%). Most had a parasite density >1,000/ul (59.6%). P. falciparum was the most
predominant species (83.5%), followed by P. malariae (6.4%) and P. ovale (1.9%). Molecular
characterization by pfhrp2/3-specific PCR showed that 24 isolates in the (RDT-/microscopy+)
subset and 5 in the (RDT+/microscopy+) subset were infected with parasites with pfhrp2 and
pfhrp3 gene deletions. The 24 gene-deleted isolates in the RDT-/microscopy+ subset included
9 isolates with pfhrp2 single deletions (pfhrp2-), 5 isolates with pfhrp3 single deletions (pfhrp3-
) and 10 isolates with pfhrp2/3 double deletions (pfhrp2-/pfhrp3-). The detailed characteristics
of the samples are indicated in Table 1.

Based on multiplex PCR, all the four Plasmodium parasite species (P. falciparum, P. malar-
iae, P. ovale and P. vivax) were encountered in the samples. Using GIS, the different parasite
species and gene deleted isolates observed in the samples were mapped to determine their dis-
tribution pattern. Overall, the non-P. falciparum species were distributed across both regions
(Fig 3a); however, P. falciparum was the most prevalent species (Fig 3b).

Summary of RDT, microscopy and PCR results of the DBS samples

The levels of agreement between the HRP2 RDT and PCR results in the (RDT+/microscopy+)
and (RDT-/microscopy+) sample subsets were 97.9% (137/140) and 10.9% (24/219), respec-
tively. This observation suggests that 195 (89.0%) of 219 (RDT-/microscopy+) samples falsely
registered as negative on HRP2 RDTs (Table 2). An important observation is that out of the
195 false-negative RDT results identified, non-P. falciparum species and pfhrp2/3 gene
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Table 1. Baseline characteristics of the samples.

Variable Frequency (n) Proportion (%)
Age (year)

<5 148 41.2

>5 211 58.8
Sex

Male 182 50.7

Female 177 49.3
Parasite density (uL)

<1000 145 40.4

>1000 214 59.6
Region

Eastern 184 51.3

Western 175 48.7
Endemicity

Low 249 69.4

Moderate 110 30.6
Parasitaemia (PCR)

Positive 332 92.5

Negative 27 7.5
Gene deletion

pfhrp 2/3 deletion (any) 29 8.1

No deletion 330 91.9
Parasite species

P. falciparum 300 83.5

Non-P. falciparum 39 10.9
Species composition
P. malariae 25 6.4
P. falciparum 295 82.2
P. ovale 7 1.9
P. falciparum/malariae 2 0.6
P. malariae/ovale 2 0.6
P. falciparum/vivax 2 0.6
P. falciparum/ovale 1 0.3

Frequency is the number of observations, while proportion is the percentage of those observations. <1,000 and

>1,000 indicate parasite densities of less than 1,000 and more than 1,000 parasites per microlitre of blood,

respectively. Mixed infections are samples infected with more than one Plasmodium species.

https://doi.org/10.1371/journal.pone.0244457 t001

deletions contributed 19.0% (37/195) and 12.3% (24/195), respectively. All 195 samples falsely
registered as negative on RDT's were from subjects with low-density infections [median (IQR);
420 (112-880)]. On the other hand, the levels of agreement between blood smear microscopy
and PCR in the (RDT+/microscopy+) and (RDT-/microscopy+) subsets were 97.9% (137/140)
and 89.0% (195/219), respectively. This suggests that 10.9% (24/219) of the (RDT-/microscopy
+) samples falsely registered as positive on blood smear microscopy. Reports of false-positive

blood smears from the field are not uncommon, particularly in resource-limited settings

where the functionality of malaria microscopy is highly compromised by inadequate infra-
structure, skills and logistics [38]. The presence of extremely low parasitaemia and non-P. fal-

ciparum infections, particularly among (RDT-/microscopy+) samples, may have posed
detection challenges to slide readers.
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Fig 3. 3a and 3b: Each circle represents one parasite isolate. Black lines represent administrative boundaries.

https://doi.org/10.1371/journal.pone.0244457.9003
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Table 2. Summary of DBS results for RDTs, microscopy and PCR.

Variable PCR (RDT-/microscopy+) n = 219) PCR (RDT+/microscopy+) n = 140)
Positive Negative Positive Negative
RDT
Positive 0 (0%) 0 (0%) 137 (97.9%) 3(2.1%)
Negative 195 (54.3%) 24 (10.9%) 0 (0%) 0 (0%)
Microscopy
Positive 195 (89.0%) 24 (10.9%) 137 (97.9%) 3(2.1%)
Negative 0 (0%) 0 (0%) 0 (0%) 0 (0%)

(RDT-/microscopy+) are samples that were negative on the RDT but positive on blood smear microscopy, RDT+/microscopy+ are samples that were positive on both

the RDT and blood smear microscopy.

https://doi.org/10.1371/journal.pone.0244457.t1002

Factors associated with false-negative RDT's

Additional data were obtained to assess factors possibly contributing to false-negative RDTs.
We performed two-level logistic regression analysis. First, we fit and ran a model with all the
variables, and then using backward model selection, we retained only those factors that were
significant (P<0.05) (Table 3). In the final regression model, the factors associated with false-
negative RDT results were pfhrp2/3 gene deletion, non-P. falciparum species and low parasite
density (aOR = 4.4 (95% CI: 1.7-13.7) P = 0.004; aOR = 18.7 (95% CI: 5.5-118.7) P = 0.001;
and aOR = 2.7 (95% CI: 1.6-4.4) P = 0.001, respectively) (Table 3).

Table 3. Factors associated with false-negative RDT results using PCR as a reference.

Variable RDT-/PCR+/False-negative Univariable Multivariable
n (%) OR (95% CI) p-value aOR (95% CI) p-value

Age (year)

>5 108 (55.7) 1 (Reference) 0.179 1 (Reference)

<5 87 (63.0) 1.36 (0.87-2.13) 1.35(0.83-2.19) 0.224
Parasite density (uL)

>1000 105 (51.0) 1 (Reference) 1 (Reference)

<1000 90 (71.4) 2.4 (1.51-3.89) 0.001 2.65(1.62-4.38) 0.001
Gene deletion

No deletion 171 (56.4) 1 (Reference) 1 (Reference)

pfhrp 2/3 deletion 24 (82.8) 3.71 (1.49-11.23) 0.01 4.4 (1.72-13.66) 0.004
Parasite species

P. falciparum 165 (55.0) 1 (Reference) 1 (Reference)

Non-P. falciparum 37.0 (93.9) 12.76 (3.77-79.7) 0.001 18.65 (5.3-118.71) 0.001
Endemicity

Moderate 63 (61.2) 1 (Reference) 1 (Reference)

Low 132 (57.6) 1.16 (0.72-1.87) 0.547 1.19 (0.63-2.24) 0.595
Region

Western 95 (57.6) 1 (Reference) 1 (Reference)

Eastern 100 (59.9) 0.91 (0.59-1.41) 0.67 0.83 (0.45-1.5) 0.527
OR = unadjusted odds ratio, aOR = adjusted odds ratio.
https://doi.org/10.1371/journal.pone.0244457.t003
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Discussion
Summary of findings

HRP2-based RDTs are currently the most commonly used tools for malaria diagnosis in
Uganda and other parts of sub-Saharan Africa, where P. falciparum is the predominant para-
site species [1,3,10]. However, many factors can affect the effectiveness of RDT's as malaria
diagnostic tools and require periodic monitoring [18-21,31,33]. In Uganda, there are unpub-
lished field reports on and concerns about the occurrence of false-negative RDT results; how-
ever, previous investigations focused on only the products, systems and user-related factors. In
this study, we used molecular assays to assess the parasite-related factors contributing to false-
negative RDTs using 359 (RDT-/microscopy+) and (RDT+/microscopy+) DBS samples col-
lected from different malaria epidemiological settings in 48 districts in Uganda. Overall, the
presence of parasite DNA was confirmed in 195 DBS that had registered as negative on HRP2
RDTs. The low level of agreement between the HRP2 RDT and PCR results could be attributed
mainly to the reduced ability of HRP2 RDT's to detect antigens at low parasite densities and
parasites with HRP2 gene deletions and the inability to detect non-falciparum species observed
in these samples.

Low parasite densities

We investigated parasite densities in relation to false-negative RDT results. Parasite densities
were generally lowest in the RDT-/PCR+ samples. We showed that 71.4% (95% CI: 62.7-79.1)
of low-density samples were in the RDT-/PCR+ group, in which all the false-negative RDT's
occurred (p = 0.001). This correlated with the multiple logistic regression analysis that showed
that samples with low parasite densities were more likely to produce false-negative RDT results
(aOR = 2.65, 95% CI (1.62-4.38), P = 0.001). This observation can be explained by the fact that
there are inadequate or undetectable levels of HRP2 antigens available in low-parasite density
samples, as shown in other studies [42-44]. The implication of this observation is that as
Uganda advances towards malaria elimination, the burden due to extremely low parasitaemia/
a low-density and sub-microscopic parasite load is likely to increase, requiring more appropri-
ate diagnostic tools.

HRP2 deletions

When further investigated by molecular characterization, 24 out of the 195 false-negative
RDTs were blood samples infected with P. falciparum parasites that lacked the pfhrp2 (n=9),
pfhrp3 (n = 5) or both the pfhrp2 and pfhrp3 (n = 10) genes. Importantly, all parasites with
both pfhrp2 and pfhrp3 gene deletions were identified in the RDT-/PCR+ group, in which all
the false-negative RDT results occurred. These parasites do not express HRP2/3 antigens

and thus cannot be detected by HRP2-based RDT's [20,31-33]. In this study, gene deletions
accounted for 12.3% (24/195) of the total false-negative RDT results in the (RDT-/microscopy
+) samples. However, an interesting observation in this study was the occurrence of five para-
site strains that carried gene deletions (one with pfhrp2 deletion and four with pfhrp3 deletion)
in the RDT+/PCR+ group that were originally reported as RDT+. No parasite in this group
carried the double pfhrp2/3 deletion. The occurrence of gene deletion in the RDT-/PCR+ sam-
ples suggests that gene deletion is a contributing factor to false-negative RDTs, particularly

in areas where the isolates were collected. This was consistent with the results of the logistic
regression analysis, which showed a significant relationship between gene deletion and false-
negative RDT results (aOR = 4.4, 95% CI (1.7-13.7), P = 0.004). This observation suggests that
parasite gene deletion was one of the contributing factors to false-negative RDTs in these
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samples and supports the results of previous studies that found a similar association
[18,19,21,29,32]. Gene deletions have been shown to cause false-negative RDT results in the
Amazon region, where they were first identified in clinical samples, Eritrea, Mali, Rwanda and
India [18,19,21,32,45,46]. Many studies conducted in the Amazon and Africa have indicated
that gene-deleted P. falciparum parasites lack the pfhrp2/3 genes and therefore lack the HRP2
antigen epitopes and repeat sequences that are essential for antibody binding [18,19,21,29,32].
Studies have suggested the possibility of the evolution of gene-deleted parasites by a genetic
event due to selective pressure resulting from long-term use of HRP2-based RDTs [21]. Long-
term use of HRP2 RDTs has been shown to cause selective pressure that leads to the emer-
gence, multiplication and spread of pfhrp2/3 gene-deleted parasites [21,31]. In Uganda, HRP2
RDTs were introduced into the testing programme in 2011 and have been used nationwide to
scale up parasite-based diagnosis since 2010 [10]. In Eritrea, studies suggested that clonal
expansion of pfhrp2/3-deleted parasites may have been caused by selective pressure due to
long-term use of HRP2-based RDTs. This explanation is supported by recent mathematical
modelling that showed that the exclusive use of HRP2-based RDTs exerts strong selection
pressure for pfhirp2-negative parasites in the population that can potentially spread [14,21,47].
This suggests that parasites with deleted genes are likely to be among the contributors to false-
negative HRP2 RDTs in Uganda, particularly in areas that have been mapped.

Non-P. falciparum species

We performed multiplex PCR and showed that 37 out of the 195 false-negative RDT's were
samples infected with non-P. falciparum species, Pm (n = 25), Po (n = 5) and mixed infections
(n = 7). Non-P. falciparum species do not express HRP2 protein antigen and therefore are not
detected by HRP2-based RDTs. In this study, non-P. falciparum species contributed to 19.0%
(37/195) of false-negative RDTs. The observed presence of non-P. falciparum species in these
samples is consistent with the results of a recent 2019 national malaria indicator survey that
reported an increase in non-falciparum species, particularly P. malariae and P. ovale, in
Uganda [5]. Interestingly, over 90.0% of non-P. falciparum species observed in this study
occurred in the samples that had tested negative by RDTs in the (RDT-/PCR+) group, in
which all the false negatives occurred. This corelated with the logistic regression analysis
results that showed an association between non-P. falciparum species and false-negative RDT's
(aOR =18.7,95% CI (5.3-118.71), P = 0.001). This observation is consistent with the results of
anumber of studies elsewhere that showed the occurrence of false-negative HRP2 RDTs in
non-P. falciparum clinical samples [22]. The increase in the prevalence of non-P. falciparum
species in Uganda suggests that combination RDTs that target alternative antigens may be
more appropriate for use in case management and surveillance in these settings [48].

Other causes of false-negative HRP2 RDT's

Many factors can affect the functionality of RDTs; these factors include product design, trans-
port and storage conditions, parasite-related factors and operator-related factors [33,45,49].
Prior to this study, there was limited evidence of parasite-related factors contributing to false-
negative RDTs in real field settings in Uganda, as previous investigations focused on products
and user-related factors. Many parasite-related factors, including pfhrp2/3 gene deletion, have
not been studied on a broad scale in many parts of Africa, and evidence remains limited
[31,33]. Failure of the parasite to express the HRP2 target antigen or alteration in the HRP2
protein sequence has been shown to affect the efficacy of RDTs [50-53]. Variation in the pat-
tern and sequence of histidine repeat tandems and the number, frequency and composition of
amino acids within the HRP2 protein antigen are known to affect the efficacy of HRP2 RDTs
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[51,53]. Other known causes of false-negative RDTs include product design, transport and
storage conditions and user-related factors [33,45,49]. Many endemic countries that collabo-
rate with the WHO and manufacturers have instituted QA systems to address most of the pos-
sible causes of false RDT results related to handling and product design through centralized
RDT product testing programmes [49,54,55]. Moreover, the test used in this study was a qual-
ity-assured RDT that was WHO prequalified and had passed the WHO product testing pro-
gramme requirements [54,55]. Transportation, handling and storage records were all reviewed
and found to be satisfactory. The users who performed the tests in the field were well-trained
laboratory technicians. The above suggests that product design, handling and user-related fac-
tors were unlikely to be the major causes of the false-negative RDT results observed in these
samples.

Implication for malaria control

The study documented for the first time the contribution of non-P. falciparum species, pfhrp2/
3 gene deletions and low parasite density infections to false-negative RDT results in Uganda.
These results imply that real malaria cases are frequently missed, suggesting that HRP2 RDTs
are inappropriate for the diagnosis of malaria, particularly in affected areas. Failure of HRP2
RDTs to diagnose pfhrp2/3-deleted parasites, non-P. falciparum species and low-density infec-
tions may have implications for malaria case management and surveillance, which impacts
malaria control efforts in Uganda. In this study, blood samples were collected during malaria
surveys from symptomatic individuals who had fever. Individuals were screened with a HRP2
RDT and treated immediately with ACTs if they had a positive RDT result [35,36]. The impli-
cation of these findings is that individuals infected with gene-deleted parasites and non-falcipa-
rum species could have missed treatment due to false-negative RDT results. Untreated non-P.
falciparum species and pfhrp2/3-deleted parasites could undergo selection pressure that
favours their survival, multiplication and spread, threatening malaria control efforts
[21,31,33]. The Uganda National Malaria Control Policy recommends that treatment should
be given only to individuals with a confirmed parasite-based diagnosis [10,13]. In view of the
fact that HRP2 RDTs account for over 85% of malaria tests in Uganda [4], treatment and sur-
veillance strategies may need to consider issues related to gene deletions, non-P. falciparum
species and low-density infections to minimize the risk of false-negative RDT results, particu-
larly in areas in which the parasites have been recorded. The occurrence of false-negative
RDTs may also affect the overall user confidence in RDTs, which may prompt a switch to
presumptive treatment and clinical diagnosis, threatening malaria control gains [33].

In view of these findings and the systematic challenges limiting the functionality of micro-
scopic malaria diagnosis, particularly in remote and peripheral health facilities [38], combina-
tion RDTs that target alternative parasite antigens, such as lactate dehydrogenase (LDH) and
aldolase, are likely to be suitable alternatives. Combination RDTs that target other antigens
have been evaluated and demonstrated good performance as alternative malaria diagnostic
tools in field trials in Uganda and similar settings abroad [46,56-59]. Molecular-based meth-
ods, such as PCR and loop-mediated isothermal amplification (LAMP), could provide suitable
alternatives; however, they are expensive and may not be feasible for use in routine surveillance
and patient care [39,40,60]. As Uganda advances towards malaria elimination, false-negative
RDT results due to low-parasite density infections will be a potential threat [61,62]. Efforts to
address low-parasite density infections should consider the deployment of highly sensitive
diagnostic tools, including nucleic acid amplification-based tests [61,63-68]. However, the
current WHO guidance does not recommend the use of ultrasensitive RDTs for routine diag-
nosis until additional evidence becomes available [67].
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Limitations of the study

Our study was limited by the fact that the P. falciparum isolates and the DBS samples were
obtained from two regions in Uganda, meaning that the status and risk of false-negative RDT
results in other regions is unknown. We recommend that future studies consider sampling
from a broader area to achieve national representation. We recognize that there are other fac-
tors that may contribute to false-negative RDT's that were outside the scope of this study,
including variation in the composition of the pfhrp2 repeat sequence, number of repeat types
and amino acid composition of the HRP2 protein antigen [50,51,53]. However, the other pos-
sible contributors and causes of false-negative HRP2 RDTs are well studied and published
[18-21,31,33,53].

Conclusion

This was the first wide-scale investigation to analyse the contribution of low-parasite density
infections, pfhrp2/3 gene deletions and non-P. falciparum species to false-negative RDT results
in real field settings in Uganda. In view of these findings, the use of HRP2 RDTs for malaria
case management and surveillance may need to be reconsidered; a switch to combination
RDTs that target alternative antigens, particularly in affected areas, may be necessary. Future
evaluations of false-negative HRP2 RDT results should include larger and more representative
surveys covering other regions of Uganda.

Supporting information

S1 Fig.
(DOCX)

S1 Table. Parasite DNA amplification: Primer sequences.
(DOCX)

S2 Table. Plasmodium falciparum HRP2 (Histidine-rich Protein 2) amplification and
sequencing (primer sequences).
(DOCX)

S1 Dataset.
(PDF)

Acknowledgments

We thank the primary PBO study teams and the Makerere University malaria training grant
staff for administrative and technical support. We are grateful to the study participants who
participated in the primary study and their families. Specifically, we thank Mr. Peter Mutungi,
Mr. Victor Asua and Mr. David Masiga for their support in data processing and sample
retrieval.

Declarations

Ethics approval and consent to participate: Ethical approval for the primary study was
obtained from the Makerere University School of Medicine Research Ethics Committee, the
Uganda National Council of Science and Technology, the London School of Hygiene & Tropi-
cal Medicine Ethics Committee, and the University of California, San Francisco, Committee
on Human Research. Ethical approval to access and use participants’ samples for this study
was obtained from the School of Medicine Research Ethics Committee, the National Council

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020 14/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244457.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244457.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244457.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244457.s004
https://doi.org/10.1371/journal.pone.0244457

PLOS ONE

Limitations of rapid diagnostic tests in areas of varied malaria transmission intensity in Uganda

of Science and Technology and the Australian Department of Defence and Veterans’ Affairs
Human Research Ethics Committee (DDVA HREC # DDVA HREC/OUT/2019/BN3424413).

Author Contributions

Conceptualization: Agaba B. Bosco, Chae Seung Lim, Charles Karamagi, Qin Cheng, Moses
R. Kamya.

Formal analysis: Agaba B. Bosco.
Investigation: Karryn Gresty, Karen Anderson, David Smith, Bora Lee.

Methodology: Agaba B. Bosco, Karryn Gresty, Karen Anderson, Paul Mbaka, Christiane Pros-
ser, David Smith, Emmanuel Arinaitwe, John Kissa, Sungho Won, Chae Seung Lim, Qin
Cheng, Moses R. Kamya.

Resources: Rhoda Namubiru, Samuel Gonahasa, Sungho Won, Joan K. Nakayaga, Moses R.
Kamya.

Supervision: Adoke Yeka, Sam Nsobya, Jimmy Opigo, Emmanuel Arinaitwe, John Kissa,
Samuel Gonahasa, Bora Lee, Charles Karamagi, Qin Cheng, Joan K. Nakayaga, Moses R.
Kamya.

Validation: Bora Lee.
Visualization: Paul Mbaka, Samuel Gonahasa, Sungho Won.
Writing - original draft: Agaba B. Bosco.

Writing - review & editing: Joaniter I. Nankabirwa, Adoke Yeka, Sam Nsobya, Karryn Gresty,
Rhoda Namubiru, Chae Seung Lim, Qin Cheng, Joan K. Nakayaga, Moses R. Kamya.

References
1. WHO. World Malaria Report https://www.who.int/publications-detail/world-malaria-report-2019. 2019.

2. World Health Organization. World Malaria Report file:///C:/Users/Agaba/AppData/Local/Temp/
9789240015791-engpdf. 2020.

3. WHO. World Malaria Report. 2018 https://www.who.int/malaria/publications/world-malaria-report-2018/
en/.2018.

DHIS2 M. Routine District Health Information Management System, Uganda. 2020.

NMCP. Uganda Malaria Indicator Survey (MIS) https://dhsprogram.com/pubs/pdf/ATR21/ATR21.pdf.
2019.

6. NMCP. Uganda National Malaria Control Reduction Strategy http:/library.health.go.ug/publications/
malaria/uganda-malaria-reduction-strategic-plan-2014-2020-0. 2015-2020.

National Malaria Control Division U. Uganda Malaria strategic Plan Midterm Review 2017.
8. Uganda National Malaria Indicator Survey [Internet]. 2014.
Uganda MoH. District Health Information Management System 2 (DHIS2) 2019.

10. NMCP. Uganda Malaria Control Policy https://www.severemalaria.org/sites/mmv-smo/files/content/
attachments/2017-02-28/Uganda%20NATIONAL%20MALARIA%20CONTROL%20POLICY %20-%
202011.pdf. 2011.

11. MIS. Uganda Malaria Indicator Survey, https://dhsprogram.com/pubs/pdf/MIS21/MIS21.pdf 2014.
2014-2015.

12. MIS. Uganda National Malaria Indicator Survey https://www.dhsprogram.com/pubs/pdf/MIS34/MIS34.
pdf. 2019.

13.  WHO. Guidelines for Treatment of Malaria, Third Edition. https://www.who.int/docs/default-source/
documents/publications/gmp/guidelines-for-the-treatment-of-malaria-eng.pdf?sfvrsn=a0138b77_2.
2015.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020 15/19


https://www.who.int/publications-detail/world-malaria-report-2019
https://www.who.int/malaria/publications/world-malaria-report-2018/en/
https://www.who.int/malaria/publications/world-malaria-report-2018/en/
https://dhsprogram.com/pubs/pdf/ATR21/ATR21.pdf
http://library.health.go.ug/publications/malaria/uganda-malaria-reduction-strategic-plan-2014-2020-0
http://library.health.go.ug/publications/malaria/uganda-malaria-reduction-strategic-plan-2014-2020-0
https://www.severemalaria.org/sites/mmv-smo/files/content/attachments/2017-02-28/Uganda%20NATIONAL%20MALARIA%20CONTROL%20POLICY%20-%202011.pdf
https://www.severemalaria.org/sites/mmv-smo/files/content/attachments/2017-02-28/Uganda%20NATIONAL%20MALARIA%20CONTROL%20POLICY%20-%202011.pdf
https://www.severemalaria.org/sites/mmv-smo/files/content/attachments/2017-02-28/Uganda%20NATIONAL%20MALARIA%20CONTROL%20POLICY%20-%202011.pdf
https://dhsprogram.com/pubs/pdf/MIS21/MIS21.pdf
https://www.dhsprogram.com/pubs/pdf/MIS34/MIS34.pdf
https://www.dhsprogram.com/pubs/pdf/MIS34/MIS34.pdf
https://www.who.int/docs/default-source/documents/publications/gmp/guidelines-for-the-treatment-of-malaria-eng.pdf?sfvrsn=a0138b77_2
https://www.who.int/docs/default-source/documents/publications/gmp/guidelines-for-the-treatment-of-malaria-eng.pdf?sfvrsn=a0138b77_2
https://doi.org/10.1371/journal.pone.0244457

PLOS ONE

Limitations of rapid diagnostic tests in areas of varied malaria transmission intensity in Uganda

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Gatton ML, Dunn J, Chaudhry A, Ciketic S, Cunningham J, Cheng Q. Implications of Parasites Lacking
Plasmodium falciparum Histidine-Rich Protein 2 on Malaria Morbidity and Control When Rapid Diag-
nostic Tests Are Used for Diagnosis. The Journal of infectious diseases. 2017; 215(7):1156—66. Epub
2017/03/23. https://doi.org/10.1093/infdis/jix094 PMID: 28329034.

WHO. Malaria Policy Advisory Committee Meeting, 14—16 September 2016, Background document for
Session 7; P. falciparum hrp2/3, gene deletions, Conclusions and recommendations of a Technical
Consultation Geneva, Switzerland, http://www.who.int/malaria/mpac/mpac-sept2016-hrp2-
consultation-short-report-session7.pdf. 18 July 2016. 2016.

Kotepui M, Kotepui KU, De Jesus Milanez G, Masangkay FR. Summary of discordant results between
rapid diagnosis tests, microscopy, and polymerase chain reaction for detecting Plasmodium mixed
infection: a systematic review and meta-analysis. Scientific Reports. 2020; 10(1):12765. https://doi.org/
10.1038/s41598-020-69647-y PMID: 32728145

Li P, XingH, Zhao Z, Yang Z, Cao Y, Li W, et al. Genetic diversity of Plasmodium falciparum histidine-
rich protein 2 in the China-Myanmar border area. Acta Trop. 2015; 152:26—-31. Epub 2015/08/20.
https://doi.org/10.1016/j.actatropica.2015.08.003 PMID: 26297799.

Kozycki CT, Umulisa N, Rulisa S, Mwikarago El, Musabyimana JP, Habimana JP, et al. False-negative
malaria rapid diagnostic tests in Rwanda: impact of Plasmodium falciparum isolates lacking hrp2 and
declining malaria transmission. Malar J. 2017; 16(1):123. Epub 2017/03/23. https://doi.org/10.1186/
$12936-017-1768-1 PMID: 28320390.

Koita OA, Doumbo OK, Ouattara A, Tall LK, Konare A, Diakite M, et al. False-negative rapid diagnostic
tests for malaria and deletion of the histidine-rich repeat region of the hrp2 gene. Am J Trop Med Hyg.
2012; 86(2):194-8. Epub 2012/02/04. https://doi.org/10.4269/ajtmh.2012.10-0665 PMID: 22302847

WHO. False-negative RDT results and implications of new P. falciparum histidine-rich protein 2/3 gene
deletions. Geneva: World Health Organization, https://apps.who.int/iris/bitstream/handle/10665/
258972/WHO-HTM-GMP-2017.18-eng.pdf. 2016.

Berhane A, Anderson K, Mihreteab S, Gresty K, Rogier E, Mohamed S, et al. Major Threat to Malaria
Control Programs by Plasmodium falciparum Lacking Histidine-Rich Protein 2, Eritrea. Emerging infec-
tious diseases. 2018; 24(3):462—70. Epub 2018/02/21. https://doi.org/10.3201/eid2403.171723 PMID:
29460730.

Sitali L, Miller JM, Mwenda MC, Bridges DJ, Hawela MB, Hamainza B, et al. Distribution of Plasmodium
species and assessment of performance of diagnostic tools used during a malaria survey in Southern
and Western Provinces of Zambia. Malar J. 2019; 18(1):130. Epub 2019/04/12. https://doi.org/10.1186/
$12936-019-2766-2 PMID: 30971231.

Luchavez J, Baker J, Alcantara S, Belizario V Jr., Cheng Q, McCarthy JS, et al. Laboratory demonstra-
tion of a prozone-like effect in HRP2-detecting malaria rapid diagnostic tests: implications for clinical
management. Malar J. 2011; 10:286. Epub 2011/10/01. https://doi.org/10.1186/1475-2875-10-286
PMID: 21957869.

Thomson Rebecca, B KB, Cunningham Jane, Baiden Frank, Bharmal Jameel, Bruxvoort Katia J, Mai-
teki-Sebuguzi Catherine, Owusu-Agyei Seth, Staedke Sarah G, Hopkins Heidi.pfhrp2 and pfhrp3 Gene
Deletions That Affect Malaria Rapid Diagnostic Tests for Plasmodium falciparum: Analysis of Archived
Blood Samples From 3 African Countries. 2019. 1444—1452. JIDN. https://doi.org/10.1093/infdis/iz335
PMID: 31249999

Bosco AB, Anderson K, Gresty K, Prosser C, Smith D, Nankabirwa JI, et al. Molecular surveillance
reveals the presence of pfhrp2 and pfhrp3 gene deletions in Plasmodium falciparum parasite popula-
tions in Uganda, 2017-2019. Malaria Journal. 2020; 19(1):300. https://doi.org/10.1186/s12936-020-
03362-x PMID: 32843041

Menegon M, L’Episcopia M, Nurahmed AM, Talha AA, Nour BYM, Severini C. Identification of Plasmo-
dium falciparum isolates lacking histidine-rich protein 2 and 3 in Eritrea. Infection, genetics and evolu-
tion: journal of molecular epidemiology and evolutionary genetics in infectious diseases. 2017; 55:131—
4. Epub 2017/09/12. https://doi.org/10.1016/j.meegid.2017.09.004 PMID: 28889944.

Gupta H, Matambisso G, Galatas B, Cistero P, Nhamussua L, Simone W, et al. Molecular surveillance
of pfhrp2 and pfhrp3 deletions in Plasmodium falciparum isolates from Mozambique. Malar J. 2017; 16
(1):416. Epub 2017/10/19. https://doi.org/10.1186/s12936-017-2061-z PMID: 29037193.

Funwei R, Nderu D, Nguetse CN, Thomas BN, Falade CO, Velavan TP, et al. Molecular surveillance of
pfhrp2 and pfhrp3 genes deletion in Plasmodium falciparum isolates and the implications for rapid diag-
nostic tests in Nigeria. Acta Trop. 2019; 196:121-5. Epub 2019/05/20. https://doi.org/10.1016/j.
actatropica.2019.05.016 PMID: 31103699.

Parr JB, Verity R, Doctor SM, Janko M, Carey-Ewend K, Turman BJ, et al. Pfhrp2-Deleted Plasmodium
falciparum Parasites in the Democratic Republic of the Congo: A National Cross-sectional Survey. The
Journal of infectious diseases. 2017; 216(1):36—44. Epub 2017/02/09. https://doi.org/10.1093/infdis/
jiw538 PMID: 28177502.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020 16/19


https://doi.org/10.1093/infdis/jix094
http://www.ncbi.nlm.nih.gov/pubmed/28329034
http://www.who.int/malaria/mpac/mpac-sept2016-hrp2-consultation-short-report-session7.pdf
http://www.who.int/malaria/mpac/mpac-sept2016-hrp2-consultation-short-report-session7.pdf
https://doi.org/10.1038/s41598-020-69647-y
https://doi.org/10.1038/s41598-020-69647-y
http://www.ncbi.nlm.nih.gov/pubmed/32728145
https://doi.org/10.1016/j.actatropica.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26297799
https://doi.org/10.1186/s12936-017-1768-1
https://doi.org/10.1186/s12936-017-1768-1
http://www.ncbi.nlm.nih.gov/pubmed/28320390
https://doi.org/10.4269/ajtmh.2012.10-0665
http://www.ncbi.nlm.nih.gov/pubmed/22302847
https://apps.who.int/iris/bitstream/handle/10665/258972/WHO-HTM-GMP-2017.18-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/258972/WHO-HTM-GMP-2017.18-eng.pdf
https://doi.org/10.3201/eid2403.171723
http://www.ncbi.nlm.nih.gov/pubmed/29460730
https://doi.org/10.1186/s12936-019-2766-2
https://doi.org/10.1186/s12936-019-2766-2
http://www.ncbi.nlm.nih.gov/pubmed/30971231
https://doi.org/10.1186/1475-2875-10-286
http://www.ncbi.nlm.nih.gov/pubmed/21957869
https://doi.org/10.1093/infdis/jiz335
http://www.ncbi.nlm.nih.gov/pubmed/31249999
https://doi.org/10.1186/s12936-020-03362-x
https://doi.org/10.1186/s12936-020-03362-x
http://www.ncbi.nlm.nih.gov/pubmed/32843041
https://doi.org/10.1016/j.meegid.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/28889944
https://doi.org/10.1186/s12936-017-2061-z
http://www.ncbi.nlm.nih.gov/pubmed/29037193
https://doi.org/10.1016/j.actatropica.2019.05.016
https://doi.org/10.1016/j.actatropica.2019.05.016
http://www.ncbi.nlm.nih.gov/pubmed/31103699
https://doi.org/10.1093/infdis/jiw538
https://doi.org/10.1093/infdis/jiw538
http://www.ncbi.nlm.nih.gov/pubmed/28177502
https://doi.org/10.1371/journal.pone.0244457

PLOS ONE

Limitations of rapid diagnostic tests in areas of varied malaria transmission intensity in Uganda

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Amoah LE, Abankwa J, Oppong A. Plasmodium falciparum histidine rich protein-2 diversity and the
implications for PfHRP 2: based malaria rapid diagnostic tests in Ghana. Malar J. 2016; 15:101. Epub
2016/02/20. https://doi.org/10.1186/s12936-016-1159-z PMID: 26891848.

Agaba BB, Yeka A, Nsobya S, Arinaitwe E, Nankabirwa J, Opigo J, et al. Systematic review of the status
of pfhrp2 and pfhrp3 gene deletion, approaches and methods used for its estimation and reporting in
Plasmodium falciparum populations in Africa: review of published studies 2010-2019. Malaria Journal.
2019; 18(1):355. https://doi.org/10.1186/s12936-019-2987-4 PMID: 31694718

Gamboa D, Ho MF, Bendezu J, Torres K, Chiodini PL, Barnwell JW, et al. A large proportion of P. falcip-
arum isolates in the Amazon region of Peru lack pfhrp2 and pfhrp3: implications for malaria rapid diag-
nostic tests. PloS one. 2010; 5(1):e8091. Epub 2010/01/30. https://doi.org/10.1371/journal.pone.
0008091 PMID: 20111602.

Cheng Q, Gatton ML, Barnwell J, Chiodini P, McCarthy J, Bell D, et al. Plasmodium falciparum parasites
lacking histidine-rich protein 2 and 3: a review and recommendations for accurate reporting. Malar J.
2014; 13:283. Epub 2014/07/24. https://doi.org/10.1186/1475-2875-13-283 PMID: 25052298.

Staedke SG, Kamya MR, Dorsey G, Maiteki-Sebuguzi C, Gonahasa S, Yeka A, et al. LLIN Evaluation
in Uganda Project (LLINEUP)—Impact of long-lasting insecticidal nets with, and without, piperonyl
butoxide on malaria indicators in Uganda: study protocol for a cluster-randomised trial. Trials. 2019; 20
(1):321. Epub 2019/06/05. https://doi.org/10.1186/s13063-019-3382-8 PMID: 31159887.

Rugnao S, Gonahasa S, Maiteki-Sebuguzi C, Opigo J, Yeka A, Katureebe A, et al. LLIN Evaluation in
Uganda Project (LLINEUP): factors associated with childhood parasitaemia and anaemia 3 years after
a national long-lasting insecticidal net distribution campaign: a cross-sectional survey. Malar J. 2019;
18(1):207. Epub 2019/06/27. https://doi.org/10.1186/s12936-019-2838-3 PMID: 31234882.

Gonahasa S, Maiteki-Sebuguzi C, Rugnao S, Dorsey G, Opigo J, Yeka A, et al. LLIN Evaluation in
Uganda Project (LLINEUP): factors associated with ownership and use of long-lasting insecticidal nets
in Uganda: a cross-sectional survey of 48 districts. Malar J. 2018; 17(1):421. Epub 2018/11/15. https://
doi.org/10.1186/s12936-018-2571-3 PMID: 30424775.

Ambrose Talisuna AMN, Clara W Mundia, Viola Otieno, Bernard Mitto, Punam Amratia & Robert W
Snow, Peter Albert Okui. An epidemiological profile of malaria and its control in Uganda, https://files.
givewell.org/files/DWDA%202009/Interventions/Nets/Resistance/NMCP_Uganda.pdf. October 2013.

WHO. Malaria Microscopy Quality Assurance Manual https://www.who.int/docs/default-source/
documents/publications/gmp/malaria-microscopy-quality-assurance-manual.pdf?sfvrsn=dfe54d47_2.
2016.

Rubio JM, Benito A, Roche J, Berzosa PJ, Garcia ML, Mico M, et al. Semi-nested, multiplex polymerase
chain reaction for detection of human malaria parasites and evidence of Plasmodium vivax infection in
Equatorial Guinea. Am J Trop Med Hyg. 1999; 60(2):183-7. Epub 1999/03/11. https://doi.org/10.4269/
ajtmh.1999.60.183 PMID: 10072133.

Padley D, Moody AH, Chiodini PL, Saldanha J. Use of a rapid, single-round, multiplex PCR to detect
malarial parasites and identify the species present. Annals of tropical medicine and parasitology. 2003;
97(2):131-7. Epub 2003/06/14. https://doi.org/10.1179/000349803125002977 PMID: 12803868.

Berhane A, Anderson K, Mihreteab S, Gresty K, Rogier E, Mohamed S, et al. Major Threat to Malaria
Control Programs by Plasmodium falciparum Lacking Histidine-Rich Protein 2, Eritrea. Emerg Infect
Dis. 2018; 24(3):462-70. https://doi.org/10.3201/eid2403.171723 PMID: 29460730.

Chong CK, Cho PY, Na BK, Ahn SK, Kim JS, Lee JS, et al. Evaluation of the accuracy of the EasyTest
malaria Pf/Pan Ag, a rapid diagnostic test, in Uganda. Korean J Parasitol. 2014; 52(5):501-5. Epub
2014/10/30. https://doi.org/10.3347/kjp.2014.52.5.501 PMID: 25352698.

Kumar N, Pande V, Bhatt RM, Shah NK, Mishra N, Srivastava B, et al. Genetic deletion of HRP2 and
HRP3 in Indian Plasmodium falciparum population and false negative malaria rapid diagnostic test.
Acta Trop. 2013; 125(1):119-21. Epub 2012/10/09. https://doi.org/10.1016/j.actatropica.2012.09.015
PMID: 23041541.

Pati P, Dhangadamajhi G, Bal M, Ranijit M. High proportions of pfhrp2 gene deletion and performance
of HRP2-based rapid diagnostic test in Plasmodium falciparum field isolates of Odisha. Malar J. 2018;
17(1):394. Epub 2018/10/31. https://doi.org/10.1186/s12936-018-2502-3 PMID: 30373573,

Bharti PK, Chandel HS, Ahmad A, Krishna S, Udhayakumar V, Singh N. Prevalence of pfhrp2 and/or
pfhrp3 Gene Deletion in Plasmodium falciparum Population in Eight Highly Endemic States in India.
PloS one. 2016; 11(8):e0157949. Epub 2016/08/16. https://doi.org/10.1371/journal.pone.0157949
PMID: 27518538.

Maltha J, Gamboa D, Bendezu J, Sanchez L, Cnops L, Gillet P, et al. Rapid Diagnostic Tests for Malaria
Diagnosis in the Peruvian Amazon: Impact of pfhrp2 Gene Deletions and Cross-Reactions. PloS one.
2012; 7(8):e43094. https://doi.org/10.1371/journal.pone.0043094 PMID: 22952633

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020 17/19


https://doi.org/10.1186/s12936-016-1159-z
http://www.ncbi.nlm.nih.gov/pubmed/26891848
https://doi.org/10.1186/s12936-019-2987-4
http://www.ncbi.nlm.nih.gov/pubmed/31694718
https://doi.org/10.1371/journal.pone.0008091
https://doi.org/10.1371/journal.pone.0008091
http://www.ncbi.nlm.nih.gov/pubmed/20111602
https://doi.org/10.1186/1475-2875-13-283
http://www.ncbi.nlm.nih.gov/pubmed/25052298
https://doi.org/10.1186/s13063-019-3382-8
http://www.ncbi.nlm.nih.gov/pubmed/31159887
https://doi.org/10.1186/s12936-019-2838-3
http://www.ncbi.nlm.nih.gov/pubmed/31234882
https://doi.org/10.1186/s12936-018-2571-3
https://doi.org/10.1186/s12936-018-2571-3
http://www.ncbi.nlm.nih.gov/pubmed/30424775
https://files.givewell.org/files/DWDA%202009/Interventions/Nets/Resistance/NMCP_Uganda.pdf
https://files.givewell.org/files/DWDA%202009/Interventions/Nets/Resistance/NMCP_Uganda.pdf
https://www.who.int/docs/default-source/documents/publications/gmp/malaria-microscopy-quality-assurance-manual.pdf?sfvrsn=dfe54d47_2
https://www.who.int/docs/default-source/documents/publications/gmp/malaria-microscopy-quality-assurance-manual.pdf?sfvrsn=dfe54d47_2
https://doi.org/10.4269/ajtmh.1999.60.183
https://doi.org/10.4269/ajtmh.1999.60.183
http://www.ncbi.nlm.nih.gov/pubmed/10072133
https://doi.org/10.1179/000349803125002977
http://www.ncbi.nlm.nih.gov/pubmed/12803868
https://doi.org/10.3201/eid2403.171723
http://www.ncbi.nlm.nih.gov/pubmed/29460730
https://doi.org/10.3347/kjp.2014.52.5.501
http://www.ncbi.nlm.nih.gov/pubmed/25352698
https://doi.org/10.1016/j.actatropica.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23041541
https://doi.org/10.1186/s12936-018-2502-3
http://www.ncbi.nlm.nih.gov/pubmed/30373573
https://doi.org/10.1371/journal.pone.0157949
http://www.ncbi.nlm.nih.gov/pubmed/27518538
https://doi.org/10.1371/journal.pone.0043094
http://www.ncbi.nlm.nih.gov/pubmed/22952633
https://doi.org/10.1371/journal.pone.0244457

PLOS ONE

Limitations of rapid diagnostic tests in areas of varied malaria transmission intensity in Uganda

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Watson OJ, Slater HC, Verity R, Parr JB, Mwandagalirwa MK, Tshefu A, et al. Modelling the drivers of
the spread of Plasmodium falciparum hrp2 gene deletions in sub-Saharan Africa. eLife. 2017; 6. Epub
2017/08/25. https://doi.org/10.7554/eLife.25008 PMID: 28837020.

Kweka EJ, Lowassa A, Msangi S, Kimaro EE, Lyatuu EE, Mwang’onde BJ, et al. Low sensitivity of Para-
HIT-f rapid malaria test among patients with fever in rural health centers, Northern Tanzania. J Infect
Dev Ctries. 2011; 5(3):204—-8. Epub 2011/03/30. https://doi.org/10.3855/jidc.1346 PMID: 21444989.

Organization. WH. Malaria rapid diagnostic test performance: summary results of WHO product testing
of malaria RDTs: round 1-7 (2008—2016), 2017. [cited 2017 Nov 29] http://www.who.int/malaria/
publications/atoz/978924151268/en/. 2017.

Deme AB, Park DJ, Bei AK, Sarr O, Badiane AS, Gueye Pel H, et al. Analysis of pfhrp2 genetic diversity
in Senegal and implications for use of rapid diagnostic tests. Malar J. 2014; 13:34. Epub 2014/01/30.
https://doi.org/10.1186/1475-2875-13-34 PMID: 24472178.

Baker J, McCarthy J, Gatton M, Kyle DE, Belizario V, Luchavez J, et al. Genetic diversity of Plasmodium
falciparum histidine-rich protein 2 (PfHRP2) and its effect on the performance of PfHRP2-based rapid
diagnostic tests. The Journal of infectious diseases. 2005; 192(5):870—7. Epub 2005/08/10. https://doi.
org/10.1086/432010 PMID: 16088837.

Wourtz N, Fall B, Bui K, Pascual A, Fall M, Camara C, et al. Pfhrp2 and pfhrp3 polymorphisms in Plasmo-
dium falciparum isolates from Dakar, Senegal: impact on rapid malaria diagnostic tests. Malar J. 2013;
12:34. Epub 2013/01/26. https://doi.org/10.1186/1475-2875-12-34 PMID: 23347727

Baker J, Ho MF, Pelecanos A, Gatton M, Chen N, Abdullah S, et al. Global sequence variation in the
histidine-rich proteins 2 and 3 of Plasmodium falciparum: implications for the performance of malaria
rapid diagnostic tests. Malar J. 2010; 9:129. Epub 2010/05/18. https://doi.org/10.1186/1475-2875-9-
129 PMID: 20470441.

WHO. METHODS MANUALFOR PRODUCT TESTINGOF MALARIA RAPID DIAGNOSTIC TEST
https://www.who.int/malaria/publications/rdt-method-manual-product-testing.pdf?ua=1. 2018.

Cunningham J, Jones S, Gatton ML, Barnwell JW, Cheng Q, Chiodini PL, et al. A review of the WHO
malaria rapid diagnostic test product testing programme (2008-2018): performance, procurement and
policy. Malaria Journal. 2019; 18(1):387. https://doi.org/10.1186/s12936-019-3028-z PMID: 31791354

Coldiron ME, Assao B, Langendorf C, Sayinzoga-Makombe N, Ciglenecki |, de la Tour R, et al. Clinical
diagnostic evaluation of HRP2 and pLDH-based rapid diagnostic tests for malaria in an area receiving
seasonal malaria chemoprevention in Niger. Malaria Journal. 2019; 18(1):443. https://doi.org/10.1186/
$12936-019-3079-1 PMID: 31878947

Dzakah EE, Kang K, Ni C, Tang S, Wang J, Wang J. Comparative performance of aldolase and lactate
dehydrogenase rapid diagnostic tests in Plasmodium vivax detection. Malaria journal. 2014; 13:272-.
https://doi.org/10.1186/1475-2875-13-272 PMID: 25015737.

Hopkins H, Bebell L, Kambale W, Dokomajilar C, Rosenthal PJ, Dorsey G. Rapid Diagnostic Tests for
Malaria at Sites of Varying Transmission Intensity in Uganda. The Journal of Infectious Diseases. 2008;
197(4):510-8. https://doi.org/10.1086/526502 PMID: 18240951

Mbabazi P, Hopkins H, Osilo E, Kalungu M, Byakika-Kibwika P, Kamya MR. Accuracy of two malaria
rapid diagnostic tests (RDTS) for initial diagnosis and treatment monitoring in a high transmission set-
ting in Uganda. The American journal of tropical medicine and hygiene. 2015; 92(3):530-6. Epub 2015/
01/26. https://doi.org/10.4269/ajtmh.14-0180 PMID: 25624399.

Parr JB, Anderson O, Juliano JJ, Meshnick SR. Streamlined, PCR-based testing for pfhrp2- and pfhrp3-
negative Plasmodium falciparum. Malar J. 2018; 17(1):137. Epub 2018/04/04. https://doi.org/10.1186/
$12936-018-2287-4 PMID: 29609602.

McMorrow ML, Aidoo M, Kachur SP. Malaria rapid diagnostic tests in elimination settings—can they
find the last parasite? Clin Microbiol Infect. 2011; 17(11):1624-31. Epub 2011/09/14. https://doi.org/10.
1111/1.1469-0691.2011.03639.x PMID: 21910780.

Moody AH, Chiodini PL. Non-microscopic method for malaria diagnosis using OptiMAL IT, a second-
generation dipstick for malaria pLDH antigen detection. British Journal of Biomedical Science. 2002; 59
(4):228-31. https://doi.org/10.1080/09674845.2002.11783665 PMID: 12572958

Kavunga-Membo H, llombe G, Masumu J, Matangila J, Imponge J, Manzambi E, et al. Molecular identi-
fication of Plasmodium species in symptomatic children of Democratic Republic of Congo. Malar J.
2018; 17(1):334. Epub 2018/09/22. https://doi.org/10.1186/s12936-018-2480-5 PMID: 30236117.

Plucinski MM, Candrinho B, Dimene M, Colborn J, Lu A, Nace D, et al. Assessing Performance of
HRP2 Antigen Detection for Malaria Diagnosis in Mozambique. J Clin Microbiol. 2019; 57(9). Epub
2019/07/05. https://doi.org/10.1128/JCM.00875-19 PMID: 31270184.

Vasquez AM, Medina AC, Tobdn-Castario A, Posada M, Vélez GJ, Campillo A, et al. Performance of a
highly sensitive rapid diagnostic test (HS-RDT) for detecting malaria in peripheral and placental blood

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020 18/19


https://doi.org/10.7554/eLife.25008
http://www.ncbi.nlm.nih.gov/pubmed/28837020
https://doi.org/10.3855/jidc.1346
http://www.ncbi.nlm.nih.gov/pubmed/21444989
http://www.who.int/malaria/publications/atoz/978924151268/en/
http://www.who.int/malaria/publications/atoz/978924151268/en/
https://doi.org/10.1186/1475-2875-13-34
http://www.ncbi.nlm.nih.gov/pubmed/24472178
https://doi.org/10.1086/432010
https://doi.org/10.1086/432010
http://www.ncbi.nlm.nih.gov/pubmed/16088837
https://doi.org/10.1186/1475-2875-12-34
http://www.ncbi.nlm.nih.gov/pubmed/23347727
https://doi.org/10.1186/1475-2875-9-129
https://doi.org/10.1186/1475-2875-9-129
http://www.ncbi.nlm.nih.gov/pubmed/20470441
https://www.who.int/malaria/publications/rdt-method-manual-product-testing.pdf?ua=1
https://doi.org/10.1186/s12936-019-3028-z
http://www.ncbi.nlm.nih.gov/pubmed/31791354
https://doi.org/10.1186/s12936-019-3079-1
https://doi.org/10.1186/s12936-019-3079-1
http://www.ncbi.nlm.nih.gov/pubmed/31878947
https://doi.org/10.1186/1475-2875-13-272
http://www.ncbi.nlm.nih.gov/pubmed/25015737
https://doi.org/10.1086/526502
http://www.ncbi.nlm.nih.gov/pubmed/18240951
https://doi.org/10.4269/ajtmh.14-0180
http://www.ncbi.nlm.nih.gov/pubmed/25624399
https://doi.org/10.1186/s12936-018-2287-4
https://doi.org/10.1186/s12936-018-2287-4
http://www.ncbi.nlm.nih.gov/pubmed/29609602
https://doi.org/10.1111/j.1469-0691.2011.03639.x
https://doi.org/10.1111/j.1469-0691.2011.03639.x
http://www.ncbi.nlm.nih.gov/pubmed/21910780
https://doi.org/10.1080/09674845.2002.11783665
http://www.ncbi.nlm.nih.gov/pubmed/12572958
https://doi.org/10.1186/s12936-018-2480-5
http://www.ncbi.nlm.nih.gov/pubmed/30236117
https://doi.org/10.1128/JCM.00875-19
http://www.ncbi.nlm.nih.gov/pubmed/31270184
https://doi.org/10.1371/journal.pone.0244457

PLOS ONE

Limitations of rapid diagnostic tests in areas of varied malaria transmission intensity in Uganda

66.

67.

68.

samples from pregnant women in Colombia. PLoS One. 2018; 13(8):e0201769. Epub 2018/08/03.
https://doi.org/10.1371/journal.pone.0201769 PMID: 30071004.

Katrak S, Murphy M, Nayebare P, Rek J, Smith M, Arinaitwe E, et al. Performance of Loop-Mediated
Isothermal Amplification for the Identification of Submicroscopic Plasmodium falciparum Infection in
Uganda. Am J Trop Med Hyg. 2017; 97(6):1777-81. Epub 2017/10/11. https://doi.org/10.4269/ajtmh.
17-0225 PMID: 29016335.

Organization WH. WHO technical consultation on research requirements to support policy recommen-
dations on highly sensitive point-of-care diagnostics for P.falciparummalaria, Meeting Report, Geneva,
Switzerland, https://www.who.int/malaria/mpac/mpac-october2018-session7-report-high-sensitive-
poct.pdf 2018.

Hopkins H, Gonzélez IJ, Polley SD, Angutoko P, Ategeka J, Asiimwe C, et al. Highly Sensitive Detection
of Malaria Parasitemia in a Malaria-Endemic Setting: Performance of a New Loop-Mediated Isothermal
Amplification Kit in a Remote Clinic in Uganda. The Journal of Infectious Diseases. 2013; 208(4):645—
52. https://doi.org/10.1093/infdis/jit184 PMID: 23633405

PLOS ONE | https://doi.org/10.1371/journal.pone.0244457 December 31, 2020 19/19


https://doi.org/10.1371/journal.pone.0201769
http://www.ncbi.nlm.nih.gov/pubmed/30071004
https://doi.org/10.4269/ajtmh.17-0225
https://doi.org/10.4269/ajtmh.17-0225
http://www.ncbi.nlm.nih.gov/pubmed/29016335
https://www.who.int/malaria/mpac/mpac-october2018-session7-report-high-sensitive-poct.pdf
https://www.who.int/malaria/mpac/mpac-october2018-session7-report-high-sensitive-poct.pdf
https://doi.org/10.1093/infdis/jit184
http://www.ncbi.nlm.nih.gov/pubmed/23633405
https://doi.org/10.1371/journal.pone.0244457

