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Mobile and Accurate Detection System for Infection
by the 2009 Pandemic Influenza A (H1N1) Virus
With a Pocket-Warmer Reverse-Transcriptase
Loop-Mediated Isothermal Amplification
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The 2009 pandemic H1N1 influenza A virus
spread quickly worldwide in 2009. Since most
of the fatal cases were reported in developing
countries, rapid and accurate diagnosis methods
that are usable in poorly equipped laboratories
are necessary. In this study, a mobile detection
system for the 2009 H1N1 influenza A virus was
developed using a reverse-transcriptase loop-
mediated isothermal amplification (RT-LAMP)
kit with a disposable pocket-warmer as a heating
device (designated as pwRT-LAMP). The pwRT-
LAMP can detect as few as 100 copies of the
virus—which is nearly as sensitive as real-time
reverse-transcription polymerase chain reaction
(RT-PCR)—and does not cross-react with RNA
of seasonal influenza viruses. To evaluate the
usefulness of the pwRT-LAMP system, nasal
swab samples were collected from 56 patients
with flu-like symptoms and were tested. Real-
time RT-PCR confirmed that the 2009 H1N1 influ-
enza A virus was present in 27 of the 56 samples.
Of these 27 positive samples, QuickVue Influenza
A þ B immunochromatography detected the
virus in only 11 samples (11/27; 40.7%), whereas
the pwRT-LAMP system detected the virus in 26
of the 56 samples (26/27 of the positive samples;
96.3%). These findings indicate that the mobile
pwRT-LAMP system is an accurate diagnostic
system for the 2009 H1N1 influenza A virus,
and has great potential utility in diagnosing

future influenza pandemics. J. Med. Virol.
83:568–573, 2011.
� 2011 Wiley-Liss, Inc.
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INTRODUCTION

The 2009 pandemic H1N1 influenza A virus spread
quickly worldwide in 2009. According to a World
Health Organization report in April 2010, more than
155 countries reported laboratory-confirmed cases of
this virus, including over 17,900 deaths [WHO, 2010].
Of note, most of these fatal cases were reported in
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developing countries. The 2009 H1N1 influenza A virus
infection can be diagnosed reliably with real-
time reverse-transcription polymerase chain reaction
(RT-PCR) [Carr et al., 2009; Poon et al., 2009; Wang
et al., 2009;Whiley et al., 2009]. However, real-time RT-
PCR equipment can be too expensive or unwieldy to
have onsite for many small and front-line laboratories,
which requires personnel to ship the isolated clinical
samples to outside laboratories equipped for the pro-
cedure. Even if the real-time RT-PCR equipment is
available onsite, processing of samples using this tech-
nique takes more than 2 hr. In contrast, immunochro-
matography assays can be performed typically in just
10–15 min with a convenient diagnosis kit, but this
method is not sensitive enough for accurate diagnosis
of the 2009 H1N1 influenza A virus infection [Chan
etal.,2009;Faixetal.,2009].BecausetheH1N1influenza
A virus is especially impactful in developing countries,
which often have limited facilities, rapid and accurate
diagnostic methods that can be used in poorly equipped
laboratories should be developed.

The loop-mediated isothermal amplification (LAMP)
system is a nucleic acid amplification system that
involves self-recurring strand-displacement DNA
synthesis primed by a specially designed set of target-
specific primers under isothermal conditions [Notomi
et al., 2000; Nagamine et al., 2002]. LAMP can be com-
pleted within 30–60 min at 608C. A reverse transcrip-
tase (RT) reaction was available before LAMP (RT-
LAMP); RT-LAMP has been used successfully to
detect human pathogenic RNA viruses [Hong et al.,
2004; Poon et al., 2004, 2005; Fujino et al., 2005; Okafuji
et al., 2005; Ushio et al., 2005; Ito et al., 2006], and
has already been developed to detect the 2009
H1N1 influenza A virus [Kubo et al., 2010]. Specifically,
RT-LAMP targets the 2009 H1N1 influenza A virus
hemagglutinin (HA) gene, with 97.8% sensitivity and
100% specificity in clinical samples compared with the
corresponding measurements for real-time RT-PCR
specific to 2009 influenza A H1N1 virus. However, the
traditional RT-LAMPmethod requires a heat block, and
a freezer in which the necessary reagents are stocked.
A mobile LAMP system for anthrax diagnosis was
developed recently using a disposable pocket-warmer
as a heating device [Hatano et al., 2010]. This advance-
ment is particularly convenient because disposable
pocket-warmers are cheap, and are well-known winter
commodities in Japan. Thus, the pocket-warmer LAMP
method requires no expensive or specialized equipment,
such as heat blocks or thermocyclers. The aforemen-
tioned anthrax study showed that the sensitivity and
specificity of the pocket-warmer LAMP method were
similar to those of the conventional LAMP method that
uses a heat block [Hatano et al., 2010], making it a
potentially powerful diagnostic tool for poorly equipped
laboratories in areas of pandemic infection. In the
present study, the 2009H1N1 influenza A virus-specific
pocket-warmer RT-LAMP (pwRT-LAMP) system was
developed, and its sensitivity and specificity were eval-
uated using nasal swab samples from individuals with

flu-like symptoms. A dried form of the LAMP reagent
was also examined to develop amobile diagnosis system
that does not require heat blocks or freezers.

MATERIALS AND METHODS

Clinical Samples

This study was approved by Institutional Review
Boards of Japan Self-Defense Force Central Hospital
(approval no. 21-012) and theNational Institute of Infec-
tious Diseases (approval no. 230). Written informed
consent was obtained from all participants. All clinical
specimens were collected at the Japan Self-Defense
Force Central Hospital in January and February of
2010. Fifty-six total patients including 43 males and
13 females were enrolled. The mean age of the patients
was 31.6 years (range: 20–51 years). All patients who
presented with histories of fever or feverishness, and
coughs and/or sore throats within 5 days of symptom
onset were included in this study. A specimen was col-
lected from the nares of each patientwith a dry swab tip;
tip of the collection swab was inserted approximately
3 cm into the nares and rolled several times in each
nostril. Subsequently, the tips of the swabs were
placed in the solutions of QuickVue tests Influenza
A þ B (Quidel Corporation, San Diego, CA). In addition
to the clinical samples, supernatants of 2009 H1N1
influenza A virus (strain A/Tokyo/NIID1/2009(H1N1)),
seasonal influenza A (H1 [strain New Caledonia 20/99],
H3 [strain Hiroshima], H5 [strain A/HK/Z13/03]),
influenza B, para-influenza virus types 1 and 3,
respiratory syncytial (RS) virus (type A), human
metapneumovirus and severe acute respiratory
syndrome (SARS) virus-infected cells were used as
positive or negative controls.

Immunochromatography Test for
Influenza Virus

Nasal swab samples were examined with the Quick-
Vue Influenza A þ B rapid immunochromatography
test, according to the manufacturer’s instructions.

RNA Extraction

RNA was extracted from remnant solutions of
QuickVue tests using QIAamp viral RNA mini kits
(Qiagen, Hilden, Germany). The RNA was eluted in a
final volume of 60 ml of elution buffer.

Design of pwRT-LAMP Primers

Primers specific for the 2009 H1N1 influenza A virus
HA genewere designed for the RT-LAMPassay. Briefly,
nucleotide sequences of human isolates of the 2009
H1N1 influenza A virus HA genes were retrieved from
the GenBank database and aligned to identify potential
target regions using a Genetyx analyzer (Genetyx,
Tokyo, Japan). Sequences of 20 strains of the 2009
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H1N1 influenza A virus HA genes were aligned and
compared to those of 20 randomly selected strains of
seasonal H1N1 influenza A viruses. Finally, a set of six
primers, which was comprised of two outer primers
(forward primer F3 50-AAGCTCAGCAAATCCTACA-30

and backward primer B3 50-TCCCTCACTTTGGGT
CTT-30); two inner primers (forward inner primer
[FIP] 50-GACTTTGTTGGTCAGCACTAGTAGAAAAG
GGAAAGAAGTCCTCG-30 and backward inner primer
[BIP] 50-TCTATCAGAATGCAGATGCATATGTTGCTA
TTTCCGGCTTGAA-30); and two loop primers (forward
loop primer [LF] 50-GATGGTGAATGCCCCATAGC-30

and backward loop primer [LB] 50-TTTTGTGGGGTC
ATCAAGATACAG-30) that recognize eight distinct
regions on the target sequence, was designed by using
theLAMPprimer design softwarePrimerExplorer (ver-
sion 4; Eiken Chemical, Tokyo, Japan; http://primerex-
plorer.jp/elamp4.0.0/index.html). The target for the RT-
LAMP assay was based on 529–716 nt in the HA gene
sequence of GenBank GQ165814, from the strain A/
Narita/1/2009(H1N1). All primers used in this study
were synthesized by Sigma-Genosys Japan (Tokyo,
Japan).

pwRT-LAMP and Conventional RT-LAMP

The pw RT-LAMP assays were carried out using the
Loopamp RNA Amplification Reagent for RT-LAMP
(LMP244-246; Eiken Chemical) with LAMP primers
specific for 2009 H1N1 virus as described in the section
above. For each pwRT-LAMP assay, 9 ml of extracted
RNA was added to 41 ml of master mix containing 25 ml
of 2� reaction mix, 1 ml of enzyme mix, 2 ml of fluor-
escence detection reagent (LMP-221; Eiken Chemical),
40 pmol FIP and BIP primers, 5 pmol outer primers
(F3 and B3 primers) and 20 pmol loop primers (LF
and LB primers). The mixtures were incubated using
a disposable pocket-warmer (Hokaron Haru-type,
Lotte Health Products, Tokyo, Japan) and a Styrofoam
box for 50 min as described previously [Hatano et al.,
2010]. After the RT-LAMP reaction was carried out, the
related fluorescence was detected directly in the reac-
tion tubes using an ultraviolet (UV) transilluminator
(365 nm wave length; LAS-3000; Fujifilm, Tokyo, Ja-
pan). A dried form of RNAAmplification Reagent (LMP-
271; Eiken Chemical) was also examined as a RT-LAMP
reagent for use in the pwRT-LAMP system. For the
assays with the dried form of the reagent, 15 ml of the
2009 H1N1 influenza A virus primer reagent (PM0021;
Eiken Chemical) and 10 ml of RNA sample were added
to a dried-form RT-LAMP tube, and the tube was
incubated with a pocket-warmer in a Styrofoam box
for 50 min.

Conventional RT-LAMP with Loopamp RNA
Amplification Reagent was also carried out with a heat
block. For the conventional RT-LAMP method, 50 ml of
RT-LAMP mixture including 9 ml of RNA sample
was incubated in a Loopamp Real-Time Turbidimeter
(LA-320C; Eiken Chemical) for 60 min at 608C and
then for 5 min at 808C to terminate the reaction.

Real-Time RT-PCR for the 2009 H1N1
Influenza A Virus

TaqManreal-timeRT-PCRwasperformed tomeasure
the copy numbers of the 2009 H1N1 influenza A virus
with a Mx3005P real-time PCR system (Stratagene, La
Jolla, CA) and a QuantiTect Probe RT-PCR kit (Qiagen)
as described previously [Nakajima et al., 2010], using
1 ml of extracted RNA as the template in each reaction
mixture. Each sample whose amplification plot crossed
the threshold line within 40 cycles (i.e., the threshold
cycle was <40) was considered positive. A recombinant
plasmid containing a fragment of the HA gene was used
as a positive control in the standard curve.

RESULTS

Establishment and Evaluation of the 2009 H1N1
Influenza A Virus-Specific pwRT-LAMP

The RT-LAMP method requires a constant tempera-
ture of 60–658C for more than 60 min for reverse-
transcription and amplification of cDNA. A previous
study showed that the temperature of a disposable
pocket-warmer in a Styrofoam box reached 588C in
30 min and remained around 608C for more than
60 min [Hatano et al., 2010]. In addition, this study
revealed that the temperature inside a Styrofoam box
was consistent both under cold (48C) and warm (378C)
conditions [Hatano et al., 2010]. Thus, the pwRT-LAMP
was used in the present study to detect the 2009 H1N1
influenza A virus. Observation under UV or ambient
light showed that the pwRT-LAMP system coupled with
theHA primer set detected 100 copies of target RNA per
reaction volume (both in 25 and 50 ml) after incubation
for 60 min (Fig. 1A). To confirm the specificity of pwRT-
LAMP, RNA samples extracted from seasonal influenza
viruses and other RNA viruses were also examined.
These results clearly showed that the pwRT-LAMP
system detected the 2009 H1N1 influenza A virus, but
not the other viruses, including the seasonal influenza
A (H1, H3, H5) viruses (Fig. 1B). The sensitivity and
specificity of pwRT-LAMP corresponded with the
results from conventional RT-LAMP that used a heat
block at 608C for 30 min (data not shown).

The pwRT-LAMP with the dried RNA Amplification
Reagent was also performed, which showed that 100
copies per tube was the lower detection limit and
involved a specific reaction to the 2009 H1N1 influenza
A virus (data not shown). These results indicate that the
pwRT-LAMP system specifically detects the HA gene of
the 2009H1N1 influenza A virus without cross-reacting
with other RNA viruses.

Diagnostic Evaluation of pwRT-LAMP With
Clinical Samples

To evaluate the diagnostic accuracy of pwRT-LAMP,
56 nasal swab samples from individuals with flu-like
symptoms were examined. All samples were examined
with immunochromatography tests, conventional RT-
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LAMP, pwRT-LAMP, pwRT-LAMPwith the dried RNA
Amplification Reagent, and real-time RT-PCR (Table I
and Fig. 2). Of the 56 samples, immunochromatography
tests detected influenza virus type A or B in 11 samples
(19.6%), whereas real-time RT-PCR detected the 2009
H1N1 influenza A virus in 27 samples (48.2%). Of the 27
samples identified as positive for 2009 H1N1 by real-
time RT-PCR, pwRT-LAMP and pwRT-LAMP with
dried RNA Amplification Reagent positively identified
26 (96.3%) and 27 samples (100%), respectively. In con-
trast, only 11 of the 27 samples (40.7%) were positively
identified by the immunochromatography tests. All
pwRT-LAMP reaction tubes were visualized by both a
UV transilluminator and under ambient light, and
determined the results of reactionswere identical under
both types of light, which suggests that ambient light is
sufficient for identification of positive signals. In
addition, the samples were subjected to conventional
RT-LAMP with a turbidimeter. The threshold times,
defined as the time (in seconds) needed to reach the
threshold turbidity level (0.1), significantly correlated
with virus copy number as determined by real-time RT-
PCR (R2 ¼ 0.7858, Fig. 3). Conventional RT-LAMP
detected the virus in all 27 samples that were found
positive by real-time RT-PCR (Table I). These findings
indicate that the pwRT-LAMP technique detects the
2009 H1N1 influenza A virus in clinical samples with
sensitivity and specificity similar to real-time RT-PCR
and conventional RT-LAMP.

TABLE I. Assay Results and Virus Copy Numbers

No. Immunochromatography RT-LAMP pwRT-LAMP
pwRT-LAMP/
dried reagent

Real-time
RT-PCR (copies)

1 þ þ þ þ 3.73 � 107

2 þ þ þ þ 1.12 � 107

3 þ þ þ þ 8.41 � 106

4 þ þ þ þ 7.24 � 106

5 þ þ þ þ 2.02 � 106

6 þ þ þ þ 1.70 � 106

7 þ þ þ þ 6.77 � 105

8 þ þ þ þ 5.33 � 105

9 � þ þ þ 5.27 � 105

10 þ þ þ þ 2.73 � 105

11 þ þ þ þ 1.74 � 105

12 � þ þ þ 7.37 � 104

13 � þ þ þ 7.04 � 104

14 þ þ þ þ 5.04 � 104

15 � þ þ þ 4.08 � 104

16 � þ þ þ 1.70 � 104

17 � þ þ þ 1.39 � 104

18 � þ þ þ 8.39 � 103

19 � þ þ þ 7.03 � 103

20 � þ þ þ 6.51 � 103

21 � þ þ þ 3.82 � 103

22 � þ þ þ 3.02 � 103

23 � þ þ þ 1.01 � 103

24 � þ þ þ 8.65 � 102

25 � þ þ þ 5.70 � 102

26 � þ þ þ 4.89 � 102

27 � þ � þ 4.75 � 102

28–56 � � � � 0
Positivity rate in 27 samples found positive through real-time RT-PCR

40.7% (11/27) 100% (27/27) 96.3% (26/27) 100% (27/27)

Fig. 1. Sensitivity and specificity of pocket-warmer reverse-tran-
scriptase loop-mediated isothermal amplification (pwRT-LAMP) for
the 2009 H1N1 influenza A virus. A: Sensitivity of pwRT-LAMP for
the 2009 H1N1 influenza A virus in volumes of 25 ml (upper panel)
and 50 ml (lower panel). Culture supernatants containing the 2009
H1N1 influenzaAviruswhose copynumber (106–100)wasmeasured by
real-time RT-PCRwere used as controls.B: Specificity of pwRT-LAMP
for the 2009H1N1 influenzaAvirus. 1, InfluenzavirusH1; 2,H3; 3,H5;
4, 2009 H1N1 virus (strain A/Tokyo/NIID1/2009(H1N1)); 5, H1N1pdm
(strain A/Nagano/RC1/2009(H1N1)); 6, Influenza virus B; 7, PIV1; 8,
PIV3; 9, RS virus typeA; 10,metapneumovirus; 11, SARS corona virus;
12, cellular RNA of human lymphocytes.
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DISCUSSION

In the present study, the pwRT-LAMP method was
developed to detect the 2009 H1N1 influenza A virus.
The pwRT-LAMP technique has similar sensitivity and
specificity to real-time RT-PCR and requires only
50 min for HA gene amplification without the use of a
heat block or thermal cycler. The positive signals of
pwRT-LAMP can be visualized directly by placing a
reaction tube either on a UV transilluminator (254–
366 nm wave-length), or in ambient light. These

characteristics make this detection system particularly
useful for poorly equipped laboratories, or for any
front-line station that treats or investigates pandemic
influenza.

The biggest advantage of this system is that it does
not require a heat block or a PCR machine. Currently,
hospitals and clinics that lack PCR equipment must
ship samples to equipped laboratories forfinal diagnoses
of influenza infection, which is time-consuming and
inefficient. The results in the present study indicate
that the pwRT-LAMP system could be a time-saving
and convenient method in comparison, by allowing
analysis to be performed onsite. Although hot water is
more available than disposable pocket-warmers in
laboratories, it is difficult to maintain an optimal water
temperature for analysis outside of laboratories. In that
sense, a pocket warmer is much more convenient
and mobile than hot water. Furthermore, a disposable
pocket-warmer that contains iron powder, water, ver-
miculite, activated carbon, and salt is easily obtainable
via the internet (i.e., if outside of Japan), and costs
less than US$1, suggesting that this system can be
established quite easily with low cost.

In the present study, pwRT-LAMP using a dried
form of the RNA Amplification Reagent had the same
sensitivity and specificity as real-time RT-PCR. The
dried form of the RNA Amplification Reagent and
primer mix for the 2009 H1N1 influenza A virus can
be stored at 48C for 6 months (LMP462; Eiken
Chemical). Therefore, inclusion of this dried reagent
in pwRT-LAMP negates the need for a freezer. Thus,
the pwRT-LAMP method with the dried RNA Amplifi-
cation Reagent may be a particularly powerful tool
for accurately detecting influenza virus in clinics and
hospitals with unequipped laboratories or at the site of
influenza virus pandemics.

However, to establishanentirelymobile pwRT-LAMP
system, RNA extraction methods must be improved. In
this study, the QIAamp viral RNA mini kit that takes
approximately 60 min to complete the whole RNA
extraction process was used, but this protocol requires
the use of a microcentrifuge. Several RNA extraction
kits that do not require the use of a centrifuge or a heat
incubator were then tried; however, the RNA samples
extracted with these kits showed low sensitivity in both
pwRT-LAMP and real-time RT-PCR (data not shown).
Further studies are necessary to establish RNA extrac-
tion methods suitable for pwRT-LAMP, ultimately to
enhance the mobility of the method.

Both the pwRT-LAMP and real-time RT-PCR
revealed more 2009 H1N1 influenza A virus-positive
results than did immunochromatography assays,
confirming the low sensitivity of the latter method for
influenza virus [Chan et al., 2009; Faix et al., 2009].
Since real-time RT-PCR and RT-LAMP amplify target
genes, the sensitivity of these assays is much higher
than immunochromatography, which detects viral
antigens immunologically. It is possible that the virus
copies in some nasal swab samples were not sufficient
for detection by immunochromatography. In addition,

Fig. 2. Example copy numbers and UV images of pocket-warmer
reverse-transcriptase loop-mediated isothermal amplification
(pwRT-LAMP) in clinical samples. Copy numbers were measured with
real-time RT-PCR. Images of the tubes used in pwRT-LAMP and
pwRT-LAMP with dried reagent were taken under UV light with an
image analyzer.

Fig. 3. Relationship of turbidity with copy number of the 2009H1N1
influenza A virus. Real-time turbidity was detected with a Loopamp
real-time turbidimeter. The time required to reach the threshold tur-
bidity level (0.1) (threshold time) were plotted against the copy num-
bers of the samples determined by real-time RT-PCR.
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since immunochromatography can detect influenza
A and B, there may be certain mutations in the amino
acid sequences of the 2009 H1N1 influenza A virus HA
that cause the virus to go unrecognized by the antibody.
However, immunochromatography for 2009H1N1virus
was recently developed [Miyoshi-Akiyama et al., 2010].
Although this method works as a means of quick diag-
nosis for the 2009H1N1 influenzaAvirus, its sensitivity
still may not be high enough for accurate diagnosis,
because it is an immunological method and the amount
of virus titer in nasal swabs may be insufficient for
detection. Thus, the pwRT-LAMP method is more
sensitive than immunochromatography, and offers
diagnoses that are more accurate.

In summary, pwRT-LAMP was developed as a
mobile and accurate diagnostic system for the 2009
H1N1 influenzaAvirus. This technique does not require
the use of a heat block or a PCR machine, and its high
sensitivity and specificity are sufficient for diagnosis of
2009H1N1 influenzaA virus infection. The rapidworld-
wide spread of the 2009 H1N1 influenza A virus in
2009 resulted in international demands for a speedy
and accurate diagnostic system for the pandemic virus.
ThepwRT-LAMPmethoddescribedherein can facilitate
diagnosis efforts in the event of a subsequent pandemic
influenza virus.
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