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Abstract

Background: Rapid diagnostic tests (RDTs) are widely used for malaria diagnosis of both symptomatic and asymp-
tomatic infections. Although RDTs are a reliable and practical diagnostic tool, the sensitivity of histidine-rich protein

2 (HRP2)-based RDTs can be reduced if pthrp2 or pthrp3 (pthrp2/3) gene deletions exist in the Plasmodium falciparum
parasite population. This study evaluated dried blood spot (DBS) samples collected from a national household survey
to investigate the presence of pfhrp2/3 deletions and the performance of the RDT used in the cross-sectional survey in
a low transmission setting.

Methods: The 2015 Ethiopia Malaria Indicator Survey tested household members by RDT and collected DBS samples.
DBS (n=2648) from three regions in northern Ethiopia were tested by multiplex bead-based antigen detection assay
after completion of the survey. The multiplex assay detected pan-Plasmodium lactate dehydrogenase (LDH), pAldo-
lase, and HRP2 antigens in samples. Samples suspected for pthrp2/3 gene deletions (pLDH and/or pAldolase positive
but low or absent HRP2) were further investigated by molecular assays for gene deletions. Antigen results were also
compared to each individual's RDT results. Dose-response logistic regression models were fit to estimate RDT level of
detection (LOD) antigen concentrations at which 50, 75, 90, and 95% of the RDTs returned a positive result during this
survey.

Results: Out of 2,648 samples assayed, 29 were positive for pLDH or pAldolase antigens but low or absent for HRP2
signal, and 15 of these samples (51.7%) were successfully genotyped for pthrp2/3. Of these 15 P, falciparum infections,
eight showed single deletions in pfhrp3, one showed a single pfhrp2 deletion, and six were pfhrp2/3 double-deletions.
Six pfhrp2 deletions were observed in Tigray and one in Amhara. Twenty-five were positive for HRP2 by the survey
RDT while the more sensitive bead assay detected 30 HRP2-positive samples. A lower concentration of HRP2 antigen
generated a positive test result by RDT compared to pLDH (95% LOD: 16.9 ng/mL vs. 319.2 ng/mL, respectively).
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Conclusions: There is evidence of dual pfhrp2/3 gene deletions in the Tigray and Amhara regions of Ethiopia in 2015.
As the prevalence of malaria was very low (< 2%), it is difficult to make strong conclusions on RDT performance, but
these results challenge the utility of biomarkers in household surveys in very low transmission settings.
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Background

Malaria rapid diagnostic tests (RDTs) are a reliable and
practical tool for identifying malaria infection, particu-
larly in resource-limited settings where microscopy
expertise may be limited [1, 2]. RDTs do not require elec-
tricity and typically return results in less than 30 min [1].
In many African countries, RDTs are the primary method
used for parasitological confirmation of malaria illness
[3]. Malaria RDTs detect one or more malaria antigens [1]
with the majority of the RDTs used in sub-Saharan Africa
detecting only the Plasmodium falciparum histidine-rich
protein 2 (HRP2) antigen due to the predominance of P
falciparum malaria in this region [3]. Other RDT targets
are also available to detect other Plasmodium antigens,
such as pan-Plasmodium epitopes for lactate dehydroge-
nase (pLDH), P. falciparum LDH, and Plasmodium vivax
LDH.

Although RDTs are a reliable and practical diagnostic
tool, they are not without limitations. Notably, the accu-
racy of HRP2-based RDTs may be limited in the pres-
ence of high prevalence of pfhirp2 and pfhrp3 (pfhrp2/3)
gene deletions in the parasite population [4]. Pfhrp2 gene
deletions render the parasite unable to produce HRP2
antigens and, therefore, reduce the accuracy of HRP2-
based RDTs for detection of P. falciparum infection. The
closely-related HRP3 antigen can also be detected by
HRP2-based RDTs due to the presence of similar repeat
epitopes targeted by the anti-HRP2 diagnostic antibod-
ies although with lower sensitivity [5]. Nonetheless, a
high prevalence of pfhirp2 or dual pfhrp2 and pfhrp3
gene deletions pose a threat to the identification of P
falciparum infection if only utilizing HRP2-based RDTs
for diagnostic confirmation. The World Health Organi-
zation (WHO) recommends that a 5% or greater local
prevalence of pfhirp2 deletions among symptomatic per-
sons causing false negative HRP2 RDT results warrants a
change in RDT type to a non-HRP2 based RDT [6].

Throughout Africa, pfhrp2/3 deletions have gener-
ally been found to be rare (<5% prevalence) [7]. How-
ever, a high prevalence of pfhirp2/3 gene deletions has
been reported in parts of East Africa. In 2016, a 62%
prevalence of pfhrp2 deletions was identified among P
falciparum-infected patients in Eritrea, which neigh-
bours Ethiopia [8]. Additionally, of 79 PCR-confirmed P
falciparum samples collected from Djiboutian patients
with suspected malaria in 2019, 87% had both pfhrp2

and pfhrp3 genes deleted [9]. Within Ethiopia, pfhrp2/3
deletions have been reported in multiple regions, includ-
ing Tigray, Amhara, Oromia, and Benishangul-Gumuz
Regions [10-12]. The highest prevalence estimate of
pfhrp2-deleted parasites causing false-negative RDT
results published to date was in the Tigray Region (15%),
which shares borders with Eritrea and Sudan [12].

Ethiopia has made great progress in moving toward
malaria elimination with a national goal of elimination
by the year 2030 [13]. In 2015, nationwide malaria preva-
lence in Ethiopia was estimated to be 1.2% by RDT [14].
Routine malaria indicator surveys (MIS) are conducted
every 4-5 years in Ethiopia and enroll persons at their
place of residence. The MIS utilizes both microscopy and
RDTs to estimate the prevalence of malaria in the popu-
lace, with malaria treatment decisions made on the basis
of RDT results [14]. Multispecies RDTs detecting HRP2
and pan-Plasmodium antigens were used in the Ethiopia
MIS [14]. In very low transmission settings, there may
be a high rate of false positive RDTs, which is why the
U.S. President’s Malaria Initiative does not recommend
collection of parasite burden by microscopy or RDT in
national surveys in countries with<3% malaria preva-
lence among children less than five [15].

The primary purpose of this research was to identify
if participants in the Ethiopia MIS were infected with
pfhrp2/3 deleted P, falciparum parasites in 2015 as mul-
tiple reports have shown the presence of P falciparum
isolates with deletions of pfhirp2 and/or pfhrp3 genes in
Ethiopia recently [10-12]. A multiplex bead-based anti-
gen detection assay was utilized to rapidly screen the
large number of dried blood spot samples collected dur-
ing the 2015 Ethiopia MIS for potential P falciparum
HRP2/3 gene deletions (samples with low or no HRP2
and presence of pan-Plasmodium LDH antigens) [16]. A
secondary objective was to use the already collected mul-
tiplex antigen assay results to assess the performance of
the HRP2/pan-LDH RDT used during the MIS. While a
comparison between RDT and bead antigen assay is not
routinely recommended, it is useful to compare the RDT
to a more sensitive diagnostic test to better characterize
the parasite reservoir in this very low-prevalence setting.
In addition, Ethiopia uses RDT prevalence estimates for
strategic planning of malaria elimination. Other stud-
ies have assessed RDT performance in Ethiopia using
microscopy or PCR as the “gold-standard” comparison
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[17-19]; however, microscopy and PCR both detect non-
protein components of the P. falciparum parasite whereas
the multiplex assay detects the same antigens as the RDT.

Methods

Study design and area

The Ethiopia MIS was a nationwide household survey
conducted in 2015 from September 30 to December 10
and coincided with the high malaria transmission season
[14]. The study used a two-stage cluster sampling meth-
odology to select 555 enumeration areas proportional to
population size and 25 households randomly within each
area. Blood samples were collected for malaria testing
from all children under five in every household and per-
sons of all ages in every fourth household. Of the 2878
DBS samples available from the Amhara, Afar, and Tig-
ray Regions in northern Ethiopia, RDT and bead assay
results were generated for 2648 (92.0%) samples.

Rapid diagnostic tests

Whole capillary blood samples were tested using the
Carestart” Pf/Pan RDT (AccessBio, Somerset NJ, U.S.),
testing for the presence of HRP2 and pLDH antigens.
Presence of HRP2 indicates P falciparum infection,
while a positive pLDH test indicates P, falciparum and/or
another Plasmodium species. Participants with a positive
RDT result were immediately treated for malaria accord-
ing to the national malaria treatment guidelines [14].

Multiplex bead-based antigen detection assay

DBS samples were shipped to the Malaria Laboratory
at the Centers for Disease Control and Prevention in
Atlanta, USA under ambient temperature for the ret-
rospective analysis of Plasmodium antigens. Reagent
preparation and the multiplex assay were performed as
described previously [20]. For assay samples, a 6-mm
punch equivalent of 10 puL whole blood was obtained
from each DBS sample and blood eluted to a 1:20 concen-
tration in blocking buffer (Buffer B: Phosphate Buffered
Saline (PBS) containing 0.5% Bovine Serum Albumin
(BSA), 0.05% Tween 20, 0.02% sodium azide, 0.5% poly-
vinyl alcohol, 0.8% polyvinylpyrrolidone and 3 pg/mL w/v
Escherichia coli extract) overnight. The 1:20 whole blood
dilution was used to detect HRP2, pLDH, and pAldolase
antigens, and was run with samples in singlet on a MAG-
PIX machine with a target of 50 beads/region for each
antigen. There is no reliable conversion between antige-
naemia and parasitaemia. There is a positive correlation
between the two values; however, HRP2 concentration
can vary between individual infections with the same
parasite density depending on the parasite’s production
of HRP2 and the individual’s clearance of HRP2.
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Plasmodium species identification by PCR and pfhrp2

and pfhrp3 genotyping

DBS samples showing an atypically low signal for HRP2
antigen (compared to pLDH or pAldolase) [21, 22] were
selected for DNA extraction (DNA Mini Kit, Qiagen,
Valencia, CA) and Plasmodium species-specific photo-
induced electron transfer (PET)-PCR and quantifica-
tion of DNA [23]. Samples positive for P falciparum
DNA were subjected to nested PCR (nPCR) for the
single-copy pfimsp1 and pfmsp2 genes as quality control
for DNA quantity and integrity [24]. Only the samples
for which both of these control genes were amplified
were selected for further processing to determine the
presence or absence of pfhrp2 and pfhrp3 genes. Geno-
typing for pfhrp2 was performed by a single-step PCR
amplifying a large section of pfhrp2 and which was
inclusive of both exons [25], and genotyping for pfhrp3
was done through two nPCR reactions with primers
specific for exon 1-2 and exon 2 regions [24]. All reac-
tions were performed in singlet on two separate days,
and for each PCR assay plate, a no template control
(NTC), wild-type (3D7 strain), pfhrp2 deleted (Dd2
strain), and pfhrp3 deleted (HB3 strain) were all run in
duplicate as controls. If amplification results were dis-
cordant, a third nPCR was performed as a tiebreaker.

Statistical analysis

The minimum assay signal denoting positivity to Plas-
modium antigens was determined by assaying a panel
of 86 whole blood samples from US residents at 1:20
dilution. The lognormal mean+ 3 standard deviations
of the MFI-bg values for this sample set were used to
calculate thresholds for each antigen target. To deter-
mine the performance of the Pf/Pan RDT based on
antigen presence, sensitivity, specificity, and predic-
tive values were calculated. Cohen’s kappa coefficient
was calculated to determine the agreement between
the RDT and bead-based antigen detection assay. To
model for the association of RDT band result at given
blood antigen concentrations, a non-parametric LOESS
curve was generated to characterize the relationship
between the likelihood of a positive RDT in the field
and the log HRP2 or log pLDH concentration measured
in the laboratory. A logistic regression model was fit to
the dose-response data and was used to estimate the
pLDH and HRP2 concentrations with 95% confidence
intervals at which 50, 75, 90, and 95% of the RDTs
would be expected to turn positive (level of detection
[LOD]) [26]. All statistical analyses were completed in
either SAS version 9.4 (SAS Institute, Cary, NC) or R
version 4.03.3 (R Foundation for Statistical Computing,
Vienna, Austria).
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Results

Of the 2648 samples, about half (45.9%) were collected
from children under 5 years of age, and slightly over
half (51.5%) were from female participants (Table 1).
For all samples, antigen assay signal as measured by the

Table 1 Characteristics of the study participants from the
Amhara, Afar, and Tigray regions of Ethiopia, 2015
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multiplex bead assay for pLDH or pAldolase was com-
pared to HRP2 to identify samples with low or absent
levels of HRP2 but positive for the other pan-Plasmo-
dium antigens, which were then screened for potential
pfhrp2/3 deletions. The majority of specimens positive
for either Plasmodium antigen had a high positive signal
for HRP2, though a small subset of samples (n=29) were
positive for pLDH or pAldolase and had a low (or no)
HRP2 signal (Fig. 1, Additional file 1).

Samples with antigen profiles showing low (or no)

Characteristics n (%)
HRP2 but high pLDH or pAldoase had DNA extracted
Sex from DBS and tested by PCR to confirm presence or
Female 1364615 absence of P. falciparum followed by further genotyping
M_a‘e 1284(485)  for the pfhrp2/3 genes. From these 29 samples selected,
Age in years 14 (48.3%) were unable to amplify the pfinsp1 and pfimsp2
<> 1215459 single-copy genes and therefore could not have pfhrp2/3
14 4730179 genotype reported (Fig. 2). Of these 14, 13 did not
15-24 312018 amplify P. falciparum 185 DNA by PET-PCR, and all 14
z2 _ 648(245)  samples did not amplify P vivax, Plasmodium ovale, or
ROT positive (any malaria species) 370400 pPlasmodium malariae DNA by PET-PCR. Of the 15 sam-
PLDH band positive by RDT 18(068)  ples for which both pfinspl and pfinsp2 were amplified,
HRP2 band positive by RDT 25094 eight had a genotype of pfhrp2+/pfhrp3—, one a geno-
Bead assay positive (for pLDH or HRP2) 35(1.32) type of pfhrp2—/pfhrp3+, and six a double-deleted geno-
PLDH positive by bead assay 130049 type of pfhrp2—/pfhrp3—. None of the 15 samples were
HRP2 positive by bead assay 300.) wild-type (pfhrp2+/pfhrp3+). Of the seven samples with
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|
o
10000 - o 1
|
° 5 : °© o
a ©o o 1
2 °1
™ |
= 1000 '
T o
5 0% !
2 ° 5 o :
> o I
< ® !
le) OO
100 - S !
B ke @@ am de —— ——— ——— — — - — — - — — —
I o pLDH +
HRP2 -
1OIOO 1O(I)00
pLDH Assay Signal (MFI-bg)
Fig. 1 Selection of samples for pfhrp2 and pfhrp3 genotyping by ratio of LDH to HRP2. Vertical hashed red line designates the threshold for antigen
positivity signal for pLDH antigen and the horizontal hashed red line designates the threshold for antigen positivity signal for HRP2. The region
shaded in orange denotes values where DBS samples were positive for pLDH antigen, but negative for HRP2 antigen
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29 samples were LDH or pAldolase
positive but low or absent HRP2

14 (48.3%) did not amplify
both pfmsp1 and pfmsp2

15 (51.7%) amplified both
pfmsp1 and pfmsp2 and
appropriate for genotyping

N\

6 0
pfhrp2-/pfhrp3- pfhrp2+/pfhrp3+
1 8
pfhrp2-/pfhrp3+ pfhrp2+/pfhrp3-

Fig. 2 Genotyping results for pfhrp2 and pfhrp3 for samples

LDH-positive but negative or low HRP2 antigens

deletions in the pfhirp2 gene (the primary target of HRP2-
based RDTs), six were found in the Tigray region and one
in Ambhara (Fig. 3).

From the 2648 DBS screened by the multiplex bead
assay, the bead assay detected the pLDH antigen in 13
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samples (0.49%), while 18 samples (0.68%) had a posi-
tive pLDH band result by RDT (Table 2). The bead assay
detected HRP2 in 30 samples (1.1%) while 25 samples
(0.94%) had a positive HRP2 band result by RDT. Using
the bead assay as the gold-standard, the ability of the
RDT to provide positive HRP2 and pLDH band results
was retrospectively assessed for this 2015 MIS (Table 3).
For a positive pLDH band result when LDH was present
in the blood, the RDT exhibited a sensitivity and specific-
ity of 53.8% (95% CI 25.1-80.8) and 99.6% (95% CI 99.3—
99.8), respectively. The positive predictive value (PPV)
and negative predictive value (NPV) for pLDH detec-
tion by RDT was 38.9% (95% CI 17.3-64.3) and 99.8%
(99.6-99.9), respectively. For HRP2, the RDT exhibited
a sensitivity and specificity of 53.3% (95% CI 34.3-71.7)
and 99.7% (95% CI 99.3-99.8), respectively. The PPV
and NPV for HRP2 detection by RDT was 64.0% (95%
CI 42.5-82.0) and 99.5% (95% CI 99.1-99.7), respec-
tively. There was moderate agreement between both tests
for detecting pLDH and HRP2 antigens (Kappa=0.45,
Kappa=0.58, respectively).

Assessment of RDT result by antigen concentration in
blood found detection of HRP2 to be more sensitive than
detection of the pLDH antigen. Both LOESS and logistic

Somalia

Legend

e Study village
% pfhrp2 gene deletion
present

Fig. 3 Location of pfhrp2 gene deletions in the study regions. Identified pfhrp2 gene deletions are shown at the village level by a red X, unless more
than one gene deletion is present in which case locations were mapped with a “jitter” of 10-12 km to allow visualization of the multiple points
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Table 2 RDT band positivity against the multiplex bead antigen assay for pLDH and HRP2
A
Bead assay pLDH
+ —
RDT + 7 1
— 6 2624
B
Bead assay HRP2
+ —
RDT + 16 9
— 14 2609
Table 3 RDT accuracy for detecting pLDH and HRP2 antigens A
compared to bead-based assay A HRP2 band
=}
pLDHRDTband  HRP2 RDT band § 4 _ @ woo
N © o
o o | — Logist
Sensitivity %(05%Cl)  538(251-808) 533 (343-717) x| ooste
n/N 7/13 16/30 5 <
Specificity % (95% Cl)  99.6(99.3-99.8)  99.7 (99.3-99.8) e
n/N 2624/2635 2609/2618 =
PPV %(95%Cl)  389(17.3-643) 640 (425-820) 53 o o :
NPV % (95% Cl) 99.8 (99.5-99.9) 99.5(99.1-99.7) & 0 1 2 3
Kappa coefficient 9% (95%Cl) ~ 045(023-067) 058 (042-0.73) log10[HRP?2] (ng/mL)
Cl: Confidence interval; PPV: Positive predictive value; NPV: Negative predictive B LDH band
value -
g — o@» O O
2 o — Loess
. . . . L o 7| — Logistic
models showed a clear sigmoidal shape of higher antigen 8°
=
levels being more predictive of a positive band reading 2 < |
o
(Fig. 4). For RDTs performed in Tigray, Amhara, and Afar 2
Qo
during the 2015 MIS, dose-response logistic modeling LN
estimated that an HRP2 blood concentration of 3.0 ng/ @ 12 '1 '0 1 2 3

mL would elicit a positive HRP2 band result 50% of the
time, whereas a pLDH concentration of 123.2 ng/mL
would elicit a positive pLDH band result 50% of the time
(Table 4). If increasing the sensitivity of a positive result
to 95%, these estimates were 16.9 ng/mL for the HRP2
band and 319.2 ng/mL for the pLDH band.

Discussion

This investigation sought to identify the presence of
deletions in genes that code for P. falciparum HRP2 and
HRP3 (RDT antigen targets) in DBS samples from north-
ern Ethiopia collected as part of the Ethiopia MIS in
2015. A highly-sensitive laboratory assay was utilized to
detect antigenemia, and used the antigen results to select
samples for molecular genotyping. The current study
found evidence for deletion in the pfhrp2 and pfhrp3
genes of P falciparum samples from northern Ethiopia
obtained in 2015—mainly in the Tigray Region. Of the
15 samples successfully genotyped, six showed pfhrp2/3

log10[LDH] (ng/mL)
Fig. 4 Dose-response modeling for probability of RDT band
positivity as a factor of blood antigen concentration. Antigen
concentration, log,;,[HRP2] (A) and log,,[LDH] (B), in ng/mL versus
binary rapid diagnostic test result for the HRP2 band (A) and LDH
band (B). The light red region surrounding the red line represents the
95% confidence interval (Cl) for the logistic regression curve. The light
blue region surrounding the blue line represents the 95% Cl for the

Loess regression curve

double-deletions, eight showed single pfhrp3 deletions,
and one showed a single pfhirp2 deletion. Six of the seven
samples with pflirp2 deletions were observed in Tigray.
Since pfhrp2/3 double-deleted parasites do not produce
the HRP2/HRP3 antigen targets of the RDT, assessment
of these parasites with HRP-based RDTs produces a
high false-negative rate [27]. False-negative RDT results
not only prevent appropriate treatment when needed
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Table 4 LOESS and logistic regression estimates by sensitivity of positive RDT band result
Antigen and model Sensitivity level
50% 75% 90% 95%
ng/mL (95% Cl) ng/mL (95% ClI) ng/mL (95% ClI) ng/mL (95% Cl)
HRP2
LOESS 4.6 (3.4-6) 21 (16-29) NA (53-NA) NA (101-NA)
Logistic 3.0(1.8-6) 572.7-11) 109 (3.7-21) 16.9 (4.2-34)
pLDH
LOESS 156 (142-174) 289 (249-359) 455 (353-NA) NA (400-NA)
Logistic 123.2 (84-211) 175.6 (102-287) 250.5 (115-409) 319.2 (120-NA)

but could also impede malaria control and elimination
efforts by systematically under-reporting true preva-
lence. Combination RDTs using HRP2/pLDH or HRP2/
PfLDH detection may be better suited for detecting
pfhrp2-deleted parasites, though sensitivity may be com-
promised [27]. One study found that pLDH-only RDTs
detected 95.6% of all pfhrp2-deleted parasites, which
provided a much more sensitive alternative to HRP2-
only, Pf-LDH, or HRP2-combination RDTs [27]. The
study design for genotyping sample selection here was
not intended to provide exact prevalence estimates, but
rather to investigate the presence of these deletions, and
if any geographical clustering was noted. Pfhrp2/3 gene
deletions have been previously reported in the Oromia
and Benishangul-Gumuz Regions of Ethiopia from cross-
sectional health facility-based studies in the years 2015
and 2018, respectively [10, 11].

Furthermore, a multi-site study conducted according
to WHO’s protocol on pfhrp2/3 deletion surveillance
found evidence of high prevalence (9.7%) of pfhrp2 gene
deletions in the Amhara and Tigray regions, specifically
in areas bordering Sudan and Eritrea (2017-2018 WHO
survey) [12]. This report adds to the growing literature
that pfhrp2/3 deletions are of concern in Ethiopia [10-
12], and more extensive surveys which are underway will
help facilitate decisions regarding use of appropriate and
effective RDTs in Ethiopia.

With the already-collected antigen data, we also inves-
tigated HRP2/pLDH RDT performance in the context of
a cross-sectional survey in a low transmission setting.
When treating the bead assay as the gold-standard, the
specificity of the RDT for detecting pLDH and HRP2
antigens was very high (99.6% and 99.7%, respectively);
however, low sensitivity was found for both pLDH and
HRP2 antigens (53.8% and 53.3%, respectively). Reduced
sensitivity of malaria RDTs in detecting asymptomatic
infections during community surveys has been docu-
mented previously [28]. This association is likely seen
due to the increased observation of low-parasite density

infections obtained from mostly asymptomatic persons,
especially in low-transmission settings. Also, multiclonal
infections (pfhrp2/3-deleted clones) may cause the Plas-
modium parasite to evade detection by the HRP2-based
RDTs. This finding is not surprising given that RDTs
were originally designed to detect symptomatic malaria
infections (about > 500 parasites/uL) and not low-density,
asymptomatic infections [28, 29]. The similar sensitivities
for pLDH and HRP2 antigens found in this study con-
trasts with the findings from other studies, which have
shown a higher sensitivity for HRP2 compared to pLDH
antigens [5, 13]. There were 11 false positives for detect-
ing the pLDH RDT band and 9 for the HRP2 band. This
resulted in a low PPV for detecting both antigens by RDT;
however, the PPV for a positive HRP2 RDT was higher
than for the pLDH antigen (64.0% vs. 38.9%). For pLDH,
the RDT detected slightly more samples compared to
the bead assay (18 vs. 13 samples). These may have been
false positive RDT results, or the bead assay may not have
detected pLDH due to various reasons, such as the qual-
ity of the DBS sample received, or the DBS may have led
to antigen degradation of the sample. The prevalence of
malaria by RDT was similar to the prevalence by bead
assay from this Ethiopian household survey; however,
this may be due to the small number of positive samples
by either test and the similar number of false positives
and false negatives. In low-transmission settings, RDTs
may generate many false negative results since they can-
not reliably detect low-density parasite infections [30].
Additionally, false positive results are common in low-
transmission settings due to the low background preva-
lence [31]. Therefore, RDT prevalence estimates can be a
less reliable indicator of true malaria burden in a popula-
tion in low transmission settings. These findings of low
sensitivity and PPV support recommendations to not col-
lect biomarkers through national surveys in settings of
very low prevalence.

The RDT detected a wide range of HRP2 and pLDH
antigen concentrations, but a lower concentration of
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HRP2 antigens was required to elicit a positive RDT
response compared to the LDH antigen. The lowest reli-
ably detected (95% LOD) HRP2 concentration found
here (16.9 ng/mL) was within the range found by other
studies, 1.5-109 ng/mL [26, 32]. The RDT LOD seems
to vary based on the target population and endemic set-
ting. Wide variation in HRP2-detecting RDT sensitivity
was found in one study which assessed RDT performance
from multiple field surveys across four countries and
included community and health facility-based samples
[26].

This study has several important limitations. The sam-
ples used were collected from a cross-sectional commu-
nity-based survey in 2015 and therefore, the study design
was not intended to provide exact pfhrp2/3 deletion
prevalence estimates according to the WHO protocol
[33]. Because only P. falciparum samples with no or low
HRP2 signal were assessed for pfhrp2/3 deletions, this
study may have under- or over- estimated the pfhrp2/3
deletions. Lingering HRP2 antigen from a previous infec-
tion may have caused us to miss some samples with cur-
rent pfhrp2 deletions. Also, there was a low number of
malaria positive specimens (less than 40 samples positive
by RDT) to assess the performance of the RDT and less
than 50 samples positive by bead assay for pLDH, pAldo-
lase or HRP2 antigens to assess the presence of pfhrp2/3
deletions. The number of false negative and false positive
samples for pLDH (6 and 11) and HRP2 (14 and 9) were
also small. Additionally, a low parasite density infection
(common among asymptomatic persons) may not pro-
vide a high-quality sample for detection of gene deletions
by PCR. For this reason, the WHO recommends assess-
ing pfhrp2/3 gene deletions among symptomatic persons
[6]. Conventional PCR assays were utilized in this study,
but recently, multiplexed quantitative PCR assays offer
pragmatic testing workflows for these pfhirp2/3 deletions
[34].

Conclusions

Using samples collected from a national malaria survey,
this study reports the presence of pfhrp2/3-deleted P
falciparum parasites in the Tigray and Amhara regions
of Ethiopia in 2015. Follow-up surveys in northern
and other parts of Ethiopia should attempt to gener-
ate prevalence estimates for pfhrp2/3 deletions and
pilot non-HRP2 RDTs. Also, assessment of the HRP2
and LDH antigen concentrations was able to provide
a more detailed characterization of RDT performance
in this field setting and found the sensitivity and PPV
of the RDT was low in this 2015 household survey. As
the prevalence of malaria was very low in this popula-
tion (<2%), it is difficult to make strong conclusions on
the RDT performance, but does call into question the
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utility of biomarkers in household surveys in very low
transmission settings.
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