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1. Introduction

Human enterovirus 71 (EV71) is the major etiological 
agent of hand, foot, and mouth disease (HFMD), which 
is a febrile exanthematous disease mostly prevalent 
in children younger than ten years old (1,2). In recent 
years, EV71 associated outbreaks have been reported 
worldwide and its infection has become serious threat 
to the health of infants and young children (3-7). EV71 
infection can cause various clinical manifestations 

and has been associated with severe neurological 
and cardiopulmonary complications, such as aseptic 
meningitis, encephalitis, and poliomyelitis-like 
paralysis, resulting in higher mortality rates (8-11). 
 Traditional methods for EV71 detection primarily 
depend on virus culture and identification, and 
serodiagnosis, which are either time-consuming or 
have a high false positive rate. Recently, reverse 
transcription-PCR (RT-PCR) and real-time quantitative 
RT-PCR (qRT-PCR) assays have been developed to 
detect EV71 with high specificities and sensitivities 
(12-14). However, these methods require sophisticated 
instrumentations and expensive reagents, which lead 
a result that the methods are difficult to be applied in 
developing countries or in field situations (15-17). 
Therefore, a rapid, reliable, and cost-effective molecular 
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test should be developed to be content with the growing 
demand.
 Loop-mediated isothermal amplification (LAMP), 
a nucleic acid amplification method, was first 
established in 2000, which has been considered as a 
powerful nucleic acids amplification tool because of 
its simplicity, speed, specificity, and cost-effectiveness 
(18). Since then, this method has been used widely in 
rapid detection for viruses, such as dengue virus, West 
Nile virus, Japanese encephalitis virus, Ebola virus, 
H1N1 influenza virus, and so on (19-23). The detection 
of EV71 by RT-LAMP with RNA extraction was 
developed recently (15-17, 24-30), however, results 
from a single study did not have sufficient power to 
demonstrate the role of RT-LAMP in the detection of 
EV71 infection. Therefore, we performed systematical 
meta-analysis to provide a more comprehensive and 
reliable analysis of the diagnostic accuracy of RT-
LAMP for the diagnosis of EV71 infection.

2. Materials and Methods

2.1. Study protocol

This analysis was conducted with a predetermined 
protocol following the recommendations of Deeks et 
al. (31). Data was collected and reported according 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses: The PRISMA Statement (Table 
S1, http://www.biosciencetrends.com/docindex.
php?year=2014&kanno=2) (32).

2.2. Search strategy

Relevant studies published before February 10, 2014 
were identified from searching PubMed, Embase, 
Wan Fang Data, and Chinese National Knowledge 
Infrastructure databases using the following terms: 
("enterovirus 71" OR "EV71" AND ("detection" OR 
("Reverse transcription loop-mediated isothermal 
amplification method" OR "RT-LAMP" OR "LAMP" ). 
Languages were not restricted.

2.3. Inclusion and exclusion criteria

Studies included in this meta-analysis had to meet 
the following criteria: (1) Studies detecting the 
nasopharyngeal swab, stool, throat swabs, and rectal 
swabs specimens were included; (2) Patient samples 
were detected using qRT-PCR method, RT-PCR or 
virus isolation; (3) The literature data should contain 
sensitivity and specificity and detection limit; (4) For 
the studies using the same or overlapping data by the 
same authors, the most recent or largest population 
were selected. Exclusion criteria: (1) unqualified data; 
(2) small scale studies with fewer than 30 patients; 
(3) works designated as conference abstract, letters, 

case reports, editorials or reviews; (4) duplicated 
publications.

2.4. Data extraction and quality assessment

All selected manuscripts were reviewed by two authors 
(L.Z and HL.W), independently. Any disagreement 
was resolved by a third person (XJ.Y). The following 
information was extracted from every eligible work: 
the first author, year of publication, country, control 
method, number of patients, detection limit, the number 
of true positive (TP), false positive (FP), false negative 
(FN), and true negative (TN). The qualities of all the 
manuscripts were assessed according to the Quality 
Assessment of Diagnostic Accuracy Studies (QUADAS) 
(Table S2, http://www.biosciencetrends.com/docindex.
php?year=2014&kanno=2) (33). Fourteen items related 
to quality appraisal were used in this meta-analysis. Each 
of these items was scored "yes" (1 score), "no" (0 score) 
or "unclear" (-1 score). Disagreements were resolved by 
discussions and consensus.

2.5. Statistical analysis

For each selected publication, the pooled sensitivity, 
pooled specificity, positive likelihood ratio (PLR), 
negative likelihood ratio (NLR), and diagnostic odds 
ratio (DOR), and their 95% confidence intervals (CI) 
were calculated. A bivariate mixed model was adjusted 
to obtain a summary receiver operating characteristic 
(SROC) curve by summarizing the joint distribution 
of sensitivity and specificity with Moses linear model 
and the corresponding area under the curve (AUC) was 
calculated as a global measurement of test performance 
(34,35). The closer the AUC was to 1, the better the test 
performance. Publication bias was assessed visually 
using a funnel plot and tested with Egger's tests with 
p < 0.10 being considered statistically significant 
(36). Empty cells were handled using a 0.5 continuity 
correction. Meta-regression was analyzed to identify 
possible sources of heterogeneity. Values of p < 0.05 and 
I2 > 50% were considered to be statistically significant. 
Subgroup analyses and sensitivity analysis were also 
performed where required. All analyses were performed 
with STATA 12.0 (Stata Corp LP, College Station, Texas, 
United States).

3. Results

3.1. Literature search

A total of 219 potential relevant manuscripts were 
retrieved after the primary search of the electronic 
databases for published work on the subject. One 
hundred and ninety five of these manuscripts were 
excluded after further review of the title and abstract 
for irrelevant topics, and an additional 10 manuscripts 
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test revealed no significant publication bias among the 
included reports (p = 0.067).

3.3. Overall diagnostic performance of RT-LAMP

As a result, 10 eligible studies with a total of 907 
samples were included in this meta-analysis, which 
were published from 2011 to 2012. All the samples 
were also detected by qRT-PCR or RT-PCR, or even 
virus isolation for conformation, however, the units 
of the detection limit of RT-LAMP varied in different 
studies (Table 1). The basic characteristics (TP, FP, TN, 
and FN) were also listed in the table. 
 The forest plot of sensitivity, specificity, PLR, and 
NLR for RT-LAMP method in the detection of EV71 
infection was shown in Figures 2 and 3. The pooled 
sensitivity and specificity were 0.99 (95% CI: 0.97-
1.00) and 0.97 (95% CI: 0.94-1.00), respectively 
(Figures 2 and 3). By heterogeneity analysis, I2 of 
sensitivity, specificity, PLR, and NLR was 0.0% (p = 
0.739), 47.5% (p = 0.047), 0.0% (p = 0.994), and 0.0% 
(p = 0.998), respectively, implicating that there was 
no significant heterogeneity among the samples. The 
pooled PLR was 5.90 (95% CI: 3.90-8.49); the pooled 
NLR was 0.20 (95% CI: 0.14-0.29). 
 The pooled DOR and the SROC curves based on 
summary sensitivity and specificity across all data 
sets were shown in Figure 4. The pooled DOR was 
843.27 (95% CI: 294.19-2417.15), with individual 
DORs ranging from 312.00 to 41600. The results of 
DOR showed consistency across the included studies, 
without noticeable heterogeneity (p = 0.602, I2 = 
0.0%). The point size in the SROC curve represented 
the proportional study weight. All the data gathered 
near the top left corner where both the sensitivity and 
specificity were the highest. The area under the curve 
(AUC) was 1.00 (95% CI: 0.99-1.00) indicating a high 
diagnostic accuracy.
 In addition, we systematically removed one data set 
at a time, and recalculated the DOR and AUC values for 
the remaining studies. The changes of pooled DOR and 

were excluded for duplication of the reports. Then the 
remaining 14 manuscripts were undergoing full text 
review. Finally, 10 studies were included for further 
meta-analysis. The detailed process of this literature 
search is shown in Figure 1.

3.2. Study quality assessment

QUADAS list of questions were used to review the 
test quality of the included studies. Most of the studies 
satisfied a majority of the items on the list, and reports 
of intermediate results and withdraw cases were the 
most common missing items in the studies in this 
analysis (Table S2, http://www.biosciencetrends.com/
docindex.php?year=2014&kanno=2). The Egger's 

Table 1. Summary of the studies included in the meta-analysis

Reference 
number

15
16
17
24
25
26
27
28
29
30

  Author

Shi et al.
Nie et al.
Nie et al.
Geng et al.
He et al.
Jiang et al.
Li et al.
Wang et al.
Xia et al.
Zhao et al.

Publication
year

2011
2011
2012
2011
2012
2011
2012
2012
2011
2011

Abbreviations: qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; RT-PCR, reverse transcription polymerase chain 
reaction; PFU, plaque forming unit; TCID50,50% tissue culture infective dose; TP, true positive; FP, false positive; FN, false negative; TN, true 
negative. 

Country

China
China
China
China
China
China
China
China
China
China

Conformation
method

qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
RT-PCR
qRT-PCR
RT-PCR

Samples

123
  47
145
  58
  33
  40
  41
252
108
  60

Detection
    limit

1PFU
0.33TCID50

1.6 TCID50

10-5 dilution
160 copies
0.01 PFU
100 copies
10 copies
5 copies
10 copies

TP

  56
  25
124
  25
  24
  26
  27
  52
101
  31

FP

2
0
0
8
0
0
0
0
0
4

FN

0
0
5
0
0
2
0
0
3
0

TN

  65
  22
  16
  25
    9
  12
  14
200
    4
  26

Test results QUADAS

Figure 1. Flow chart describing the literature search 
conducted for this meta-analysis.
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the corresponding changes in AUC values did not show 
significant difference (data not shown). These results 
suggested that no single data set carry enough weight 
to significantly influence the pooled test performance 
reported for the ability of RT-LAMP in detection of 
EV71 infection.

3.4. Univariate analysis

For exploring the potential variables that may have 

influenced the results, the following variables were 
chosen for subgroup analysis: publication year, 
sample size and confirmation method. In the subgroup 
analysis of publication year, the specificity was 0.96 
for 2011, and 1.0 for 2012, thus, there was significant 
heterogeneity of specificity between studies published 
in 2011 and that published in 2012 (p = 0.027). 
Differences in the sensitivity, the PLR and NLR in this 
subgroup and differences in other subgroups were not 
statistically significant (Table 2).

Figure 2. Forest plots of sensitivity and specificity of RT-LAMP for the detection of EV71 infection. (A) Pooled sensitivity. 
(B) Pooled specificity. Effect sizes were pooled by fixed-effect models. The point estimates from each study were shown as solid 
squares. The pooled estimates were shown as an empty diamond. Error bars represented 95%CIs.
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4. Discussion

A rapid expansion of HFMD has occurred in many 
provinces in China since 2008, especially in spring 
and summer every year. Although most of the HFMD 
cases without sever complications are mild and do not 
need much medical attention, cases infected by EV71 
often lead to serious complications, or even death (37-
39). Children around 3 years old are infected the most 

commonly and the cases infected by EV71 may cause 
severe neurological disease within 2-5 days, which led 
to an international demand for a rapid, simple, sensitive 
and accurate molecular method for the diagnosis of 
EV71 infection. qRT-PCR and RT-PCR have been 
proved to be reliable nucleic acid-based methods for 
the detection of EV71 in laboratories, however, both 
methods require specialized equipment and are not cost 
effective. RT-LAMP is a useful molecular technique for 

Figure 3. Forest plots of positive and negative likelihood ratios of RT-LAMP for the detection of EV71 infection. (A) 
Pooled positive likelihood ratio. (B) Pooled negative likelihood ratio. Effect sizes were pooled by fixed-effect models. The point 
estimates from each study were shown as solid squares. Error bars represented 95% CIs.
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nucleic acid research (18). To our knowledge, this is 
the first pooled estimation of the RT-LAMP method in 
detecting EV71 infection.
 In this meta-analysis, 10 relevant studies with a 
total of 907 samples were included. Although results 
were not consistent across different studies, the overall 

diagnostic performance of detecting EV71 RNA with 
RT-LAMP showed pooled sensitivity and specificity 
of 0.99 (95% CI: 0.97, 1.00) and 0.97 (95% CI: 0.94, 
1.00), respectively. The pooled DOR and AUC of the 
SROC curves for all data sets were 843.27 and 1.00, 
respectively. The results were consistent with previous 

Figure 4. Overall DOR and SROC curve for all data sets describing the diagnostic performance of RT-LAMP in detecting 
EV71 infection. (A) Overall diamond. (B) The SROC curves for all data sets. Effect sizes were pooled by fixed-effect models. 
The pooled DOR is shown as an empty diamond. Each square in the SROC cure represents one study. Sample size was indicated 
by the size of the square.
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studies, representing that RT-LAMP method was highly 
efficient in EV71 detection, regardless of the sample 
origin variation. In addition, the virus strains of EV71 
and the sequences of EV71 were not uniform, which 
could be potential source of variation that may have 
influenced the test performance. 
 I n f e c t i o n s  c a u s e d  b y  E V 7 1  a n d  H u m a n 
coxsackievirus A16 (CVA16) shared similar clinical 
symptoms, and indeed, the protein sequences of the two 
viruses were in high similarity, therefore, frequent mis-
diagnosis of EV71 and CVA16 infections happened 
because of the difficulty in distinguishing the two 
viruses (40). Exact nucleotide sequences of RT-LAMP 
products can be derived from target DNA and primers, 
and restriction enzymes recognition sites were often 
introduced, thus, it is possible to predict the specific 
digestion outcomes of the samples (15). Therefore, 
RT-LAMP assay can provide high specificity for the 
detection of EV71 infection. 
 Heterogeneity between studies, which exists 
widely and could not be considered to be attributed to 
variances, is a potential problem in results interpretation 
for meta-analysis. As a result, pooled sensitivity is 
usually applied to assess whether the meta-analysis 
is influenced by any individual study. When the 
selected studies were removed one by one and the 
heterogeneity did not show significant change, the 
results of the analysis did not depend on one particular 
study absolutely. According the provided information, 
the univariate analysis was also carried out. Three 
subgroups were categorized and subgroup analysis 
of potential variables influencing the performance of 
RT-LAMP was performed. As most of the results did 
not show significant difference, it suggested that the 
conclusions are reliable.
 There are several limitations in this meta-analysis. 
First, only 10 manuscripts met the inclusion criteria 
in this analysis. The sample size was so small that it 
limited the generalization of the results. Also, qualities 
of the selected manuscripts were not uniform. For 
example, the essential demographical data like age and 

gender distributions were not presented in most studies. 
These factors might be potential heterogeneity sources 
in the analysis. In addition, the detection limits were 
not uniformed in the same unit in primary study. As 
the experiments were done by different manipulators, 
and the EV71 virus strain used in the studies were 
also different from each other, the results were not 
comparable with each other. 
 In conclusion, RT-LAMP is a simple, rapid, cheap, 
specific and sensitive nucleic acid detecting method and 
has great value in diagnosis of EV71 infection for on-
site application in early stage, which could contribute to 
control of EV71 infection.
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