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The loop-mediated isothermal amplification (LAMP) method, developed by our group for diagnosis of four human malaria par-
asites, was evaluated on a large scale at a remote clinic in Thailand where malaria is endemic. A total of 899 febrile patients were
analyzed in this study. LAMP was first evaluated in 219 patients, and the result was compared to those of two histidine-rich pro-
tein (HRP)-2 rapid diagnostic tests (RDTs) and microscopy as a gold standard. LAMP DNA extraction was conducted by a simple
boiling method, and the test results were assessed visually. Sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) were 95.7%, 100%, 100%, and 98%, respectively, for LAMP and 98.6%, 98%, 95.8%, and 99.3%, respec-
tively, for RDTs. Since RDT-positive results were based on one out of two RDTs, the sensitivity of RDTs was slightly higher than
that of LAMP. However, LAMP tended to be more specific than RDTs. LAMP next was evaluated in 680 patients, and the result
was compared to that of microscopy as a gold standard. Sensitivity, specificity, PPV, NPV, and diagnostic accuracy of LAMP
were 88.9%, 96.9%, 92.2%, 95.5%, and 94.6%, respectively. Nested PCR was used to confirm the discrepant results. Malaria
LAMP in a remote clinic in Thailand achieved an acceptable result, indicating that LAMP malaria diagnosis is feasible in a field
setting with limited technical resources. Additionally, the rapid boiling method for extracting DNA from dried blood spots

proved to be simple, fast, and suitable for use in the field.

According to the 2011 World Health Organization (WHO) re-
port, there are 106 countries or regions where malaria is en-
demic, and up to half of the world’s population is at risk for ac-
quiring malaria infection (1). Both malaria morbidity and
mortality cases declined from 225 million cases and 781,000
deaths in 2009 to 216 million cases and 655,000 deathsin 2010 (1).
While the decrease in both cases and deaths is notable, the poten-
tial threat of a malaria epidemic in a low-transmission status is of
great concern, as the majority of the asymptomatic carriers are
untreated (2). Asymptomatic infections serve as reservoirs for lo-
cal malaria transmission and as a risk factor for symptomatic at-
tacks (3—7). A prerequisite in the effort to eliminate malaria from
an area in which it is endemic is to identify asymptomatic carriers
for treatment (8, 9). Thus, a rapid and accurate diagnosis, as well
as prompt and effective treatment, is critical for malaria elimina-
tion strategies in those regions.

Microscopic examination of thin and/or thick blood smears is
the most commonly used diagnostic method for malaria detection
in the field, and it still remains the gold standard (10). This
method is inexpensive and effective, since it can provide quanti-
tative data and can identify species when performed correctly.
However, it is laborious and time-consuming. Misdiagnosis of the
infection species is common in cases of low parasitemia or if per-
formed by inexperienced personnel. Recently, lateral-flow-based
malaria rapid diagnostic tests (RDTs) have become available.
RDTs are most commonly based on using specific antibodies to
detect malaria antigens such as histidine-rich protein 2 (HRP-2)
and lactate dehydrogenase (LDH). Although RDTs are simple and
quick, they can only identify Plasmodium falciparum- and P.
vivax-specific antigens and panmalarial antigens, and their sensi-
tivity and specificity are lower for non-falciparum species (11).
Moreover, RDTs for HRP-2 should not be used to monitor re-
sponse to therapy, since this antigen does not clear from blood for
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up to 30 days after treatment (12). RDT-based P. vivax detection
poses difficulties due to low parasitemia observed in vivax patients
and instability of LDH at higher temperatures.

Therefore, a good alternative for malaria diagnosis may be a
nucleic acid-based molecular method, since it can correctly differ-
entiate all human Plasmodium species and detect low levels of
parasitemia. Nested PCR and real-time quantitative PCR have
also been developed. These methods have high sensitivity, with a
detection limit of 1 to 5 parasites/wl of blood (which is below the
threshold of microscopy and RDTs), and enable greater specificity
for mixed infections. However, they have not been implemented
in field clinics in most areas where malaria is endemic due to
requirements for relatively expensive equipment and advanced
training (13-17).

Loop-mediated isothermal amplification (LAMP), a high-per-
formance method for detecting DNA, is a practical alternative.
This technique is relatively simple and field adaptable (18). Unlike
PCR, LAMP uses simpler equipment and is less time-consuming.
LAMP has the potential to be used as a molecular diagnostic tool
for point-of-care (POC) testing in both developing and developed
countries. It has already been used for the diagnosis of various
infectious diseases, including malaria (19-24). LAMP amplifies
and detects target DNA in a single isothermal step using a Bacillus
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stearothermophilus DNA polymerase with strand displacement ac-
tivity and a set of four specifically designed primers that recognize
a total of six distinct regions of the target DNA (18, 25). The
autocycling strand displacement DNA synthesis amplifies a few
DNA copies to 10° copies in less than an hour. The amplified
products consisting of a series of stem-loop DNA structures of
various lengths can be detected simply by visual inspection of the
turbidity of magnesium pyrophosphate, a by-product of DNA
synthesis which is produced in proportion to the amount of am-
plified DNA (26). In addition, real-time detection can be per-
formed using a Loopamp real-time turbidimeter. Moreover,
LAMP reactions can be accelerated by using two extra primers,
known as loop primers, which can shorten the amplification time
by around one-third to one-half (27).

A genus- and species-specific LAMP diagnostic method that
was recently developed by our group has been applied to malaria
diagnosis at a field clinic in an area where malaria is endemic in
Thailand (28). Using heat-treated clinical samples, LAMP dem-
onstrated sensitivity and specificity of 98.3% and 100%, respec-
tively, compared to the gold standard of microscopy (28). In this
study, we further evaluated the feasibility of our species-specific
LAMP diagnostic method for malaria field diagnosis on a large
scale in a resource-limited setting. The LAMP performance was
compared to that of RDT using conventional microscopy as a gold
standard.

MATERIALS AND METHODS

Ethics, study site, and population. Participation consent forms were pro-
vided by the Mahidol University ethical committee, Mahidol University,
Bangkok, Thailand, and signed consent was obtained from patients
and/or legal guardians. Patient care was not influenced by LAMP results.
The study was conducted from May 2008 to May 2011 in Maesot district,
Tak province, northwestern Thailand at a walk-in malaria clinic, a gov-
ernment-sponsored health facility, where malaria diagnosis is based on
microscopy. In this region, P. falciparum and P. vivax cause the great
majority of malaria infections, but P. ovale and P. malariae have occasion-
ally been detected (28). Study selection criteria were the following: walk-in
patients aged 15 years or older, documented presence of febrile illness, and
absence of evidence of severe illness. At enrollment, the patient’s history of
previous malaria infection, age, sex, blood pressure, respiratory rate, he-
matocrit, blood group, and axillary temperature were recorded.

Sample size and blood sample collection. Sample size calculations
were based on an assumption of microscopy-confirmed prevalence of
10% among symptomatic patients and LAMP sensitivity for P. falciparum,
P. vivax, P. ovale, and P. malariae compared to expert microscopy of 95%
(95% confidence interval [CI], 90% to 99%) and specificity of 95% (95%
CI, 90% to 99%), which required 994 participants. A target of 1,017 par-
ticipants was set. A total of 1,017 blood samples were collected by finger
prick using new sterilized lancets. A portion of the finger prick blood was
used directly for thick and thin blood smear preparations and RDTs. The
other portion was collected using 3 pieces of filter paper (dimensions, 0.5
cm by 4.5 cm). Finger-prick blood was absorbed 1 to 3 cm from the
bottom of the strips (approximately 10 to 30 .l of blood volume). Strips
were kept at room temperature and used for LAMP assays. The RDT and
LAMP tests were carried out on site and interpreted by independent re-
searchers blinded to the origin of the specimens and the microscopic
results.

Conventional microscopy. Thick and thin blood films were prepared
by clinical staff and stained with 10% Giemsa for 10 min. A thick blood
film was examined immediately under a light microscope (1,000X mag-
nification) according to routine standard operating procedures for ma-
laria diagnosis by clinic staff to identify malaria parasites for use in case
management. The patient received regular treatment if the blood smear
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was positive for malaria. The initial thick film was classified as negative
if no parasites were found after 500 white blood cells were counted.
The result from the thick blood film was confirmed by an expert mi-
croscopist from Bangkok (expertise level 1 or 2 following the WHO
competency assessment protocol; www.searo.who.int/LinkFiles/Malaria
_MalariaMicroscopyManual.pdf). A thin blood film was prepared and
used to determine the species of malaria parasites. To clarify any discrep-
ancies in results, blood films were reexamined by a second expert micros-
copist. During the course of this study, all microscopist were blinded to
the results of LAMP, previous microscopy, and RDT (rapid diagnostic
test). Parasitemia from a thin blood film was defined as the number of
parasites detected per 10,000 red blood cells (RBCs) and was calculated by
assuming an RBC count of 5 X 10° RBCs/pl of blood (29).

DNA extraction. Two different DNA extraction methods were evalu-
ated: the saponin/Chelex method (30) and the simple heating method.
For the saponin/Chelex method, the blood filter was cut and placed in a
1.5-ml microcentrifuge tube containing 1.0 ml of 0.5% saponin—phos-
phate-buffered saline (PBS). The tube was inverted 2 to 3 times and incu-
bated at room temperature (RT) for 4 h or more. The brownish-red solu-
tion was removed and replaced with 1 ml of saponin-PBS. The tube was
inverted and incubated at 4°C for 15 to 30 min. Fifty pl of 20% Chelex-100
(Bio-Rad, Richmond, CA, USA) was fully suspended by vortexing in 150
.l of double-distilled water (DDW) and heated to 100°C. After aspiration
of the saponin-PBS, 200 .l of hot Chelex was added, vortexed at the
highest speed for 30 s, and boiled at 100°C for 5 min. The tube was vor-
texed for 30 s and spun at 10,000 X g for 2 min. The supernatant contain-
ing DNA was collected into a new clean tube, and 5 pl was used immedi-
ately for each LAMP reaction or kept at —20°C for up to 10 months.

For the simple heating method, a blood filter was cut into small pieces,
placed in a 1.5-ml microcentrifuge tube containing 150 pl of distilled
water, and boiled at 100°C for 5 min. The blood sample was centrifuged at
2,046 X g for 3 min, after which 100 pl of the supernatant containing
DNA was collected, and 5 pl was used immediately for each LAMP reac-
tion.

LAMP conditions. The LAMP primer sets, as previously described by
Han et al., were used in this study to amplify the gene coding for the 18S
rRNA (21). These primers were specific for the Plasmodium genus, i.e., P.
falciparum, P. vivax, P. ovale, and P. malariae. The LAMP reaction was
performed with a Loopamp DNA amplification kit (Eiken Chemical Co.,
Ltd., Tokyo, Japan). Each 25-pl reaction mixture contained 1 pl of each
forward inner primer (FIP) and backward inner primer (BIP) (1.6 uM for
P. falciparum and P. ovale and 2.4 uM for P. vivax and P. malariae), 1 pl of
0.2 WM each forward outer primer (F3) and backward outer primer (B3),
1 plof 0.8 uM each loop primer forward (LPF) and loop primer backward
(LPB), 12.5 pl of 2X reaction mix, 1 pl of B. stearothermophilus DNA
polymerase, 5 pl of DNA sample, and 0.5 pl of RNase- and DNase-free
water. The LAMP reaction mixture was incubated in a water bath at 60°C
for 90 min. For result confirmation, the LAMP reaction was placed into a
Loopamp real-time turbidimeter (RT-320C; Eiken Chemical Co., Tokyo,
Japan) for 90 min at 60°C, followed by 2 min at 80°C to inactivate the
enzyme and halt amplification. Positive and negative controls were in-
cluded in each run.

Analysis of LAMP products. A successful LAMP reaction results in
large amounts of amplified DNA and turbidity of insoluble magnesium
pyrophosphate, a by-product of DNA synthesis produced in proportion
to the amount of amplified DNA. The turbidity can be observed by the
naked eye. A LAMP reaction was considered positive for Plasmodium spp.
and for four Plasmodium species DNA if an obvious increase in the tur-
bidity was observed by the naked eye compared to the negative control.
Results were read by two researchers blinded to the origin of the spec-
imens and the microscopic results. Results were considered valid if
turbidity was present in the positive control and absent from the neg-
ative control.

RDT. Each blood sample was also tested by RDT diagnostic kits as a
reference rapid assay for malaria. The RDT rapid diagnostic kit, the Care-
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Start malaria pLDH/HRP2 combo (Pf/Pv) kit, and the CareStart malaria
PF/VOM combo kit (Access Bio, Inc., NJ, USA) were purchased from a
local distributor based on the recommendation of the Thai Ministry of
Public Health and based on good performance as documented by the
WHO/Foundation for Innovative New Diagnostics (FIND) malaria RDT
evaluation program. The CareStart malaria pLDH/HRP2 combo (Pf/Pv)
kit is based on the detection of histidine-rich protein-2 (Pf HRP-2) anti-
gen produced by P. falciparum trophozoites and young gametocytes and
lactate dehydrogenase (pLDH) produced by both sexual and asexual par-
asitic stages of P. vivax. The CareStart malaria PF/VOM combo kit is based
on the detection of P. falciparum-specific histidine-rich protein-2 (Pf
HRP-2) antigens and Plasmodium-specific LDH antigens or a panmalaria
antigen of Plasmodium vivax, Plasmodium ovale, and Plasmodium ma-
lariae. The assays were performed in parallel according to the manufac-
turer’s instructions using a drop of whole blood from a finger prick, and
the results were observed after 20 min by the naked eye.

Nested PCR. For nested PCR, the species-specific nucleotide se-
quences of the 18S rRNA genes of P. falciparum, P. vivax, P. malariae, and
P. ovale were amplified as described previously (21). This assay was per-
formed off site and was used to verify the discrepant results.

Statistical analysis. Specimens were classified as true positive, true
negative, false positive, or false negative for each test under evaluation
compared to the microscopic examination as a gold standard. The clinical
sensitivity, specificity, positive and negative predictive values (PPV and
NPV), agreement, diagnostic accuracy, and 95% CI of the Plasmodium
LAMP and RDT diagnostic kit were calculated. Sensitivity was calculated
as (number of true positives)/(number of true positives + number of false
negatives) X 100, and specificity was calculated as (number of true nega-
tives)/(number of true negatives + number of false positives) X 100. The
PPV was calculated as (number of true positives)/(number of true posi-
tives + number of false positives) X 100, and the NPV was calculated as
(number of true negatives)/(number of true negatives + number of false
negatives) X 100. The accuracy was calculated as (number of true posi-
tives + number of true negatives)/(total number of patients) X 100. The
degree of agreement between two diagnostic tests was measured by the
concordance response rate (percentage of responses with both positive or
both negative results). Data were analyzed using SAS software (SAS Insti-
tute Inc., Cary, NC, USA).

RESULTS

Blood samples were collected with informed consent from 1,017
febrile participants, 683 (67.2%) of which were males, and 334
(32.8%) females. At the beginning of this study, two different
DNA template preparation methods (saponin/Chelex and simple
heating) were used to evaluate the LAMP assay. Results from the
initial data demonstrated that there was no significant difference
between LAMP results obtained by different DNA template prep-
aration methods (data not shown). This indicated that the simple
heating method proved efficient for use. Therefore, the simple
boiling method for DNA extraction was used for the remainder of
our study.

During the beginning of this present study, it was found that
LAMP assays with the simple heating DNA extraction method
failed. This is probably due to the instability of DNA samples,
which were kept on ice for 4 to 5 h after the blood filters were
heated before being used in the LAMP assay. This indicated that
the DNA from heat-treated samples should be used immediately
after extraction. As a result of this failure, samples and data from
118 febrile patients were excluded from analysis.

Therefore, of the 1,017 total enrolled patients, data were eval-
uated from 899 patients, where 595 (66.2%) were males and 304
(33.8%) were females. All patients self-reported a history of fever.
The age of patients ranged between 15 and 79 years. All partici-
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TABLE 1 Detailed comparison of microscopy, RDT, and LAMP for
malaria parasite detection and species identification

Parasite(s) detected by microscopy, RDT, and LAMP* (no. of samples; n =
219 blood samples)

LAMP

P. falciparum (14),
negative” (2)

P. falciparum + P.
vivax (1)

P. vivax (51),
negative® (1)

P. malariae (1)

Negative (149)

RDT
P. falciparum (16)

Microscopy
P. falciparum (16)

P. falciparum +
P. vivax (1)
P. vivax (52)

P. falciparum + P. vivax (1)
P. vivax (52)

Negatived (1)
Negative (146), P. falciparum®
(2), P. vivax' (1)

@ Each row displays results obtained from identical blood samples. Discordant results
between LAMP and RDT are shown in boldface.

b Positive for P. falciparum by nested PCR.

¢ Positive for P. vivax by nested PCR.

@ The RDT can detect only P. falciparum and P. vivax, and this sample was positive for
P. malariae by nested PCR.

¢ Negative for P. falciparum by nested PCR.

/Negative for P. vivax by nested PCR.

P. malariae (1)
Negative (149)

pants were screened for Plasmodium infection. Microscopic ex-
amination revealed malaria parasites in the blood smears of 263
(29.3%) patients (7,075 = 6,300 parasites/wl [means = standard
deviations {SD}]; range, 14 to 42,140 parasites/pl). Of these, 61
patients (23.2%) were positive for P. falciparum infection (154 to
41,062 parasites/pl), 194 (73.8%) with P. vivax infection (140 to
42,140 parasites/pl), 1 (0.4%) with P. malariae infection (714 par-
asites/pl), 1 (0.4%) with P. ovalae infection (4,200 parasites/j.l),
and 6 (2.3%) with mixed P. falciparum and P. vivax infection (280
to 14,014 parasites/p.l). The remaining 636 (70.7%) samples were
negative.

LAMP performance compared to RDTs and microscopy. Of
899 blood samples, 219 were analyzed by LAMP, RDTs, and mi-
croscopy as a gold standard. The LAMP assay, RDTs, and micros-
copy were performed on site. Two different RDT kits, the Care-
Start Malaria pLDH/HRP2 Combo (Pf/Pv) and CareStart Malaria
PF/VOM Combo kits, were used in this study. These RDT kits
detect only P. falciparum and P. vivax. The detailed comparison of
LAMP, RDTs, and microscopy for diagnosis of four human-in-
fecting Plasmodium species is depicted in Tables 1 and 2.

Table 1 shows that of the 219 patients examined, 70 (32%) were
positive by microscopy (7,750 * 6,550 parasites/pl; range, 168 to
42,140 parasites/pl); 16 (22.9%) had P. falciparum infection
(1,666 to 14,028 parasites/pl), 52 (74.3%) had P. vivax infection
(168 to 42,140 parasites/pl), 1 patient (1.4%) had mixed P. falcip-
arum and P. vivax infection (14,014 parasites/pl), and 1 patient
(1.4%) had P. malariae infection (714 parasites/j.l). The remain-
ing 149 patients were negative for malaria parasites.

Table 2 shows that 70/219 (32%) patients tested positive by
microscopy for Plasmodium infection. LAMP identified malaria
patients in 67/70 (95.7% sensitivity; 95% CI, 89.7 to 101.8%) mi-
croscopy-positive samples. None of the 149 samples that were
negative by microscopy was positive by LAMP (100% specificity;
95% CI, 100 to 100%). LAMP for malaria diagnosis had PPV and
NPV of 100% (95% CI, 100 to 100%) and 98% (95% CI, 95.2 to
100.8%), respectively. The diagnostic accuracy and agreement be-
tween LAMP and microscopy results were 98.6% and 96.8%, re-
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TABLE 2 Comparison of LAMP and RDTs to microscopy for malaria diagnosis (n = 219 blood samples)

No. of results for

microscopy

Method Sensitivity, % Specificity, % Diagnostic
and result Positive  Negative  (95% CI) (95% CI) PPV, % (95% CI) NPV, % (95% CI)  accuracy (%)  Agreement (%)
Microscopy

Positive 70 0

Negative 0 149 100 100 100 100 100 100
LAMP

Positive 67 0

Negative 3 149 95.7 (89.7-101.8) 100 (100-100) 100 (100-100) 98 (95.2-100.8) 98.6 96.8
RDTs

Positive 69 3

Negative 1 146 98.6 (95.0-102.1)  98.0 (95.1-100.9)  95.8 (89.9-101.7)  99.3 (97.6-101) 98.2 95.8

spectively. For RDTs, both kits produced comparable results, ex-
cept for one microscopically P. falciparum positive sample. This
sample was positive by pLDH/HRP2 RDT but negative by PF/
VOM RDT. Since the RDT-positive result was based on one out of
two RDTs, this sample was considered positive. The RDT was
positive for P. falciparum and P. vivax in 69/70 (98.6% sensitivity;
95% CI, 95 to 102.1%) microscopically positive samples. Of the
149 microscopically negative samples, 146 were negative by RDT
(98% specificity; 95% CI, 95.1 to 100.9%). RDT for malaria diag-
nosis showed 95.8% PPV (95% CI, 89.9 to 101.7%) and 99.3%
NPV (95% CI, 97.6 to 101%). The diagnostic accuracy and agree-
ment between RDTs and microscopy results were 98.2% and
95.8%, respectively. Overall, both LAMP and RDTs yielded results
very similar to those of microscopy. The exceptions were three
nonconcordant results (1.4%) for LAMP, and these were two
cases for P. falciparum and one case for P. vivax and were later
shown to be positive by nested PCR (used as a confirmation
method for the discrepant results and performed off site by a re-
searcher at a laboratory in Bangkok). There were four discordant
results (1.8%) for RDTs, and these were of P. falciparum, P. vivax,
and P. malariae infection. Seven samples (3.2%) had discordant
results between LAMP and RDTs. It has to be noted that RDT kits
used in this study detected only P. falciparum and P. vivax; there-
fore, one microscopically P. malariae-positive sample was nega-
tive by RDT. Three samples negative by LAMP and microscopy
but positive for P. falciparum and P. vivax by RDTs were later
shown to be negative by nested PCR. Since the RDT-positive re-
sult was based on one out of two RDTs, the sensitivity and NPV
were slightly higher than those of LAMP. However, LAMP was
prone to having greater specificity, PPV, and agreement than
RDTs.

LAMP performance compared with microscopy. Since
LAMP showed comparable results with RDTs, the remainder of
the 680 blood samples was analyzed by LAMP and microscopy as
a gold standard. Out of 680 patients examined, 193 (28.4%) were
positive by microscopy (6,850 * 6,200 parasites/l; range, 140 to
41,062 parasites/pl); 45 (23.3%) had P. falciparum infection (154
to 41,062 parasites/pl), 142 (73.6%) had P. vivax infection (140 to
32,060 parasites/pl), 5 (2.6%) had mixed P. falciparum and P.
vivax infection (280 to 14,000 parasites/pl), and 1 patient (0.5%)
had P. ovale infection (4,200 parasites/wl). The remaining 487
patients were negative for malaria parasites by microscopy.
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After analysis, there were 46 discordant results (6.8%) com-
posed of 8 of 45 samples positive for P. falciparum by microscopy,
17 of 142 samples positive for P. vivax, and 21 of 487 negative
samples. The discrepancies between LAMP and microscopy re-
sults were later confirmed by nested PCR, which showed results
consistent with those of microscopy. However, out of 21 cases
negative by microscopy but positive by LAMP, 6 were later shown
to be positive by nested PCR (3 positives for P. falciparum and 3
positives for P. vivax). This indicated that microscopy gave under-
estimated results. To reflect the most accurate data, the results are
shown after the discrepancy analysis as shown in Table 3.

Table 4 shows that microscopy was positive for malaria infec-
tion in 199/680 (29.3%) patients. LAMP detected malaria patients
in 177/199 samples positive by microscopy (88.9% sensitivity;
95% CI, 83.4 to 94.5%). Of 481 microscopy-negative samples, 466
were negative by LAMP (96.9% specificity; 95% CI, 94.9 to
98.9%). PPV and NPV of LAMP for malaria diagnosis were 92.2%
(95% CI, 87.3 to 97%) and 95.5% (95% CI, 93.1 to 97.8%), re-
spectively. The diagnostic accuracy and agreement between

TABLE 3 Detailed comparison of microscopy and LAMP for malaria
parasite detection and species identification ()

Parasite(s) detected by microscopy and LAMP* (no. of samples; n = 680
blood samples)

LAMP

P. falciparum (40), negativeb (8)

P. falciparum + P. vivax (5)

P. vivax (128), P. falciparum + P. vivax (1),
genus specific® (2), negative® (14)

P. ovale (1)

Negative (466), genus speciﬁcd (7), P.
falciparum?® (1), P. falciparum + P. vivax
(1) P. vivax® (4), P. malariae’ (2)

Microscopy

P. falciparum (48)

P. falciparum + P. vivax (5)
P. vivax (145)

P. ovale (1)
Negative (481)

“ Each row displays results obtained from identical blood samples. Discordant results
between microscopy and LAMP are shown in boldface.

b Positive for P. falciparum by nested PCR.

¢ Positive for P. vivax by nested PCR.

4 Negative results by nested PCR.

¢ Negative for P. falciparum by nested PCR.

fNegative for P. falciparum + P. vivax by nested PCR.

£ Negative for P. vivax by nested PCR.

" Negative for P. malariae by nested PCR.
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TABLE 4 Comparison of LAMP to microscopy for malaria diagnosis (n = 680 blood samples)

No. of results for

microscopy

Method Sensitivity, % Specificity, % PPV, % (95% Diagnostic
and result Positive Negative (95% CI) (95% CI) CI) NPV, % (95% CI) accuracy (%) Agreement (%)
Microscopy

Positive 199 0

Negative 0 481 100 100 100 100 100 100
LAMP

Positive 177 15

Negative 22 466 88.9 (83.4-94.5) 96.9 (94.9-98.9) 92.2 (87.3-97) 95.5 (93.1-97.8) 94.6 86.7

LAMP and microscopy results were 94.6% and 86.7%, respec-
tively.

We showed the diagnostic sensitivity and specificity of
LAMP toward P. falciparum and P. vivax infections in a total of
899 blood samples. Sensitivity and specificity of LAMP were
84.4% and 98.6%, respectively, for P. falciparum and 92.4% and
98.3%, respectively, for P. vivax. Sensitivity and specificity of
LAMP cannot be calculated for P. malariae and P. ovale due to the
scarcity of infections of these two species (only one sample for
each species).

DISCUSSION

Our group developed a genus- and species-specific LAMP diag-
nostic method that achieved accuracy comparable to that of
nested PCR in a reference laboratory setting (21). The method had
initially been applied in malaria diagnosis on a small scale at a field
clinic in an area in Thailand where malaria is endemic by using a
simple boiling method for DNA extraction to simplify template
preparation (28). This preliminary study demonstrated that
LAMP showed sensitivity, specificity, PPV, and NPV comparable
to those of microscopy, a reference method.

In this study, we further evaluated the feasibility of our genus-
and species-specific LAMP diagnostic method for malaria field
diagnosis in a resource-limited setting on a large scale. To our
knowledge, our study is the first to demonstrate the reliable detec-
tion of malaria by LAMP diagnosis in a remote clinical setting on
a large scale. All of the methods (LAMP, RDTs, and microscopy)
used in the present study were performed on site, with the excep-
tion of nested PCR. The procedure of DNA extraction is one of the
critical steps for nucleic acid amplification. Therefore, we also
further evaluated the efficacy of the simple boiling method for
template DNA preparation by comparing it to the saponin/Chelex
method, the reference method. These two methods showed com-
parable results, indicating that the simple boiling method for
DNA extraction was efficient as a conventional method and could
be used for template DNA preparation in the field. Blood compo-
sitions, such as hemoglobin and IgG/IgM, which can interfere
with the performance of PCR, showed no effect on LAMP perfor-
mance (31, 32). The use of the simple boiling method for template
preparation provides a good alternative to conventional (expen-
sive and labor-intensive) DNA extraction methods, which might
not always be possible in the field. In this study, we were able to
successfully use heat-treated samples for LAMP amplification,
similar to results reported by Sirichaisinthop et al., Lucchi et al.,
and Tao et al. (28, 33, 34). As such, the rapid boiling method for
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extracting DNA from filter paper is favorable for LAMP. This
method is cheap, simple, fast, and suitable for use in the field.
However, it has to be noted that the DNA from heat-treated sam-
ples could not be left on ice for along time (4 to 5 h). It should be
used immediately after extraction, as the degradation of the tem-
plate DNA could occur. The cause of this DNA degradation is
unclear. It may be due to the heat-resistant enzymes from white
blood cells within whole blood.

In order to evaluate our LAMP assay, we first compared it to
the RDTs and microscopy as a standard method. Overall, both
LAMP and RDTs yielded results very similar to those of micros-
copy. However, the results showed that LAMP was prone to hav-
ing greater specificity, PPV, and agreement than RDTs. We then
compared the LAMP assay to microscopy, which revealed that
LAMP showed acceptable results. Upon combination of the re-
sults from both experiments, false-negative LAMP results oc-
curred in 25 samples, with parasitemia ranging from 154 to
14,252 parasites/pl, which is within the detectable level of
LAMP. Therefore, there may be other reasons why these sam-
ples were negative for Plasmodium infections by LAMP, such as a
lower efficiency of template DNA preparation of these specimens.
It should be noted that the saponin/Chelex method was used for
template DNA preparation for nested PCR, a reference method, in
a reference laboratory. After the discrepancy analysis, the appar-
ent false-positive LAMP results also occurred in 15 samples; this
would pose a problem for surveillance in very-low-transmission
settings or for drug efficacy monitoring. However, it is unclear
whether these are truly false-positive results; at these low parasite
densities, chance discrepancies are expected due to stochastic pro-
cesses, and false-positive results may represent detection of a very-
low-density parasitemia that were undetected by the nested PCR.
We previously showed that the detection limit of LAMP was 10
copies/reaction mix (25 pl) of the target 18S rRNA genes for P.
malariae and P. ovale and 100 copies/reaction mix (25 pl) for the
P. falciparum and P. vivax (21). It has been demonstrated that the
copy number of the rRNA gene in P. falciparum and P. vivax is
approximately 7 copies per genome (35). Therefore, based on the
P. falciparum and P. vivax rRNA copy number, the detection limit
of our LAMP was approximately 1.43 parasites/25 pl for P. ma-
lariae and P. ovale and 14.3 parasites/25 pl for the P. falciparum
and P. vivax. The detection limit of nested PCR and a microscopic
examination by an experienced microscopist is approximately 5
and 50 parasites/pl, respectively (29). Since the detection limit of
LAMP is far better than that of nested PCR and microscopy, it is
possible that all of the false-positive LAMP results were due to a
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very-low-density malaria parasitemia that could not be detected
by the nested PCR and microscopy.

LAMP results reported here demonstrated comparable sensi-
tivity to the recent study on the performance of a new loop-medi-
ated isothermal amplification kit, which showed 90% of the
LAMP assay’s sensitivity compared to 3-well nested PCR (36). The
previous study used mitochondrial P. falciparum-specific primer
sets to study 272 outpatient blood samples and used two methods
for DNA preparation, a Loopamp pure DNA extraction kit and a
boil-and-spin method. The LAMP result was read visually by flu-
orescence under a blue light-emitting diode light (37). The pro-
cess of DNA isolation in both of these methods is quite compli-
cated and is not suitable for use in the field, and a device for
product detection would still be needed.

The LAMP study by Tao et al. used mitochondrial P. vivax-
specific primer sets to study 89 blood samples and utilized a simple
boiling method for DNA extraction. The visualization for the
LAMP product was done by the naked eye using a microcrystalline
wax dye capsule containing the DNA fluorescence dye SYBR green
I (34). That study showed 98.3% sensitivity and 100% specificity
of LAMP results compared to microscopy. However, a visualized
step after amplification is complicated, since LAMP reaction tubes
have to be transferred to a general PCR machine to melt the wax
dye capsule and to release SYBR green I into the reaction mixture.
The use of the PCR machine makes this technique unsuitable for
use in the field.

The LAMP study by Surabattula et al. used our LAMP primers
to study 52 febrile patients on site and demonstrated 95% sensi-
tivity and 93.3% specificity compared to microscopy (38). That
study used a simple DNA extraction procedure; however, the
LAMP tube scanner is still required for fluorescence detection of
the amplified product. One of the limitations of this present study
is that the diagnostic efficacy of our LAMP assay could only be
calculated for P. falciparum and P. vivax. Although our LAMP
method can be used to diagnose all four human malaria parasites
(21), attempts were made only for P. falciparum and P. vivax due
to the scarcity of P. malariae and P. ovale infections. However, our
LAMP assay can be used for the detection of all human-infecting
malaria parasites to monitor and evaluate of malaria control pro-
grams in the field. Moreover, our LAMP method also can be used
as a confirmatory assay for malaria infections in place of a conven-
tional PCR-based assay.

Overall, compared to previous studies described above, our
LAMP assay exhibited acceptable sensitivity and specificity pro-
files compared to microscopy. The utility of various reference
tests, including different PCR-based assays, or conventional mi-
croscopy obviously influences the sensitivity and specificity pro-
file obtained. Moreover, differences in the parasite densities of the
samples used in the various studies clearly influence the sensitiv-
ities and specificities, which could explain the variations observed
across these studies.

The use of any diagnostic test for point-of-care and field use
will depend, among other things, on whether it is economical and
simple to perform without compromising its sensitivity and spec-
ificity. In summary, this study has shown that the LAMP method
is a potentially field-usable molecular tool for the diagnosis of
malaria. LAMP can provide an alternative method to conven-
tional microscopy when the experience of the operator is limited
in resource-limited field setting. Moreover, LAMP can also be
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used as an alternative to a standard PCR-based analysis for field
use in clinical and operational programs.

The rapid boiling method for extracting DNA from dried
blood spots is simple, fast, and suitable, and it can be used as an
alternative to conventional DNA isolation methods in the field.
This method can be further improved to make it more efficient,
for example, by leaving the dried blood spot to stand in DDW for
5 min before boiling. The detection of the LAMP product turbid-
ity by the naked eye can also be enhanced by briefly spinning down
the LAMP product before observing it.
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