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Abstract 

Background: Malaria elimination requires diagnostic methods able to detect parasite levels well below what is 
currently possible with microscopy and rapid diagnostic tests. This is particularly true in surveillance of malaria at the 
population level that includes so-called “asymptomatic” individuals.

Methods: The development of the first ultrasensitive loop mediated amplification method capable of detecting 
malaria from both whole blood and dried blood spots (DBS) is described. The 18S rRNA and corresponding genes that 
remain stable on DBS for up to 5 months are targeted.

Results: In the case of Plasmodium falciparum, lower limits of detection of 25 parasite/mL and 50–100 parasite/mL 
from whole blood and DBS were obtained, respectively. A sensitivity of 97.0% (95% CI 82.5–99.8) and specificity of 
99.1% (95% CI 97.6–99.7) was obtained for the detection of all species in asymptomatic individuals from Africa and 
Asia (n = 494).

Conclusion: This tool is ideally suited for low middle-income countries where malaria is endemic and ultrasensitive 
surveillance of malaria is highly desirable for elimination.
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Background
In 2016, there were approximately 216 million estimated 
cases of malaria identified globally [1]. However, more 
cases remained undetected as the diagnosis of low-
level infections is challenging at the field level. Approxi-
mately, 20–70% of the malaria infections are reported to 
be undetected by current non-nucleic acid tests such as 
microscopy and rapid diagnostic tests (RDTs) [2]. RDTs 
and microscopy can detect Plasmodium infection when 
the parasite count is higher than 50,000–200,000/mL 
of whole blood [3–5]. Molecular detection tools have 
provided a window into these undetected cases which 
comprise the asymptomatic reservoir from which trans-
mission can occur [6]. Questions remain as to whether 

these individuals are truly asymptomatic, but it is becom-
ing apparent that they contribute to onward transmission 
[7–9]. Low-level infections can be detected by molecular 
diagnostic tools, such as PCR, real time PCR (qPCR) and 
reverse transcriptase-qPCR (qRT-PCR); however, these 
methods are time-consuming, require expensive instru-
ments for initial laboratory set up as well as expert per-
sonnel to operate the laboratories [10–12].

In contrast to PCR or qPCR, loop-mediated isothermal 
amplification (LAMP) based methods are quick, simple, 
and require little capital equipment. Several in-house 
LAMP assays have efficiently detected Plasmodium 
infection [13, 14] as well as identified drug resistance 
associated genetic markers in Plasmodium falciparum 
[15, 16].

Currently, two commercial kits are available in the 
market: LoopAmp malaria (Pan/Pf) detection kit (Eiken 
Chemical Company, Tokyo, Japan) and Illumigene 
malaria LAMP assay (Meridian Biosciences, Cincinnati, 

Open Access

Malaria Journal

*Correspondence:  drpillai@ucalgary.ca
1 Department of Microbiology and Infectious Disease, Cumming School 
of Medicine, University of Calgary, Alberta T2N 4N1, Canada
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-019-2979-4&domain=pdf


Page 2 of 10Mohon et al. Malar J          (2019) 18:350 

USA), both of them have been reported to detect symp-
tomatic malaria cases with high sensitivity and specific-
ity [10–12, 17–19]. These kits possess a limit of detection 
(LOD) of approximately 1000  parasites/mL; however, at 
the field level, parasite density can be much lower than 
1000  parasites/mL. In some instances, almost 50% of 
the asymptomatic patients harbour a parasite level that 
beyond the LOD of these two kits (i.e. < 1000  parasite/
mL) [6, 20]. For example, the LoopAmp malaria kit was 
reported to be only 40.8% sensitive in an asymptomatic 
malaria survey in Zanzibar [20]. Therefore, the efficiency 
of the commercial LAMP assays are equivalent to the 
gold standard nested PCR which has a LOD ranging from 
1000 to 10,000  parasites/mL [21]. However, 18S rDNA 
based high volume qPCR [22] and 18S rRNA based qRT-
PCR [23] have been reported recently to have a LOD of 
approximately 20 parasites/mL from whole blood. Addi-
tionally, 18S rRNA was found to be stable in filter paper 
dried blood spots (DBS) for up to 6  months while pro-
viding enough template to be detected by qRT-PCR [24]. 
Previously, a field-tailored reverse transcriptase LAMP 
assay demonstrated a LOD of 0.8  parasite/mL of whole 
blood using the transcript of gene exp1 [25]. Similarly, 
18S rRNA is known to be a stable target for qRT-PCR 
and advantageous as a multicopy target because a sin-
gle P. falciparum parasite contains approximately 10,000 
copies of 18S rRNA at the ring stage [23]. Although such 
quantitative data was not obtained for other species, 
some copies of the 18S rRNA gene are highly expressed 
at the asexual blood stages in other species [26–28].

Here, a single reaction tube, low-cost ultrasensi-
tive LAMP (US-LAMP) test targeting 18S rRNA for all 
malaria species was developed. This relatively inexpen-
sive and easy-to-perform test works from whole blood 
and dried blood spots (DBS) and can be used for ultra-
sensitive visual detection of malaria for elimination 

surveillance efforts in low middle-income countries 
(LMIC).

Methods
Primer design
For Plasmodium genus-level detection, a set of genus-
specific (Pan) primers was adopted from a previous study 
[13]. Modified P. falciparum-specific primers (Pf ) were 
developed for this study (Table 1) [29]. Briefly, P. falcipa-
rum-specific primers were modified to amplify a specific 
region of the 18S rRNA gene located at chromosome 5 
and 7, since these two copies are highly expressed at the 
blood stages of their life cycle [23, 30].

Nucleic acid extraction‑whole blood
For whole blood specimens, a modification of the tra-
ditional Trizol Reagent (Invitrogen, Burlington, ON) 
based RNA extraction protocol was used. Briefly, 250 µL 
of whole blood was mixed with 50  µL of 5% saponin 
(Sigma-Aldrich, Oakville, ON) solution and kept at room 
temperature for 15  min. In this step, blood was mixed 
with saponin by shaking the tubes by hand, no vigorous 
mixing such as vortex mixing was applied. Then, sapo-
nin lysate was mixed and homogenized with 1500 µL of 
Trizol reagent (pH was adjusted to 7.2) and kept at room 
temperature for 10  min. Afterward, blood lysate was 
centrifuged at 4  °C and 10,000  rpm for 5  min and the 
supernatant decanted for downstream purification. The 
subsequent steps were performed according to the man-
ufacturer’s instructions except for the final washing step 
(no 70% ethanol required) [31]. Two µL of the extract was 
used for each US-LAMP reaction. A detailed description 
of the protocol can be found in Additional file 3.

Table 1 List of primers used in this study

Primer sets Primer name Sequence

Genus (Pan-Lamp) [17] F3 GTA TCA ATC GAG TTT CTG ACC 

B3 CTT GTC ACT ACC TCT CTT CT

F1P TCG AAC TCT AAT TCC CCG TTA CCT ATC AGC TTT TGA TGT TAG GGT 

B1P CGG AGA GGG AGC CTG AGA AAT AGA ATT GGG TAA TTT ACGCG 

LPF CGT CAT AGC CAT GTT AGG CC

LPB AGC TAC CAC ATC TAA GGA AGG CAG 

P. falciparum (Pf-LAMP)
(modified from [29])

F3 TGG TGG  GAA TTT AAA ACC TTC 

B3 CGC TTT AAT ACG CTT CCT C

F1P GCT ATT GGA GCT GGA ATT ACC GCA GAG TAA CAA TTG GAGGG 

B1P GTT GCA GTT AAA ACG CTC GTA GTC TAA AAT AGT TCC CCT AGA ATAGT 

LPF CTG CTG GCA CCA GACTT 

LPB TGA ATT TCA AAG AAT CGA TAT TTT ATT GTA ACT 
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Nucleic acid extraction–dried blood spots (DBS)
A modified total nucleic acid extraction protocol from 
DBS was used [24]. Fifty microliter of the whole blood 
sample was spotted onto Whatman 903 protein saver 
cards (GE Healthcare, Mississauga, ON) and allowed 
to air-dry overnight. A standard 6  mm-diameter hole 
puncher was used to cut spots into individual tubes. 
Dried blood containing filter paper pieces were mixed 
with lysis buffer [24] and incubated at 65 °C and 250 rpm 
shaking speed for 2.5 h in an orbital shaker. The 700 µL 
supernatant was transferred into  HiBind® DNA mini col-
umns (Omega Bio-tek, Norcross, GA) and centrifuged 
at 2000 rpm for 2 min followed by another spinning step 
of 8000 rpm for 1 min. Column-bound nucleic acid was 
washed with 500 µL of the “wash buffer 1” by centrifuging 
the column at 8000 rpm for 1 min. Columns were washed 
with 500 µL of the “wash buffer 2” through centrifuging 
at 13,000 rpm for 3 min. An eluate of total nucleic acid 
with 50 µL of TE buffer (5 min wait after the addition of 
TE buffer) was obtained by centrifuging at 8000 rpm for 
1 min. Ten microliters of the filter paper extract was used 
in a single US-LAMP reaction. A detailed description of 
the protocol can be found in Additional file 4.

Ultrasensitive loop mediated amplification (US‑LAMP) 
assay conditions
Bst 2.0  WarmStart® DNA polymerase was combined 
with  WarmStart® reverse transcriptase in 1X Isothermal 
Amplification Buffer (New England Biolabs, Whitby, ON) 
to perform the US-LAMP assay. In a 25-µL LAMP reac-
tion mixture, 1.6 µM F1P and B1P, 0.8 µM LPF and LPB, 
0.2 µM F3 and B3 primer concentrations, 8 mM  MgSO4, 
1.4 mM dNTPs, 0.8 M Betaine (Sigma-Aldrich, Oakville, 
ON, Canada), 8 unit of Bst 2.0  WarmStart® DNA Poly-
merase and 7.5 unit of Warm  Start® reverse transcriptase 
were used. The assay was optimized with pre-addition of 
0.5 µL of 50X SYBR green (Invitrogen, Burlington, ON) 
in the reaction mixture. Amplification was measured 
based on increased relative fluorescence units (RFU) per 
minute in the CFX-96 Real-Time PCR detection system 
(Bio-Rad, Mississauga, ON). A threshold RFU value of 
200 was chosen based on the background fluorescence 
levels. Optimization studies were performed to arrive at 
the ideal incubation of 63 °C for both Pan and Pf-LAMP 
assays. The final assay duration was fixed at 30  min for 
the Pan-LAMP assay and 60 min for the Pf-LAMP assay 
after optimizing the amplification curves using the 
CFX96 Real Time System. For visual detection of LAMP 
amplification, 1  µL of 0.35% (v/v) Gel green (Biotium, 
Freemont, CA), and 3 mM Hydroxynapthol blue (Sigma-
aldrich, Oakville, ON), was added to the master mix [32]. 
Nuclease free water (VWR, Mississauga, ON) was used 

to constitute the final reaction volume. After amplifica-
tion, the reaction tubes were exposed to blue LED light 
using a Blue Light Transilluminator (New England Bio-
group, Atkinson, NH) to visualize the fluorescence due to 
the inter-chelation of gel green with the amplicons.

Limit of detection (LOD) analysis
Uninfected blood, collected from a healthy donor, was 
spiked with in vitro culture of P. falciparum strain 3D7. 
A serial dilution of spiked blood with uninfected blood 
was made resulting in a parasite count range of 1 to 
10,000 parasite/mL. Here, the parasite count was estab-
lished by microscopy. Total nucleic acid was extracted 
from whole blood as well as from the DBS (50 µL) pre-
pared from each dilution. Subsequently, the nucleic acid 
was amplified from the extracts by Plasmodium genus 
(Pan) and P. falciparum (Pf )-specific primers sets in the 
CFX-96 Real Time system. To detect real-time amplifica-
tion, fluorescence measurement was taken every minute.

After initial assessment on culture-spiked blood, whole 
blood from one of each P. falciparum, Plasmodium vivax 
and Plasmodium ovale spp.-infected patients was diluted 
with healthy donor blood to obtain a parasite count rang-
ing from 1 to 10,000  parasite/mL. Here, P. falciparum 
dilutions were tested in triplicate by both Pan and Pf-spe-
cific primers set while P. vivax and P. ovale spp. dilutions 
were tested in triplicate with only genus-specific primers. 
LODs were determined using the CFX-96 Real Time Sys-
tem subsequently confirmed through observing gel green 
fluorescence. If at least two out of three replicates of a 
certain dilution were tested positive by LAMP assays, the 
result was noted as positive.

Stability studies
The stability of total nucleic acid, including RNA, in the 
DBS was evaluated. Multiple DBS were made from the 
serially diluted P. falciparum (3D7) culture spiked whole 
blood specimens. Total nucleic acid was extracted in 
duplicate from those spots at 3, 10, 17, 24, 30, 60, 90, 120 
and 150 days and tested by genus-specific primers.

Assay validation using clinical samples
A combination of whole blood specimens (sympto-
matic returning travellers to Calgary, Canada) and DBS 
(asymptomatic individuals from Ethiopia and Bangla-
desh) were used for validation of the assay. For sympto-
matic travellers, 41 malaria positive specimens and 72 
negative specimens based on microscopy were obtained 
between September 2017 to May 2018 were used. Of the 
41 positives, 24 were positive for P. falciparum, 12 were 
P. vivax positive and five were positive for P. ovale spp. 
Total nucleic acid was extracted from the fresh blood 
samples within 24 h of collection by the modified Trizol 
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extraction mentioned above. Additionally, to validate the 
utility of US-LAMP for detection of low-level infections, 
DBS samples collected previously from asymptomatic 
individuals were obtained from a relatively high trans-
mission area (Gondar, Ethiopia, n = 308) and a low trans-
mission area (Bandarban, Bangladesh, n = 186). Whole 
blood samples were collected in EDTA tubes through 
venipuncture, and subsequently, 50  µL of the EDTA 
mixed blood specimens were spotted onto Whatman 903 
protein saver card immediately after collection. Then, 
the blood spots were air-dried and stored at the room 
temperature in Calgary which is around 20–25 °C. Addi-
tionally, thick and thin blood smears were prepared for 
microscopy prior to the mixing with EDTA. Total nucleic 
acid was extracted from the DBS by the aforementioned 
protocol, and LAMP assays were conducted on the 
extracts with the pre-addition of gel green and hydrox-
ynaphthol blue in the reaction mixture. Ethical approval 
were obtained from the corresponding Ethical Review 
board of University of Gondar (CMHS08/28/2013), 
International Center for Diarrheal Disease Research, 
Bangladesh (icddr,b:PR-15021), and University of Calgary 
Conjoint Health Research Ethics Board (REB17-2220). 
For sensitivity and specificity analysis, qRT-PCR [24] tar-
geting 18S rRNA was used as the gold standard.

Results
Limit of detection (LOD)—culture spiked blood
A standard curve was obtained by plotting time to ampli-
fication against the logarithms of initial parasite count 
per mL. The goodness of fit to the straight line  (R2) val-
ues were 0.813 and 0.641 respectively from whole blood 
and DBS. The data confirm that the Plasmodium genus-
level US-LAMP assay consistently detects the presence of 
P. falciparum as low as 10 parasite/mL of culture-spiked 
whole blood, whereas the detection limit was 25 parasite/
mL from DBS (Additional file 1: Figure S1).

Limit of detection (LOD)—clinical specimens
Standard curves were plotted using threshold time 
against the logarithms of initial parasite count per mL 
for P. falciparum using genus- and species-specific 
primers to determine the assay dynamic range (Figs. 1 
and 2). The LOD of 50  parasite/mL and 50–100  para-
site/mL from whole blood and DBS in case of the P. 
falciparum-specific LAMP assay was achieved, with a 
goodness of fit to the straight line of 0.884 and 0.927, 
respectively (Fig. 3). Standard curves were plotted sep-
arately for whole blood and DBS using time to amplifi-
cation (threshold time) against the logarithms of initial 
parasite count per mL for P. falciparum, P. vivax, and P. 
ovale spp. serial dilutions prepared from patient speci-
mens. In the case of P. falciparum, LODs of 25 parasite/

mL and 50–100  parasite/mL from whole blood and 
DBS were obtained, respectively (Fig.  1). Correspond-
ing goodness of fit to the straight line values were 0.931 
(whole blood) and 0.800 (DBS). LODs of 5–10  para-
sites/mL and 25–50  parasite/mL for P. vivax were 
obtained using whole blood and DBS (Fig. 2). LODs for 
P. ovale spp. were 25 parasites/mL from whole blood 
and 25–50 parasite/mL from DBS. The goodness of fit 
to the straight line was 0.896 and 0.827 for correspond-
ing whole blood and DBS extracts of P. ovale. Through 
pre-addition of gel green, visual detection of amplifica-
tion was also possible (Fig. 4). Additionally, data dem-
onstrate that a maximum of four spots can be batched 
together without compromising the limit of detection 
(Additional file 1: Figure S2).

Stability of the genetic material
From P. falciparum strain 3D7 culture-spiked blood, 
DNA and RNA are stable for at least 5 months on What-
man 903 protein saver card. However, best results were 
obtained within 1  month. After 1  month, inconsistent 
amplification from lower dilutions at 25 and 50 parasites/
mL occurred (Table 2).

Validation of US‑LAMP
An initial verification study was performed on a set of 
clinical specimens from symptomatic returning travel-
lers. Pan-LAMP and Pf-LAMP assays were 100% (95% 
CI 82.8–100) sensitive for the detection of symptomatic 
malaria, whereas specificity was 98.6% (95% CI 91.5–
99.9) and 97.8% (95% CI 91.4–99.6) for pan-LAMP and 
Pf-LAMP assay, respectively (Table  3). Subsequently, 
DBS samples from asymptomatic individuals in Gondar 
(Ethiopia) and Bandarban (Bangladesh) were used to 
validate the assay on low-level infections. Overall, Pan-
LAMP was 97% sensitive (95% CI 82.5–99.8) and 99.1% 
(95% CI 97.6–99.7) specific for identifying asymptomatic 
Plasmodium infection while Pf-LAMP was concluded 
to be 100% sensitive and 99.8% specific for asympto-
matic P. falciparum cases (Table 3). QRT-PCR and Pan-
LAMP detected 29 and 32 positives, respectively, from 
the 308 microscopy negative DBS samples obtained from 
Gondar. The additional infections detected by US-LAMP 
but not microscopy comprised 10 P. falciparum, 16 P. 
vivax, and 3 P. falciparum and P. vivax mixed infections. 
US-LAMP detected one additional P. falciparum asymp-
tomatic carrier not identified by microscopy from the 
Bandarban region (Additional file  2: Table  S1). Detailed 
sensitivity and specificity calculations can be found in the 
Additional file 2: Tables S2–S5.
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Discussion
Many LMIC do not have the laboratory infrastructure, 
training, or access to reagents to perform ultrasensitive 
PCR methods. LAMP with its minimal requirement of 
a heat block and visual read out provides a useful alter-
native for active surveillance of malaria in a popula-
tion where elimination is being considered. This work 
describes the first easy-to-perform, low cost ultrasensi-
tive LAMP assay (LOD below 100 parasites per mL) for 
malaria detection from DBS. Samples can be collected 

in the form of DBS from remote endemic areas, trans-
ported to a regional laboratory, preserved at room 
temperature for several months, and then tested. The 
assay achieved 100% sensitivity in detecting sympto-
matic malaria cases while maintaining a very high level 
of specificity (> 97%). More importantly, US-LAMP 
demonstrated excellent sensitivity (> 97%) and specific-
ity (> 99%) for detecting very low-level asymptomatic 
infections present in both high and low transmission 
settings in Africa and Asia. Here, an additional 32 out 

Fig. 1 Amplification curve obtained from CFX96 Real Time system for Pan-LAMP assay. Here, a, b shows the amplification curve of Plasmodium 
falciparum dilution extracted from whole blood and DBS respectively (one representative experiment). Similarly, c–f describe the amplicons 
obtained for Plasmodium vivax and Plasmodium ovale spp. serial dilutions from whole blood and DBS extracts respectively. The threshold bar was 
fixed at 200 relative fluorescence units (RFU) to keep all background fluorescence levels under the bar. The numbers indicated next to each curve 
are parasite count/mL
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of 308 asymptomatic malaria infections (10.4%) were 
detected by US-LAMP in Gondar (Ethiopia) where 
moderate to high transmission malaria occurs high-
lighting the value ultrasensitive detection for elimi-
nation, as reviewed recently by Lindblade et  al. [9]. 
In earlier studies, US-LAMP amplified exp1 mRNA 
concentrated from a large volume (2  mL) of fresh 
whole blood [25]. However, this is practically difficult 
to obtain at the field level especially from younger 
children. This assay is only applicable for detecting 

P. falciparum cases not for identifying other species. 
Moreover, the stability of the mRNA transcript from 
the exp1 gene was not studied.

In low transmission settings, to save reagents, DBS 
samples can be batched into groups of four for ini-
tial screening and subsequently only positive batches 
selected for individual testing. The batch approach is 
particularly useful for the detection of asymptomatic 
malaria in large-scale surveys where the positivity rate 
is expected to be low. Additionally, samples testing 

Fig. 2 Validation of Pan US-LAMP assay on serially diluted clinical specimens. US-LAMP assay was carried on whole blood (a, c, e) and dried blood 
spot (DBS) extracted total nucleic acid (b, d, f). Here, a–f summarizes the data obtained from P. falciparum, P. vivax and P. ovale spp. serial dilutions 
prepared from clinical specimens. Data was obtained from triplicate experiments where error bars indicate standard error of mean (SEM). Threshold 
time (min = minutes) was determined by placing the threshold bar at 200 RFU in the CFX96 Real Time system.  R2 indicates goodness of fit to the 
straight line
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Fig. 3 Validation of P. falciparum specific US-LAMP assay on diluted clinical specimens. Pf-LAMP was carried out on whole blood (a, b) and dried 
blood spot (c, d) extracted total nucleic acid. Experiments were performed in triplicate where error bars indicate standard error of mean (SEM). Here 
again, the threshold time (min = minutes) was determined by placing the threshold bar at 200 RFU in the CFX96 Real Time system. Each number/
mL is indicative of parasite count/mL and  R2 indicates goodness of fit to the straight line. a and c represents one of the three corresponding 
experiments

Fig. 4 Observation of fluorescence by pre-addition of gel green in the reaction mixture. Here, results were shown for P. vivax dilutions. A 
representative experiment is shown. DBS stands for dried blood spot
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positive can be further assessed for gametocyte car-
riage by a Pfs25-specific LAMP assay if required [33].

Primers targeting P. falciparum were modified spe-
cifically to amplify 18S rRNA located in chromosome 5 
and 7. The latter loci are known to be highly expressed 
in the blood stages of the P. falciparum [23]. By using 
total nucleic acid (18S RNA and DNA) as the target for 
amplification instead of DNA only, a LOD of 5–50 para-
site/mL in whole blood could be attained [13]. This is a 
1000- to 10,000-fold improvement in LOD compared to 
previous LAMP assays targeting 18S rDNA alone. Data 
exhibited that genus-level ‘Pan” primers had the best 
LOD in the case of P. vivax (5–10  parasites/mL) and P. 
falciparum (10  parasites/mL) using whole blood. LOD 
analysis is based on a culture-derived sample which may 
not reflect actual patient samples. This study evaluated 
the Pan-LAMP assay for three species: P. falciparum, P. 
vivax and P. ovale. A limitation is that the assay on Plas-
modium malariae and Plasmodium knowlesi could not 
be tested due to lack of sample availability. Qualitative 
detection of fluorescence created by the gel green was 

robust and closely mirrored results using a fluorescence 
detection system. Visual detection again makes the assay 
more amenable to a resource-limited setting. Another 
limitation is the reliance on a labour-intensive column-
based RNA extraction protocol which prevents the use 
of this assay at a health centre but is more suitable for a 
regional laboratory. An additional dimension could be 
added in the study by comparing the US-LAMP assay 
with a DNA-based commercial LAMP assay. However, 
this strategy was omitted due to the shortage of sample 
volume. However, the LODs achieved through the US-
LAMP assay are better than the commercially available 
DNA-based LAMP assays.

Conclusion
In summary, the US-LAMP assay presented here is 
robust, cost-effective, and relatively simple for surveil-
lance of asymptomatic malaria cases that are low-level 
and comprise the infectious reservoir. Further improve-
ments are required to simplify the nucleic acid extraction 
process, ideally on a microfluidic cartridge.

Table 2 Stability assessment of the nucleic acid on Whatmann 903 protein saver card (dried blood spots [DBS])

Samples were extracted and tested in duplicate, each positive and negative symbol is indicative of the result from each Pan-LAMP assay on P. falciparum

Parasite/mL Day 03 Day 10 Day 17 Day 24 Day 31 Day 60 Day 90 Day 120 Day 150

10,000 ++ ++ ++ ++ ++ ++ ++ ++ ++
1000 ++ ++ ++ ++ ++ ++ ++ ++ ++
100 ++ ++ ++ ++ ++ ++ ++ ++ ++
50 ++ ++ ++ ++ ++ ++ +− ++ +−
25 ++ ++ ++ ++ ++ +− ++ ++ +−
10 −− −− −− −− −− −− −− −− −−

Table 3 Sensitivity and  specificity of  the  US-LAMP assay on  symptomatic and  asymptomatic specimen compared 
to RT-PCR

Sample type Assay type Sensitivity 
(%)

95% 
confidence 
interval (CI)

Specificity 
(%)

95% 
confidence 
interval (CI)

Positive 
predictive 
value (PPV) 
(%)

95% 
confidence 
interval (CI)

Negative 
predictive 
value (NPV) 
(%)

95% 
confidence 
interval 
(CI)

Symptomatic 
Calgary 
(N = 113)

Pan-LAMP 100 89.3–100 98.6 91.5–99.9 97.6 85.9–99.9 100 93.6–100

Pf-LAMP 100 82.8–100 97.8 91.4–99.6 92.3 73.4–98.7 100 94.7–100

Asymp-
tomatic 
Bangladesh 
(N = 186)

Pan-LAMP 100 39.6–100 100 97.4–100 100 39.6–100 100 97.4–100

Pf-LAMP 100 39.6–100 100 97.4–100 100 39.6–100 100 97.4–100

Asymp-
tomatic 
Ethiopia 
(N = 308)

Pan-LAMP 96.6 80.4–99.8 98.6 96.1–99.5 87.5 70.0–95.9 99.6 97.7–100

Pf-LAMP 100 69.9–100 99.7 97.8–100 92.3 62.1–99.6 100 98.4–100

Overall 
asymp-
tomatic 
(N = 494)

Pan-LAMP 97 82.5–99.8 99.1 97.6–99.7 88.9 73.0–96.4 99.7 98.6–100

Pf-LAMP 100 75.9–100 99.8 98.6–100 94.1 69.2–99.7 100 99.0–100
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spp. dilutions from batched total nucleic acid extraction approach.
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for sensitivity and specificity calculation from symptomatic samples 
(returning travellers in Calgary). Table S3. 2 × 2 table for sensitivity and 
specificity calculation from asymptomatic (Bandarban) samples. Table S4. 
2 × 2 table for sensitivity and specificity calculation from asymptomatic 
(Gondar) samples. Table S5. 2 × 2 table for sensitivity and specificity 
calculation from all asymptomatic (Gondar + Bandarban)) samples.

Additional file 3. Total nucleic acid extraction from filter paper dried 
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