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Abstract. Microscopy-determined Plasmodium falciparum positivity rates exceeding 10% on day 3 after initiation of
artemisinin-based combination therapy (ACT) is an important indicator of artemisinin resistance. However, microscopy
does not detect low-density parasitemia, contrary to molecular tools such as loop-mediated isothermal amplification
(LAMP) and polymerase chain reaction (PCR). We compared microscopy, LAMP, and PCR for detection of P. falciparum
on day 3 after ACT in 256 patients with uncomplicatedmalaria in BagamoyoDistrict, Tanzania. Day 3 positivity rates were
0%, 84.8%, and 84.4% for each method, respectively. The sensitivity and specificity of LAMP against PCR was 100%
(95% CI, 96.1–100) and 77.4% (95% CI, 58.9–90.4) when quantitative PCR-determined parasite densities were ³ two
parasites/μL. Loop-mediated isothermal amplification had comparable diagnostic accuracy to PCRand could potentially
represent a field-friendly tool for determining day 3 positivity rates. However, what day 3 P. falciparum positivity de-
termined using molecular methods represents needs to be further elucidated.

Artemisinin resistance in Plasmodium falciparum malaria
was first reported from Southeast Asia in 20091; today, it
constitutes a major threat to global malaria control.2 Artemi-
sinin resistance is associated with polymorphisms in the
propeller domain of the kelch 13 gene and is phenotypically
characterized by delayed parasite clearance after artemisinin-
based combination therapy (ACT).2 Day 3 microscopy
positivity rates exceeding 10% is considered an alert for
artemisinin resistance.3

Despite case reports of delayed microscopy-determined
parasite clearance, artemisinin resistance has not yet been
documented in Africa.4 Recently reported polymerase chain
reaction (PCR)–determined P. falciparum positivity rates
ranged between 27.6 and 74.2% on day 3 after initiation of
artemether–lumefantrine treatment during 2006–2014 in
Bagamoyo district, Tanzania.5 We believe these findings re-
quire careful consideration, especially because other reports
on persistent submicroscopic parasitemia after ACT have
shown association with treatment failure, longer gametocyte
carriage, and subsequently higher transmission potential.6,7

The WHO recommends therapeutic efficacy studies (TES)
to be conductedwith regular intervals as part of programmatic
drug resistance surveillance in malaria-endemic countries.3 In
TES, finger-prick blood samples are collected and examined
by light microscopy on a daily basis for determining parasite
clearance up to day 3 after initiation of ACT treatment. Mi-
croscopy has adetection limit of 50–200parasites/μLof blood
in endemic field settings, comparedwith∼ one parasite/μL for
molecular methods such as PCR, potentially resulting in
missed detection of low-density parasitemia. Polymerase
chain reaction is, however, time-consuming and requires ac-
cess to a quality-assured molecular laboratory, the reason

why PCR results often are not available until several months
after the completion of a TES. Loop-mediated isothermal
amplification (LAMP) is a field-friendly alternative to PCR, with
time-to-result from blood sampling of 1–2 hours.8 Loop-
mediated isothermal amplification has a detection limit of 2–5
parasites/μL and has comparable sensitivity and specificity to
PCR for detection of low-density P. falciparum infections.9,10

The availability of a field-friendly molecular system could
improve parasite detection and determination of positivity
rates after initiated treatment in TES. Theaimof this studywas,
therefore, to evaluate LAMP as a field-friendly molecular sur-
veillance tool in comparison with microscopy and PCR for
P. falciparum detection on day 3 after ACT.
Finger-prick blood samples for microscopy, LAMP, and

PCR were collected from a cohort of 265 patients with un-
complicated P. falciparum malaria on day 3 after initiation
of directly observed standard weight-based artemether–
lumefantrine treatment. The study was conducted in Bag-
amoyo District, Tanzania, where malaria transmission is
moderate and P. falciparum is the predominant malaria spe-
cies.11 Patients were enrolled between July 2017 and Febru-
ary 2018. Inclusion criteria were fever (axillary temperature
³ 37.5�C) or history of fever in the last 24 hours, age 1–65
years, microscopy-confirmed uncomplicated P. falciparum
mono-infection irrespective of parasite density, and written
informed consent. The study (Identifier: NCT03241901) re-
ceived ethical clearance from theNational Institute forMedical
Research and Muhimbili University of Health and Allied Sci-
ences, Tanzania.
Giemsa-stainedblood slideswere readby twoprofessional,

certified independent technicians in the field. Parasite densi-
ties (perμL)were calculated assuming awhite blood cell count
of 8,000/μL. A blood slide was considered negative when
examination of 1,000white blood cells or 100 fields containing
at least 10 white blood cells per field revealed no asexual
parasites.Discordant results and/or bloodslides frompatients
with day 3 quantitative PCR (qPCR)–determined densities
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>20parasites/μLwere reviewedby a third independent expert
microscopist. For LAMP, 40 μL ofwhole bloodwas collected in
Eppendorf tubes containing extraction solution (400 mM
NaCl, 40 mM Tris, pH 6.5, and 0.4% sodium dodecyl sulfate)
and stored at −80�C. Loop-mediated isothermal amplifica-
tion analyses were conducted in Bagamoyo Research and
Training Center in March 2018, after patient enrollment was
completed. DNA was extracted by the boil and spin method
with minor modifications,12 followed by LAMP detection
using Loopamp™ Malaria Pan Detection Kit (Eiken, Japan)
according to the manufacturer’s instructions.13,14 Loop-
mediated isothermal amplification results were interpreted
visually under ultra violet light for fluorescence. Negative and
positive controls were included in every batch of 46 samples.
Dried blood spots for PCR were collected on a PerkinElmer
226 filter paper (PerkinElmer, Waltham, MA), allowed to air-
dry for 2–3 hours and stored in individual ziplock bags with
desiccants at room temperature until shipment. Polymerase
chain reaction analyses were conducted at Karolinska
Institutet, Stockholm, Sweden, in April 2018. DNA was
extracted by the Chelex®-100 (Biorad Laboratory, Hercules,
CA) boilingmethod.15 TwoPCRmethodswere used: a single
Cytochrome B PCR assay followed by gel electrophoresis15

and a qPCR targeting the 18S ribosomal RNA gene con-
ducted in triplicate for parasite quantification.15,16 A sample
was defined as PCR positive if at least two of the four PCRs
had a positive result, that is, either having a positive band of
correct size in the gel electrophoresis and/or cycle quantifi-
cation values below 40. The limit of quantification was set at
one parasite/μL.
Analyses were conducted in Stata 15.0 IC (StataCorp,

College Station, TX). Proportions were calculated with 95%
CIs and compared by chi-squared test, whereas medians
were compared by the Mann–Whitney U test. Sensitivity,
specificity, positive and negative predictive values, McNemar
statistics, and kappa values were calculated for LAMP with
PCR as reference standard. Analyses were repeated after
excluding samples with qPCR-determined parasite densities
below the detection limit of LAMP, that is, < two parasites/μL.
Statistical significance was defined as P < 0.05.
Microscopy, LAMP, and PCR positivity rates on day 3 were

0/265 (0%), 217/256 (84.8%), and 224/265 (84.5%), re-
spectively. Patients who were LAMP and/or PCR positive on
day 3 had higher microscopy-determined baseline parasitemia
(P < 0.001) and higher body temperature (P = 0.001) than those
who were LAMP and/or PCR negative (Table 1). Day 3 LAMP-
positive patients had lower hemoglobin levels at baseline (P =
0.03). Other pretreatment characteristics were similar.
Paired day 3 blood samples for LAMP and PCR were

available for 256 patients (Figure 1). Day 3 qPCR-determined
geometric mean parasite density was two parasites/μL
(range < 1–1,051/μL) in both LAMP- and PCR-positive sam-
ples (Table 2). Among LAMP and PCR-positive samples,
36.2% (76/210) and 37.5% (84/224) had detectable para-
sitemia below the limit of quantification by qPCR (i.e., < one
parasite/μL), respectively. Sensitivity, specificity, and positive
and negative predictive values of LAMP compared with PCR
aswell asMcNemar statistics andKappa valuesarepresented
in Table 2.
Lack of P. falciparum detection by microscopy on day 3,

after 12 years of wide-scale use of artemether–lumefantrine in
Bagamoyo District, Tanzania, is encouraging. However, day 3
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positivity rates by both LAMP (84.8%) and PCR (84.4%)
were higher than previously reported PCR-determined day
3 positivity rates after ACT in the same study area, that is,
28% (14/50) in 2006 (before initiation of ACT treatment
policy in Bagamoyo District), 74.2% (132/178) in
2007–2008, and 27.6% (60/217) in 2014.5 Similar to pre-
vious findings,5 day 3 P. falciparum LAMP- and PCR-
determined positivity rates were associated with pre-
treatment characteristics (Table 1).
The sensitivity and specificity of LAMP versus PCR are in

agreement with previous studies for the detection of sub-
microscopic malaria parasitemia.10,17 As demonstrated by
our results, the negative predictive value of LAMP improves
from74.5% to 100%when analysis is performed for samples
above the detection limit; however, the positive predictive
value remains similar at 94%. Day 3 positivity rates may vary
depending on whichmolecular method has been used.5,18 In
addition, the repeatability of results for molecular methods is
low when parasite densities approach the limit of de-
tection.19 This may contribute to the lower specificity of
LAMP compared with PCR, although DNA contamination
could also be a potential issue with sensitive molecular
methods.17

Other studies conducted in Kenya6 and Uganda20 reported
up to 62%and 76%P. falciparum positivity by qPCR on day 3
after ACT. In the Ugandan study, day 3 P. falciparum PCR
positivity was associated with detection of persisting asexual

ring stage parasites and mature gametocytes using specific
molecular markers, but without increased risk to treatment
failure within the 28-day follow-up.20 Furthermore, molecular
techniques are sensitive enough to detect small amounts of
circulating DNA in cellular debris after an antimalarial treat-
ment, and the positivity may, therefore, not represent viable
parasites.20 Further works are required to determine what day
3P. falciparumpositivity determinedusingmolecularmethods
represents. Whether these are viable persisting asexual par-
asites, gametocytes, or DNA debris. Parasite culture and im-
proved assessment of clonal clearance beyond day 3 may
provide opportunity to further characterize persisting infec-
tions and broaden our understanding of whether molecular
tools for parasite detection on day 3 after treatment will be
useful in artemisinin resistance surveillance.
In conclusion, the positivity rates of P. falciparum by LAMP

andPCRon day 3 after initiation of ACT treatment in this study
were similarly high. Importantly, LAMP had comparable di-
agnostic accuracy to PCR and may, therefore, represent a
potential field-friendly tool for determination of positivity rates
on day 3 after initiated treatment in TES. However, before
LAMP can be considered as such a tool, it needs to be further
elucidated what day 3 P. falciparum positivity determined
using molecular methods represents.

Received April 18, 2019. Accepted for publication June 30, 2019.
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FIGURE 1. Flowchart of screening by microscopy, loop-mediated isothermal amplification (LAMP), and polymerase chain reaction (PCR). Ref-
erence standard: cytochrome B + 18 seconds PCR.

TABLE 2
Loop-mediated isothermal amplification sensitivity, specificity, positiveandnegativepredictive value,McNemar statistics, andKappavalueagainst
as reference standard

All paired samples (N = 256) ³ 2/μL* (N = 147)

LAMP PCR LAMP PCR

Positive, n (%) 217 (84.8) 216 (84.4) 123 (83.7) 116 (78.9)
Parasite density/μL, mean (range) 2 (< 1–1,050) 2 (< 1–1,050) 6 (2–1,051) 6 (2–1,051)
Sensitivity % (95% CI) 95.4 (91.7–97.8) Ref 100 (96.9–100) Ref
Specificity % (95% CI) 72.5 (56.1–85.4) Ref 77.4 (58.8–90.4) Ref
Positive predictive value % (95% CI) 94.9 (91.1–97.4) Ref 94.3 (88.6–97.7) Ref
Negative predictive value% (95% CI) 74.4 (57.9–87.0) Ref 100 (85.5–100) Ref
McNemar 1.0 Ref 0.02 Ref
Kappa (agreement %) 0.69 (91.8) Ref 0.84 (95.2) Ref
LAMP = loop-mediated isothermal amplification; PCR = polymerase chain reaction; Ref = reference.
* Analyses repeated after excluding samples with quantitative PCR-determined parasite densities below the LAMP detection limit, that is, < 2 parasites/μL.
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