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Abstract. Plasmodium falciparum and Plasmodium vivax are co-endemic in Ethiopia. This study investigated whether
mixed infections were missed by microscopy from a 2017 therapeutic efficacy study at two health facilities in Ethiopia.
All patients (N 5 304) were initially classified as having single-species P. falciparum (n 5 148 samples) or P. vivax infec-
tions (n5 156). Dried blood spots were tested for Plasmodium antigens by bead-based multiplex assay for pan-Plasmo-
dium aldolase, pan-Plasmodium lactate dehydrogenase, P. vivax lactate dehydrogenase, and histidine-rich protein 2. Of
304 blood samples, 13 (4.3%) contained both P. falciparum and P. vivax antigens and were analyzed by polymerase
chain reaction for species-specific DNA. Of these 13 samples, five were confirmed by polymerase chain reaction for
P. falciparum/P. vivax co-infection. One sample, initially classified as P. vivax by microscopy, was found to only have
Plasmodium ovale DNA. Plasmodium falciparum/P. vivaxmixed infections can be missed by microscopy even in the con-
text of a therapeutic efficacy study with multiple trained readers.

Ethiopia is one of the few African countries where both
Plasmodium falciparum and Plasmodium vivax species are
co-endemic at substantial proportions, and are accounted
for in malaria diagnostic and treatment guidelines.1 Plasmo-
dium falciparum accounts for �60% of all cases; P. vivax
accounts for most of the remaining cases in Ethiopia.2 To
prevent morbidity and mortality resulting from malaria, the
Ethiopian Ministry of Health aims to achieve malaria elimina-
tion by 2030.3 To facilitate malaria elimination and prevent
severe disease, accurate diagnosis and effective treatment
of all malaria cases are essential. The Ministry of Health
requires malaria diagnosis by either microscopy or rapid
diagnostic test (RDT).3 Microscopy allows for laboratory
technicians to distinguish between different malaria species;
however, the accuracy is limited by the sample’s parasite
density and the technician’s expertise.4 The detection limit
of microscopy and RDTs is generally considered to be �100
parasites/mL.5

Persons may become infected with multiple malaria para-
sites simultaneously.6 However, mixed infections are likely
underreported because they are often difficult to detect by
microscopy and unable to be detected by many RDTs.4,7

Ayalew et al.4 reported that only about 45% of microscopists
from Ethiopian hospitals and health centers accurately iden-
tified a P. falciparum/P. vivax mixed infection. RDTs detect-
ing histidine-rich protein 2 (HRP2) and/or pan-Plasmodium
lactate dehydrogenase antigens are unable to distinguish
between a P. falciparum and P. falciparum/P. vivax mixed
infection.7 Plasmodium falciparum/P. vivax combination-test
RDTs are available that can detect HRP2 and P. vivax-spe-
cific LDH (PvLDH) and therefore can identify P. falciparum/
P. vivax mixed infections; however, they cannot detect
P. malariae or P. ovale. Accurate diagnosis of multiple

malaria species is important for effective treatment and pub-
lic health surveillance in a region.
Tests more sensitive than microscopy and RDTs are avail-

able for detecting Plasmodium infection, including polymer-
ase chain reaction (PCR) and bead-based multiplex antigen
detection assays, but these methods are limited to laboratory
settings because they require specialized equipment and
skilled technicians.8 The bead-based antigen assay simulta-
neously detects multiple Plasmodium antigens from a blood
sample and provides sensitivity comparable to PCR.9 To
identify malaria mixed infections, samples from a 2017 thera-
peutic efficacy study (TES) in Ethiopia were analyzed using a
bead-based multiplex antigen detection assay and PCR
to assess samples initially classified as single-species
P. falciparum or P. vivax infections by microscopy. Persons
presenting with symptoms of malaria and diagnosed via
microscopy with a parasite density of 500 to 100,000 asexual
parasites/mL of blood for P. falciparum or more than 250
asexual parasites/mL of blood for P. vivax were eligible for
the study. Only single-species P. falciparum or P. vivax
infections were eligible for inclusion. RDTs (P. falciparum/
pan-Plasmodium) were also conducted at the time of enroll-
ment, but the results did not affect enrollment procedures.
Treatment of malaria was provided according to the study
protocol with artemether–lumefantrine or dihydroartemisinin–
piperaquine for P. falciparum infection and chloroquine or
dihydroartemisinin–piperaquine for P. vivax infection. Individ-
uals presenting with P. vivax and testing normal for glucose-
6-phosphate dehydrogenase were offered primaquine radical
cure at the end of the 42-day follow-up period. The TES pro-
tocol was approved by the Ethiopian Public Health Institute,
the National Ethical Committee (3.10/171/2016) and the
Food, Medicine and Health Care Administration and Control
Authority in Ethiopia (02/6/9-1/81). In addition, the study was
reviewed by Columbia University (AAAQ9414) and the CDC
Human Subjects office (no. 6892.0) and was conducted con-
sistent with applicable U.S. federal law and CDC policy.
Two study sites were included in the TES: Pawe (Benish-

angul Gumuz region) and Arba Minch (Southern Nations,
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Nationalities, and Peoples’ region). For samples with
dried blood spots (DBS) available for laboratory evaluation
(N 5 304), microscopy diagnosis identified 148 with single-
species P. falciparum (136 from Pawe and 12 from Arba
Minch) and 156 samples with single-species P. vivax infec-
tions (60 from Pawe and 96 from Arba Minch). Slides were
read by a study site microscopist and then re-examined
blinded by a WHO-certified level-1 and level-2 microscopist.
All 304 DBS samples were analyzed by bead-based multi-

plex antigen assay for pan-Plasmodium aldolase, pan-Plas-
modium lactate dehydrogenase, PvLDH, and HRP2. The
PvLDH and HRP2 antigens are species-specific markers for
P. vivax and P. falciparum, respectively. From the multiplex
antigen screening of all samples, the majority showed
species-specific antigen concordance with the participants’
microscopy results: 145/148 P. falciparum infections
(98.0%) and 153/156 P. vivax infections (98.1%). However,
15 of the 304 samples (4.9%) showed the presence of
both species-specific antigens, nine of which were identified
previously as P. falciparum and six as P. vivax by micros-
copy. A scatterplot for these two species-specific antigen
levels and designation of the double positives is shown in
Figure 1.
Of the 15 blood samples containing both species-specific

antigens,13 had enough blood remaining for DNA extraction
for PCR assays to investigate potential mixed-species infec-
tions (Table 1). One additional sample identified as contain-
ing P. vivax by microscopy but PvLDH negative and HRP2
positive was also subjected to PCR testing. For these 14
samples, DNA was extracted from a single 6-mm DBS
punch using the Qiagen DNA Mini Kit (QIAGEN, German-
town, MD), and photo-induced electron transfer–PCR with
species-specific primers was performed as described previ-
ously.10 Of the seven microscopy-positive P. falciparum
samples with DBS positive for PvLDH (and HRP2), all
(100%) were also found to have P. vivax DNA. Of the six
microscopy-positive P. vivax samples with DBS positive for

HRP2 (and PvLDH), one (16.7%) was found to contain P. fal-
ciparum and P. vivax DNA. The sample initially identified with
P. vivax infection by microscopy but PvLDH negative was
found to contain P. ovale DNA, but neither P. falciparum nor
P. vivax DNA. Plasmodium ovale is likely underdiagnosed in
Ethiopia because the estimated seroprevalence for P. ovale
is 3.1%.11 From the combination of antigen and DNA data,
of the 304 clinical samples assessed, five (1.6%) were found
to be P. falciparum/P. vivax mixed infections and one (0.3%)
was a P. ovale infection. Most of the mixed infections (80%)
were identified as P. falciparum by microscopy. Three sam-
ples identified as P. falciparum by microscopy and RDT, but
noted to contain P. vivax DNA only, were likely P. vivax
mono-infections in the setting of a recently cleared P. falcip-
arum infection. Plasmodium falciparum diagnosis by micros-
copy was less accurate compared with P. vivax diagnosis
as three of seven P. falciparum diagnoses were missing
P. falciparum DNA compared with one of seven P. vivax
diagnoses missing P. vivax DNA. Table 1 shows the assay
results, study sites, demographics, and clinical information
for these 14 samples.
Seven samples identified initially as P. falciparum infec-

tions by microscopy were later found to contain PvLDH anti-
gens and P. vivax DNA. Because LDH clears from circulation
quickly after parasite clearance,12 the concomitant PvLDH
antigenemia and P. vivax DNA are not surprising. However,
of the six samples with potential P. falciparum/P. vivaxmixed
infection based on a P. vivaxmicroscopy result and the pres-
ence of HRP2 antigens, only one contained P. falciparum
DNA. This could represent a newly acquired P. falciparum
infection without a high-enough parasitemia to be identified
easily by microscopy. In addition, the one sample with
P. ovale DNA also contained HRP2 antigens. Unlike DNA,
HRP2 can persist in the circulation for months after a P. fal-
ciparum infection and may be detected coincidentally during
an ongoing or recent P. vivax (or P. ovale) infection.13,14 In
some cases, there may be sufficient antigen levels in a DBS
sample to be detected, but not enough DNA to be detected
by PCR.15 The bead-based antigen assay provides a more
efficient method to screen samples for potential mixed infec-
tion compared with testing all samples using PCR, which is
more expensive and time-consuming.
In different areas of Ethiopia, the proportion of P. falcipa-

rum/P. vivax mixed infections is estimated to be between
0.5% to 5.0% of malaria cases.16,17 The value reported here
(1.6%) is likely an underestimate because mixed infections
were excluded from the TES. Missing mixed infections by
microscopy is consistent with findings in other settings.18,19

Mixed infections may be missed by microscopic examination
of blood films with low parasite density of one species or diffi-
culty differentiating the lower density species from the domi-
nant species.20 In either case, refresher training with a focus
on identifying P. falciparum/P. vivax mixed infections would
be beneficial. However, often, a highly sensitive method,
such as PCR, is needed to uncover mixed infections.19

In areas where P. falciparum and P. vivax are endemic,
uncovering P. falciparum/P. vivax mixed infections is impor-
tant for the success of malaria control programs, elimination
efforts, and effective clinical treatment. The recommended
treatment of P. falciparum/P. vivaxmixed infections in Ethio-
pia is artemether–lumefantrine plus radical cure with prima-
quine (0.25mg/kg for 14 days).3 For P. falciparum, the

FIGURE 1. Scatterplot of Plasmodium falciparum histidine-rich pro-
tein 2 (HRP2) assay signal compared with Plasmodium vivax lactate
dehydrogenase (PvLDH) assay signal for 304 dried blood spot sam-
ples. The vertical dashed red line designates the threshold for the
antigen positivity signal for the HRP2 antigen; the horizontal dashed
red line designates the threshold for the antigen positivity signal for
PvLDH. The lightly shaded region denotes values where dried blood
spot samples were positive for both species-specific antigens. MFI-
bg = median fluorescence intensity minus background fluorescence.
This figure appears in color at www.ajtmh.org.
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recommended treatment is artemether–lumefantrine and
single-dose primaquine (0.25mg/kg); whereas for P. vivax,
chloroquine and radical cure with primaquine (0.25mg/kg
for 14 days) is recommended.1 If a mixed infection is mis-
diagnosed as a P. falciparum or P. vivax mono-infection,
then the given treatment would be inadequate. Although
microscopy is the gold standard, missing mixed infections
may lead to treatments that would fail to clear the
presenting blood-stage infection or would miss clearing hyp-
nozoites, either of which could impede malaria elimination
efforts.
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