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Objectives: Malaria is one of most common tropical diseases encountered in travellers and migrants. It
requires an urgent and reliable diagnosis considering its potential severity. In this study, performance of
five diagnostic assays were evaluated in a nonendemic region and compared prospectively to quanti-
tative PCR (qPCR).
Methods: A prospective study was conducted at Toulouse Hospital from August 2017 to January 2018 and
included all patients with initial Plasmodium screening. Thin and thick blood smears (TnS, TkS), quan-
titative buffy coat (QBC), rapid diagnostic tests (RDTs) and commercial loop-mediated isothermal
amplification (LAMP) were independently performed on each blood sample and compared to our qPCR
reference standard.
Results: The study encompassed 331 patients, mainly returning from Africa. qPCR detected 73 Plasmo-
dium-positive samples (including 58 falciparum). Individually, LAMP had a 97.3% (71/73) sensitivity, far
ahead of TnS (84.9%, 62/73), TkS (86.3%, 63/73), QBC (86.3%, 63/73) and RDT (86.3%, 63/73). RDT
demonstrated a high sensitivity for falciparum (98.3%, 57/58) but missed all ovale, malariae and knowlesi
infections. Specificity was excellent for all techniques (99.6e100%). The most sensitive diagnosis stra-
tegies were TnS þ RDT (95.9%, 70/73), TnS þ LAMP (97.3%, 71/73) and TnS þ RDT þ LAMP (100%, 73/73),
about 10% higher than strategies using exclusively microscopy, TkS þ TnS (87.7%, 64/73) or QBC þ TnS
(87.7%, 64/73). TnS remains necessary for Plasmodium species identification and quantification. Adding
sequentially TnS only on LAMP-positive samples did not decrease TnS þ LAMP strategy sensitivity.
Conclusions: In nonendemic countries, the currently recommended microscopy-based strategies seem
unsatisfactory for malaria diagnosis considering RDT and LAMP performance, two rapid and sensitive
assays that require limited training. E. Charpentier, Clin Microbiol Infect 2020;26:115
© 2019 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
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use Cedex 9, France.
arasitologie Mycologie, Centre Hospitalier Universitaire de Toulouse, Hôpital Purpan, Institut F�ed�eratif de biologie (IFB),
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Introduction

Malaria is a potential deadly parasitic infectionwhich requires a
rapid and reliable diagnosis [1,2]. In 2015, over 6000 imported
malaria cases were recorded in EU/EEA countries, including 2500 in
France [3]. However, malaria can be challenging to diagnose in
nonendemic countries [2,4], which can lead tomisdiagnosis [5] and
delays in treatment.

Microscopic diagnostic techniques are the standard methods
used to detect Plasmodium in most medical laboratories [6] but are
time consuming and labour intensive, and their sensitivities may
vary greatly depending on the microscopist's experience [7].
Malaria rapid diagnostic test (RDT) based on immunochromato-
graphic techniques are often added to microscopy because they are
fast and relatively easy to perform and interpret [8,9]. However,
their sensitivities can vary among RDT brands, with unequal results
for different Plasmodium species [9,10].

Numerous studies have demonstrated that PCR-based assays
have the highest sensitivity and specificity for Plasmodium detec-
tion [11] with a limit of detection generally below one parasite per
microlitre [12]. However, these methods do not meet the urgent
nature of malaria diagnosis and are limited to specialized parasi-
tology centres because of the technical requirements and equip-
ment needed.

Also based on molecular methods, new commercially available
techniques of DNA loop-mediated isothermal amplification (LAMP)
were recently developed for malaria diagnosis [13,14]. They have
the advantage of a significantly reduced analysis time, now
compatible with the 2-hour delay recommended for malaria
diagnosis, while having a simple technical process and a high
sensitivity [14,15].

Strategies for diagnosing imported malaria vary between
medical laboratories [6]. Nevertheless, as a result of the low
prevalence of malaria cases in nonendemic countries, highly sen-
sitive, reliable and easy-to-perform methods must be selected [5].
In this context, we needed to evaluate the performance and use-
fulness of most of the different tests currently available for Plas-
modium detection, particularly at a time when new LAMP assays
are being developed.

The main objectives of our study were to prospectively compare
the performance of different strategies used in medical biology
laboratories for diagnosing imported malaria based on thin smear
(TnS), thick smear (TkS), quantitative buffy coat (QBC), RDT and
LAMP; and to determine LAMP's potential place within the existing
range of techniques.
Patients and methods

Sample collection

The study was carried out prospectively from August 2017 to
January 2018 at the Parasitology Department of Toulouse Teaching
Hospital, including all patients with an initial malaria screening.
Subjects who had previously received an antimalarial treatment
were excluded from the study. Blood samples were obtained only
for standard diagnosis on the basis of the physicians' prescriptions.
Clinical data were made anonymous for analysis. According to the
French public health law [16], protocols of this type do not require
approval from an ethics committee and are exempt from the
requirement for formal informed consent.

TnS, TkS, QBC, RDT and LAMP assays were performed on each
blood sample in the 2 hours after they were obtained, whereas
quantitative PCR (qPCR) was performed within 48 hours and
constituted our reference test.
Malaria diagnostic techniques

TnS and TkS were prepared, stained and examined microscop-
ically (�1000) by certified operators in accordance with World
Health Organization (WHO) recommendations [17,18].

QBC assay (Becton Dickinson, Franklin Lakes, NJ, USA), RDT
Palutop þ 4 Optima kit (AllDiag, Strasbourg, France) and Alethia
assay (ex-Illumigene) LAMP technique (Meridian, Cincinnati, OH,
USA) were performed as recommended by the manufacturers.
Palutop þ 4 Optima detects P. falciparumespecific histidine-rich
protein 2 (HRP-2) antigen, P. vivaxespecific lactate dehydrogenase
(LDH) antigen and a pan-Plasmodium LDH antigen.

DNA extraction was performed from 200 mL of whole blood
using the High-Pure PCR Template kit (Roche, Mannheim, Ger-
many) in accordance with the manufacturer's instructions. Plas-
modium genus qPCR was performed on all samples, and molecular
species identification was performed on positive samples as
previously described [19].

Statistical analysis

Evaluated combinations of techniques were the ones recom-
mended by French national guidelines or the ones used by medical
laboratories [20]. They combine at least one technique aiming to
detect Plasmodium (TkS, QBC, RDT, LAMP) with TnS for species
identification and parasitaemia assessment. Sensitivities and
specificities with 95% confidence intervals (CI) were calculated on
all samples included in the study using qPCR as the reference test.
Negative predictive value and positive predictive value were
calculated with a 0.07 prevalence [21].

Results of sensitivity and specificity were compared using a test
of equality of proportions. All statistical tests and procedures were
performed using the Intercooled Stata 9.2 statistical software
package (StataCorp, College Station, TX, USA).

Results

Sample description

From August 2017 to January 2018, a total of 336 initial Plas-
modium screening (336 patients) were carried out at Toulouse
Teaching Hospital, and 331 independent subjects were prospec-
tively included in the study. Five patients were excluded because of
limited blood volume (n ¼ 3) or receipt of previous antimalarial
treatment (n ¼ 2). Most patients had come back from Africa (69.2%,
229/331).

The panel encompassed 73 positive samples detected by qPCR.
Table 1 summarizes species distributions and origins of Plasmodium
diagnosed in this study. For positive samples, the context of travel
and the clinical presentation are detailed in Supplementary
Table S1. Parasite load was evaluated through qPCR quantification
cycle (Cq), with a high Cq corresponding to a low amount of Plas-
modium DNA and vice versa. Cq and parasitaemia are detailed for
each positive sample in Supplementary Table S1. Among the six
infections with very low parasite load (Cq � 30), there were three
molecularly identified infections, all of them falciparum infections.

Single tests

TnS, TkS, QBC, RDT, LAMP and qPCR assays were performed
independently and blindly from one another on each anonymized
sample (Table 2). Raw data are detailed in Supplementary Table S1
for positive samples.

Microscopic techniques all had similar sensitivities, with 84.9%
(62/73; 95% CI, 81.1e88.8) for TnS and 86.3% (63/73; 95% CI,



Table 1
Plasmodium species distribution and origin

Site P. falciparum P. ovale P. vivax P. malariae P. knowlesi Coinfections Plasmodium sp. Total

Africa 56 (76.7) 5 (6.8) 0 2 (2.7) 0 2a (2.7) 3b (4.1) 68 (93.2)
West Africa 36 (49.3) 4 (5.5) 0 1 (1.4) 0 2a (2.7) 3b (4.1) 46 (63.0)
Central Africa 18 (24.7) 1 (1.4) 0 1 (1.4) 0 0 0 20 (27.4)
East Africa 2 (2.7) 0 0 0 0 0 0 2 (2.7)

Asia 0 0 1 (1.4) 0 1 (1.4) 0 0 2 (2.7)
South America 1 (1.4) 0 1 (1.4) 0 0 0 0 2 (2.7)
Europe (France) 1 (1.4) 0 0 0 0 0 0 1 (1.4)
Total 58 (79.5) 5 (6.8) 2 (2.7) 2 (2.7) 1 (1.4) 2a (2.7) 3b (4.1) 73

Data are presented as n (%).
a Coinfections P. falciparumeP. ovale (n ¼ 1) and P. falciparumeP. malariae (n ¼ 1).
b Both PCR studies allowing species identification were negative due to low parasite load.
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82.6e90.0) for TkS and QBC (concentration techniques). The sen-
sitivities of these three techniques decreased with lower parasite
loads. They detected approximately half of the nine infections with
25 � Cq < 30 cycles and none of the six samples with Cq � 30
cycles. Plasmodium species did not have any influence on test
sensitivities.

Palutopþ 4 Optima RDT also had a 86.3% sensitivity (63/73; 95%
CI, 82.6e90.0). Its sensitivity varied a lot according to Plasmodium
species: 98.3% (57/58) and 100% (2/2) respectively for falciparum
and vivax, also detecting low falciparum infections (2/3 falciparum
infections with Cq � 30 cycles), whereas it missed all ovale,
malariae and knowlesi infections.

Alethia malaria LAMP technology had a 97.3% (71/73) global
sensitivity (95% CI, 95.5e99.0). It detected all Plasmodium species
and low-burden infections (4/6 samples with Cq � 30). Neverthe-
less, there were 11 uninterpretable results (invalid control), two
repeatedly (with a result after the third attempt).

Specificities were excellent for all five tests, with a minimal
value of 99.6% (95% CI, 98.9e100) for TnS and LAMP assays (one
false-positive result, controlled negative at second attempt/
examination).

Test combinations

Combinations of techniques were then analysed as if realized
simultaneously and complementarily, depending on strategies
Table 2
Performance of single malaria assays

Characteristic TnS QBC

Sensitivity
Global 84.9 (62/73) 86.3 (63/73)
Plasmodium species
falciparum 87.9 (51/58) 89.7 (52/58)
Non-falciparum 90 (9/10) 90 (9/10)

ovale 80 (4/5) 80 (4/5)
vivax 100 (2/2) 100 (2/2)
malariae 100 (2/2) 100 (2/2)
knowlesi 100 (1/1) 100 (1/1)

Coinfection 100 (2/2) 100 (2/2)
Plasmodium sp. 0 (0/3) 0 (0/3)

Real-time PCR Cq
<17 100 (20/20) 100 (20/20)
17 � Cq < 25 100 (38/38) 100 (38/38)
25 � Cq < 30 44.4 (4/9) 55.6 (5/9)
�30 0 (0/6) 0 (0/6)

Specificity (%) 99.6 (257/258) 100 (258/258)
PPV (%)a 94.1 100
NPV (%)a 98.9 99

Data are presented as % (n/N).
Cq, quantification cycle; LAMP, loop-mediated isothermal amplification; QBC, quantitat
positive predictive value; NPV, negative predictive value.

a Based on malaria prevalence of 0.07.
used in medical laboratories for malaria diagnosis (Table 3).
Microscopic combinationsdQBC þ TnS and TkS þ TnSdboth had
an 87.7% (64/73) sensitivity (95% CI, 84.1e91.2). RDT þ TnS had a
sensitivity of 95.9% (70/73; 95% CI, 93.8e98.0), which was signifi-
cantly higher than microscopic combinations (p 0.0001). Adding
TkS or QBC to the RDT þ TnS combination did not improve Plas-
modium detection (sensitivity ¼ 95.9%, 70/73). LAMP þ TnS
was also more sensitive than microscopic combinations
(sensitivity ¼ 97.3%; 71/73; 95% CI, 95.5e99.0; p < 0.0001). There
was no significant difference between LAMP þ TnS or RDT þ TnS
sensitivities for Plasmodium detection (p 0.1663).
LAMP þ RDT þ TnS allowed us to detect all positive samples (100%
sensitivity; 95% CI, 100e100) and was significantly more sensitive
than LAMP þ TnS (p 0.0012). When analysing TnS as a secondary
test, performed only on LAMP-positive samples or LAMP/RDT-
positive samples (in contrast to the previous simultaneous anal-
ysis), the sensitivity did not decrease (sensitivity ¼ 97.3% (71/73)
and sensitivity ¼ 100% (73/73), respectively).

Plasmodium species identifications were obtained for 70 of 73
positive samples with our reference PCR techniques. The three
remaining were classified as Plasmodium sp. (very low parasite
loads). Strategies with TnS without RDT correctly identified species
of 59 of 70 samples (51/58 falciparum). When combining TnS and
RDT species-specific antigens (falciparum HRP-2 and vivax LDH),
there were 62 of 70 correct identifications. HRP-2 antigen enabled
identification of six more falciparum (57/58), but there were three
TkS RDT LAMP

86.3 (63/73) 86.3 (63/73) 97.3 (71/73)

89.7 (52/58) 98.3 (57/58) 98.3 (57/58)
90 (9/10) 20 (2/10) 100 (10/10)
80 (4/5) 0 (0/5) 100 (5/5)
100 (2/2) 100 (2/2) 100 (2/2)
100 (2/2) 0 (0/2) 100 (2/2)
100 (1/1) 0 (0/1) 100 (1/1)
100 (2/2) 100 (2/2) 100 (2/2)
0 (0/3) 66.7 (2/3) 66.7 (2/3)

100 (20/20) 100 (20/20) 100 (20/20)
100 (38/38) 86.8 (33/38) 100 (38/38)
55.6 (5/9) 66.7 (6/9) 100 (9/9)
0 (0/6) 66.7 (4/6) 66.7 (4/6)
100 (258/258) 100 (258/258) 99.6 (257/258)
100 100 94.8
99 99 99.8

ive buffy coat; RDT, rapid diagnostic test; TkS, thick smear; TnS, thin smear; PPV,



Table 3
Performance of malaria diagnosis strategies

Characteristic TkS þ TnS QBC þ TnS RDT þ TnS LAMP þ TnS TkS þ TnS þ RDT QBC þ TnS þ RDT LAMP þ TnS þ RDT LAMP þ if
positive TnS

LAMP þ if
positive TnS
and RDT

LAMP þ RDT þ if
positive TnS

Sensitivity (%)
Global 87.7 (64/73) 87.7 (64/73) 95.9 (70/73) 97.3 (71/73) 95.9 (70/73) 95.9 (70/73) 100 (73/73) 97.3 (71/73) 97.3 (71/73) 100 (73/73)
Plasmodium species
falciparum 91.4 (53/58) 91.4 (53/58) 98.3 (57/58) 98.3 (57/58) 98.3 (57/58) 98.3 (57/58) 100 (58/58) 98.3 (57/58) 98.3 (57/58) 100 (58/58)
Non-falciparum 90 (9/10) 90 (9/10) 90 (9/10) 100 (10/10) 90 (9/10) 90 (9/10) 100 (10/10) 100 (10/10) 100 (10/10) 100 (10/10)

ovale 80 (4/5) 80 (4/5) 80 (4/5) 100 (5/5) 80 (4/5) 80 (4/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5)
vivax 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2)
malariae 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2)
knowlesi 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1) 100 (1/1)

Coinfection 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2) 100 (2/2)
Plasmodium sp. 0 (0/3) 0 (0/3) 66.7 (2/3) 66.7 (2/3) 66.7 (2/3) 66.7 (2/3) 100 (3/3) 66.7 (2/3) 66.7 (2/3) 100 (3/3)
Real-time PCR Cq
<17 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20)
17 � Cq < 25 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38) 100 (38/38)
25 � Cq < 30 66.7 (6/9) 66.7 (6/9) 88.9 (8/9) 100 (9/9) 88.9 (8/9) 88.9 (8/9) 100 (9/9) 100 (9/9) 100 (9/9) 100 (9/9)
�30 0 (0/6) 0 (0/6) 66.7 (4/6) 66.7 (4/6) 66.7 (4/6) 66.7 (4/6) 100 (6/6) 66.7 (4/6) 66.7 (4/6) 100 (6/6)

Specificity (%) 99.6 (257/258) 99.6 (257/258) 99.6 (257/258) 99.2 (256/258) 99.6 (257/258) 99.6 (257/258) 99.2 (256/258) 99.6 (257/258) 99.6 (257/258) 99.6 (257/258)
PPV (%)a 94.3 94.3 94.7 90.2 94.7 94.7 90.4 94.8 94.8 95
NPV (%)a 99.1 99.1 99.7 99.8 99.7 99.7 100 99.8 99.8 100
Species identification (%)b

Correct identification 84.3 (59/70) 84.3 (59/70) 88.6 (62/70) 84.3 (59/70) 88.6 (62/70) 88.6 (62/70) 88.6 (62/70) 84.3 (59/70) 88.6 (62/70) 88.6 (62/70)
Misidentification 2.9 (2/70)c 2.9 (2/70)c 7.1 (5/70)d 2.9 (2/70)c 7.1 (5/70)d 7.1 (5/70)d 7.1 (5/70)d 2.9 (2/70)c 7.1 (5/70)d 7.1 (5/70)d

Plasmodium sp. 4.3 (3/70) 4.3 (3/70) 1.4 (1/70) 11.4 (8/70) 1.4 (1/70) 1.4 (1/70) 4.3 (3/70) 11.4 (8/70) 2.9 (2/70) 4.3 (3/70)
Undetectede 11.4 (6/70) 11.4 (6/70) 2.9 (2/70) 1.4 (1/70) 2.9 (2/70) 2.9 (2/70) 0 (0/70) 1.4 (1/70) 1.4 (1/70) 0 (0/70)

Data are presented as % (n/N).
Cq, quantification cycle; LAMP, loop-mediated isothermal amplification; QBC, quantitative buffy coat; RDT, rapid diagnostic test; TkS, thick smear; TnS, thin smear; PPV, positive predictive value; NPV, negative predictive value.

a Based on a prevalence of malaria of 0.07.
b Based exclusively on infections whose species were identified by PCR (n ¼ 70).
c Only predominant species was identified in coinfections (n ¼ 2).
d TnS misdiagnoses (n ¼ 2) þ false positive vivax LDH on RDT (n ¼ 3).
e Undetected Plasmodium infection with corresponding strategy.
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false-positive results with vivax LDH for high falciparum para-
sitaemia malaria. Neither one of these strategies detected the
minor species in coinfections. Identification results are detailed in
Supplementary Table S1.

Discussion

Early and accurate diagnosis of malaria is essential for both rapid
and effective disease management, as misdiagnosis can result in
significant morbidity and mortality. In this study, five different
techniques and their possible combinations used for diagnosing
malaria were evaluated in a hospital located in a nonendemic area.

Microscopic strategies, simultaneously using a concentration
technique (QBC or TkS) and TnS, showed significantly lower sen-
sitivities, by almost 10%, than the ones combining TnSwith LAMP or
RDT. The sensitivities of these two last strategies were not signifi-
cantly different. The LAMP þ RDT þ TnS strategy detected all
positive samples. Microscopic techniques, including concentration
techniques, presented limitations with low-density infections
when RDT missed all non-falciparum/vivax infections. LAMP tech-
nology had an excellent 97.3% sensitivity; the two discrepancies
with qPCR concerned samples with parasite loads close to our qPCR
limit of detection (estimated at around 0.01 parasite per microlitre).
Regarding the identification of Plasmodium species, performance
was increased when Palutop þ 4 Optima was added to TnS because
of its sensitive HRP-2 falciparum-specific antigen detection.

Currently French national guidelines for diagnosing malaria
recommend the simultaneous use of TnS with either TkS or QBC or,
as a second choice, if local expertise is lacking, TnS þ RDT con-
taining at least HRP-2 and pan-LDH or pan-aldolase antigens, with
(if possible) TkS or QBC added if negative [21]. WHO recommends
that a diagnosis be performed either by microscopy or antigen
detection [22]. In this respect, microscopic diagnosis alone (TkS or
QBC with TnS) remains a frequently used strategy in France for
malaria diagnosis [6]. However, as observed in our study, its
sensitivity is thought to be no higher than 90% in nonendemic
countries when compared to PCR [14,23], and it depends on
infecting species, geographic origin and the microscopist's experi-
ence [23], which can be limited in nonendemic regions. A study by
the French National Reference Centre for Malaria showed that
43.7% of 986 city and hospital medical laboratories did not have any
cases of malaria in a year [21].

In this study, the most sensitive strategies, based on a combi-
nation of tests performed simultaneously, included LAMP
(sensitivity ¼ 97.3e100%) or RDT (sensitivity ¼ 95.9e100%), with a
Table 4
Performance of Alethia (ex-Illumigene) LAMP assay

Study Area of
study

Reference
standard method

Type of
study

Alethia
assay

Lucchi 2016 [27] E PCR Retro/Prosp M
MP

Rypien 2017 [28] NE Microscopy Retro M
MP

Ponce 2017 [29] NE Microscopy Prosp MP
PCR Prosp MP

De Koninck2017 [24] NE Microscopy/RDT/PCR Retro M
Frickmann 2018 [25] NE Microscopy/PCR Prosp M
Cheaveau2018 [26] NE Microscopy/PCR Prosp M
Charpentier (this report) NE PCR Prosp M

E, malaria endemic area; M, Meridian Alethia Malaria; MP, Meridian Alethia Malaria Plu
retrospective study (frozen samples); PPV, positive predictive value; NPV, negative pred

a Based on prevalence of malaria of 0.05.
b Based on prevalence of malaria of 0.044.
c Based on prevalence of malaria of 0.07.
maximum100% sensitivity for the combination including these two
tests.

The new molecular LAMP technology has a comparable sensi-
tivity to qPCR while remaining compatible with the urgent nature
of malaria diagnosis (result obtained in 45 minutes) and being
simple to prepare and interpret. Performance observed in this
study is consistent with previous published data comparing LAMP
to PCR (97.2e100% sensitivity) [24e26] (Table 4). The 3.3% (11/330)
rate of invalid results was comparable to other published data (0 to
5.7%) [24,26e29]. The reasons for these failures are unclear, but
because they were solved with a second attempt for nine of 11
samples, it suggests that the operator's training may play a role.
Despite its simplicity of use, the LAMP techniquedas with other
molecular-based diagnostic methodsdis susceptible to DNA
contamination, and sterile precautions should be taken to avoid
false-positive results (n ¼ 1 in this study).

RDT has found its place in biomedical laboratories because of its
ease of use compared to microscopy (particularly TkS or QBC) and
its high performance on the most dreaded falciparum species.
However, the limitations of RDT on non-falciparum species are
largely described as well as the performance variability amongst
brands [9,29]. As recommended by WHO [30], RDT using HRP-2
antigen, such as Palutop þ 4 Optima in this study, should be fav-
oured for its excellent sensitivity on falciparum infections,
providing its identification in addition.

Nevertheless, neither RDT nor LAMP should be used on its own;
they need to be combined with another technique such as TnS to
allow for species identification, parasitaemia assessment and non-
falciparum Plasmodium detection for RDT. However, given LAMP's
high negative predictive value for all species, this technology could
be used as a single test for Plasmodium detection, as already sug-
gested by others [24,25,28,29]. In the event of a positive result, TnS
(with or without RDT) would be required to determine the Plas-
modium species and parasitaemia. This approach can save time
because most suspected malaria cases are actually negative in
nonendemic areas (78% in this study). As observed in this study, the
addition of TnS only in cases of LAMP positivity did not affect the
overall sensitivity of the malaria diagnosis.

Moreover, RDT and LAMP respectively detect Plasmodium anti-
gen and DNA, and tests may thus remain positive for a few weeks
after effective infection treatment. In case of negative microscopy, it
could lead to difficulties in interpretationehence the need for
contextual information such as previous antimalarial treatment.
These two techniques are also not useful for parasitaemia follow-up.
LAMP Total no. of
patients

No. malaria
positive

Sensitivity Specificity PPV NPV

209 144 97.2 93.8 d d

209 144 97.2 87.7 d d

139 75 97.3 93.8 45.2a 99.8a

132 73 100 91.5 38.2a 100a

299 79 100 93.64 84.95 100
299 85 100 98.13 95.51 100
108 74 100 100 d d

1000 238 98.7 99.6 98.7 99.6
298 25 100 100 100b 100b

331 73 97.3 99.6 94.8c 99.7c

s; NE, malaria nonendemic area; Prosp, prospective study (fresh samples); Retro,
ictive value.
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The RDT þ TnS combination has some limitations on non-falcipa-
rum infections with low densities (a few cases in our study). It is also
more time-consuming than the strategies LAMP þ if positive TnS or
LAMPþRDTþ if positiveTnSbecause it requiresaTnS forbothpositive
or negative samples. Nevertheless, it is less expensive than the cost of
the Alethia malaria assay (US$21 to $27 per single test), even if cost-
effectiveness studies are required to fully answer this question.

The main strengths of this study are its prospective nature with
a blinded and independent execution of each technique in stan-
dardized laboratory conditions and systemic qPCR as the reference
standard. Rigorous patient selection was performed; we only
included individuals with initial malaria screening and excluded
patients with confirmed treated malaria to avoid bias due to
circulating DNA without active Plasmodium.

However, these results are limited to the context of imported
malaria diagnosis in laboratories with a predominant African
epidemiology, where falciparum is the most common species.
Nevertheless, this distribution is consistent with the reported
epidemiology of imported malaria in France and Europe [4,30].
Moreover, there were few non-falciparum infections with low
parasite loads, possibly favouring the RDT þ TnS strategy. It should
also be noted that these conclusions are related to one brand of
LAMP assay (Alethia (ex-Illumigene) Malaria, Meridian) and RDT
(Palutopþ 4 Optima, AllDiag) andmust be interpreted cautiously for
other tests of the same type. Moreover, this evaluation was carried
out in a specialized parasitology laboratory that had well-trained
staff, which could possibly lead to an overestimation of micro-
scopy performance compared to general biomedical laboratories.

In conclusion, this study showed that malaria diagnosis strate-
gies based on microscopic techniques alone are not the most sen-
sitive optionsdeven more critically in nonendemic countries
where the operator's experience may be limited. However, a
simultaneous RDT þ TnS strategy and LAMP with or without RDT
followed by TnS in positive samples are two good options. Indeed,
LAMP assay and RDTare two sensitive techniques that are easier for
nonexperts to perform, thus ensuring a rapid and reliable detection
of Plasmodium (falciparum for RDT). In both cases, somemicroscopy
expertise remains necessary at least to determine species and
parasitaemia. The current international recommendations [8,21],
still based on microscopy and RDTs, could evolve towards inte-
gration of LAMP molecular assay in initial malaria screening. New
guidelines published by the French Infectious Diseases Society [30]
recommend the use of concentration techniques or LAMP tech-
nology first, followed by TnS if positive, or simultaneous RDT þ TnS
as a second-choice alternative.

Transparency declaration

All authors report no conflicts of interest relevant to this article.

Acknowledgements

This study received nonfinancial support from Meridian Inc.,
which provided the Alethia instrument (incubator/reader) and part
of Alethia malaria kit for the study; however, none of the Meridian
staff were involved in the study procedure, data analysis or writing
of the report. The authors gratefully acknowledge the staff at the
molecular and morphology units of the Parasitology-Mycology
Department, the biology students at the Parasitology-Mycology
Department and Solten Company for English-language revision.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cmi.2019.05.010.
References

[1] McCarthy AE, Morgan C, Prematunge C, Geduld J. Severe malaria in Canada,
2001e2013. Malar J 2015;14:151.

[2] H€anscheid T. Current strategies to avoid misdiagnosis of malaria. Clin
Microbiol Infect 2003;9:497e504.

[3] European Centre for Disease Prevention and Control (ECDC). Malariadannual
epidemiological report for 2015. 2018. Available at: https://ecdc.europa.eu/
en/publications-data/malaria-annual-epidemiological-report-2015.

[4] Tatem AJ, Jia P, Ordanovich D, Falkner M, Huang Z, Howes R, et al. The ge-
ography of imported malaria to non-endemic countries: a meta-analysis of
nationally reported statistics. Lancet Infect Dis 2017;17:98e107.

[5] Abanyie FA, Arguin PM, Gutman J. State of malaria diagnostic testing at clinical
laboratories in the United States, 2010: a nationwide survey. Malar J 2011;10:340.

[6] Agence nationale de s�ecurit�e du m�edicament et des produits de sant�e (ANSM).
Annales du contrôle national de qualit�e des analyses de biologie m�edicale.
Parasitologie 14PAR1, octobre 2014. Enquête: recensement des cas de pal-
udisme en France m�etropolitaine au cours de l’ann�ee 2013. 2015.

[7] Zimmerman PA, Howes RE. Malaria diagnosis for malaria elimination. Curr
Opin Infect Dis 2015;28:446e54.

[8] World Health Organization. Policy brief on malaria diagnostics in low-
transmission settings. 2014. Available at: https://www.who.int/malaria/
publications/atoz/policy-brief-diagnosis-low-transmission-settings/en/.

[9] Maltha J, Gillet P, Jacobs J. Malaria rapid diagnostic tests in travel medicine.
Clin Microbiol Infect 2013;19:408e15.

[10] World Health Organization. Malaria rapid diagnostic test performance. Results
ofWHOproduct testing ofmalaria RDTs: round 8 (2016e2018). 2018. Available
at: https://www.who.int/malaria/publications/atoz/9789241514965/en/.

[11] Roth JM, Korevaar DA, Leeflang MMG, Mens PF. Molecular malaria diagnostics:
a systematic review and meta-analysis. Crit Rev Clin Lab Sci 2016;53:87e105.

[12] Hofmann N, Mwingira F, Shekalaghe S, Robinson LJ, Mueller I, Felger I. Ultra-
sensitive detection of Plasmodium falciparum by amplification of multi-copy
subtelomeric targets. PLoS Med 2015;12:e1001788.

[13] Oriero EC, Jacobs J, Van Geertruyden JP, Nwakanma D, D’Alessandro U. Mo-
lecular-based isothermal tests for field diagnosis of malaria and their potential
contribution to malaria elimination. J Antimicrob Chemother 2015;70:2e13.

[14] Polley SD, Gonz�alez IJ, Mohamed D, Daly R, Bowers K, Watson J, et al. Clinical
evaluation of a loop-mediated amplification kit for diagnosis of imported
malaria. J Infect Dis 2013;208:637e44.

[15] Lucchi NW, Demas A, Narayanan J, Sumari D, Kabanywanyi A, Kachur SP, et al.
Real-time fluorescence loop mediated isothermal amplification for the diag-
nosis of malaria. PLoS One 2010;5:e13733.

[16] Code de la Sant�e Publique. D�ecret n� 2017e884 du 9 mai 2017 modifiant
certaines dispositions r�eglementaires relatives aux recherches impliquant la
personne humaine. Article R. 2017. 1121e1-1.

[17] World Health Organization (WHO). Basic malaria microscopydpart I:
learner’s guide. 2nd ed. 2010 Available at: https://www.who.int/malaria/
publications/atoz/9241547820/en/.

[18] Training in Tropical Diseases (TDR), World Health Organization (WHO). Mi-
croscopy for the detection, identification and quantification of malaria para-
sites on stained thick and thin blood films in research settings. 2015. Available
at: https://www.wwarn.org/tools-resources/procedures/microscopy-
detection-identification-and-quantification-malaria-parasites.

[19] Fabre R, Berry A, Morassin B, Magnaval JF. Comparative assessment of con-
ventional PCR with multiplex real-time PCR using SYBR Green I detection for
the molecular diagnosis of imported malaria. Parasitology 2004;128:15e21.

[20] Centre national de r�ef�erence du Paludisme (France). Rapport annuel d’activit�e
2017. Ann�ee d’exercice; 2016.

[21] Haute Autorit�e de Sant�e (HAS). �Evaluation des actes de diagnostic biologique
des infections �a Plasmodium. 2016.

[22] World Health Organization (WHO). A framework for malaria elimination.
2017. Available at: https://www.who.int/malaria/publications/atoz/
9789241511988/en/.

[23] Iglesias N, Subirats M, Trevisi P, Ramírez-Olivencia G, Cast�an P, Puente S, et al.
Performance of a new gelled nested PCR test for the diagnosis of imported
malaria: comparison with microscopy, rapid diagnostic test, and real-time
PCR. Parasitol Res 2014;113:2587e91.

[24] De Koninck AS, Cnops L, Hofmans M, Jacobs J, Van den Bossche D, Philipp�e J.
Diagnostic performance of the loop-mediated isothermal amplification (LAMP)
based illumigene®malaria assay in a non-endemic region.Malar J 2017;16:418.

[25] Frickmann H, Hinz R, Rojak S, Bonow I, Ruben S, Wegner C, et al. Evaluation of
automated loop-mediated amplification (LAMP) for routine malaria detection
in blood samples of German travelersda cross-sectional study. Travel Med
Infect Dis 2018;24:25e30.

[26] Cheaveau J, Nguyen H, Chow B, Marasinghe D, Mohon AN, Yuan H, et al.
Clinical validation of a commercial LAMP test for ruling out malaria in
returning travelers: a prospective diagnostic trial. Open Forum Infect Dis
2018;5:ofy260.

[27] Lucchi NW, Gaye M, Diallo MA, Goldman IF, Ljolje D, Deme AB, et al. Evalu-
ation of the Illumigene malaria LAMP: a robust molecular diagnostic tool for
malaria parasites. Sci Rep 2016;6:36808.

[28] Rypien C, Chow B, Chan WW, Church DL, Pillai DR. Detection of Plasmodium
infection by the Illumigene malaria assay compared to reference microscopy
and real-time PCR. J Clin Microbiol 2017;55:3037e45.

https://doi.org/10.1016/j.cmi.2019.05.010
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref1
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref1
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref1
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref2
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref2
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref2
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref2
https://ecdc.europa.eu/en/publications-data/malaria-annual-epidemiological-report-2015
https://ecdc.europa.eu/en/publications-data/malaria-annual-epidemiological-report-2015
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref4
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref4
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref4
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref4
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref5
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref5
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref6
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref7
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref7
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref7
https://www.who.int/malaria/publications/atoz/policy-brief-diagnosis-low-transmission-settings/en/
https://www.who.int/malaria/publications/atoz/policy-brief-diagnosis-low-transmission-settings/en/
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref9
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref9
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref9
https://www.who.int/malaria/publications/atoz/9789241514965/en/
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref11
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref11
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref11
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref12
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref12
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref12
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref13
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref13
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref13
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref13
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref14
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref14
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref14
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref14
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref14
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref15
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref15
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref15
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref16
https://www.who.int/malaria/publications/atoz/9241547820/en/
https://www.who.int/malaria/publications/atoz/9241547820/en/
https://www.wwarn.org/tools-resources/procedures/microscopy-detection-identification-and-quantification-malaria-parasites
https://www.wwarn.org/tools-resources/procedures/microscopy-detection-identification-and-quantification-malaria-parasites
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref19
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref19
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref19
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref19
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref20
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref20
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref20
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref20
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref20
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref21
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref21
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref21
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref21
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref21
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref21
https://www.who.int/malaria/publications/atoz/9789241511988/en/
https://www.who.int/malaria/publications/atoz/9789241511988/en/
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref23
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref23
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref23
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref23
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref23
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref23
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref24
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref24
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref24
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref24
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref24
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref25
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref25
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref25
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref25
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref25
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref25
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref26
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref26
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref26
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref26
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref27
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref27
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref27
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref28
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref28
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref28
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref28


E. Charpentier et al. / Clinical Microbiology and Infection 26 (2020) 115e121 121
[29] Ponce C, Kaczorowski F, Perpoint T, Miailhes P, Sigal A, Javouhey E, et al.
Diagnostic accuracy of loop-mediated isothermal amplification (LAMP) for
screening patients with imported malaria in a non-endemic setting. Parasite
2017;24:53.
[30] Groupe recommandations de la Soci�et�e de Pathologie Infectieuse de Langue
Française (SPILF). Prise en charge et pr�evention du paludisme d’importation.
Mise �a jour 2017 des RPC 2007. 2017. Available at: http://www.infectiologie.
com/fr/actualites/paludisme-rcp-2017_-n.html.

http://refhub.elsevier.com/S1198-743X(19)30225-3/sref29
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref29
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref29
http://refhub.elsevier.com/S1198-743X(19)30225-3/sref29
http://www.infectiologie.com/fr/actualites/paludisme-rcp-2017_-n.html
http://www.infectiologie.com/fr/actualites/paludisme-rcp-2017_-n.html

	Performance evaluation of different strategies based on microscopy techniques, rapid diagnostic test and molecular loop-med ...
	Introduction
	Patients and methods
	Sample collection
	Malaria diagnostic techniques
	Statistical analysis

	Results
	Sample description
	Single tests
	Test combinations

	Discussion
	Transparency declaration
	Acknowledgements
	Appendix A. Supplementary data
	References


