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in stool samples: a meta-analysis
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A b s t r a c t

Introduction: Clostridium difficile infection (CDI) remains a diagnostic chal-
lenge for clinicians. More recently, loop-mediated isothermal amplification 
(LAMP) has become readily available for the diagnosis of CDI, and many stud-
ies have investigated the usefulness of LAMP for rapid and accurate diagno-
sis of CDI. However, the overall diagnostic accuracy of LAMP for CDI remains 
unclear. In this meta-analysis, our aim was to establish the overall diagnostic 
accuracy of LAMP in detection of Clostridium difficile (CD) in stool samples.
Material and methods: A  search was done in PubMed, MEDLINE, EMBASE 
and Cochrane Library databases up to February 2014 to identify published 
studies that evaluated the diagnostic role of LAMP for CD. Methodological 
quality was assessed according to the quality assessment for studies of 
diagnostic accuracy (QUADAS) instrument. The sensitivities (SEN), specifici-
ties (SPE), positive likelihood ratio (PLR), negative likelihood ratio (NLR) and 
diagnostic odds ratio (DOR) were pooled statistically using random effects 
models. Statistical analysis was performed by employing Meta-Disc 1.4 soft-
ware. Summary receiver operating characteristic (SROC) curves were used 
to summarize overall test performance. Funnel plots were used to test the 
potential publication bias.
Result: A total of 9 studies met inclusion criteria for the present meta-analy-
sis. The pooled SEN and SPE for diagnosing CD were 0.93 (95% CI: 0.91–0.95) 
and 0.98 (95% CI: 0.98–0.99), respectively. The PLR was 47.72 (95% CI: 15.10–
150.82), NLR was 0.07 (95% CI: 0.04–0.14) and DOR was 745.19 (95% CI: 
229.30–2421.72). The area under the ROC was 0.98. Meta-regression indicat-
ed that the total number of samples was a source of heterogeneity for LAMP 
in detection of CD. The funnel plots suggested no publication bias.
Conclusions: The LAMP meets the minimum desirable characteristics of a di-
agnostic test of SEN, SPE and other measures of accuracy in the diagnosis of 
CD, and it is suitable as a rapid, effective and reliable stand-alone diagnostic 
test for diagnosis of CDI, potentially decreasing morbidity and nosocomial 
spread of CD. 

Key words: Clostridium difficile, loop-mediated isothermal amplification, 
meta-analysis.

Introduction

Clostridium difficile (CD) is a Gram-positive sporogenic anaerobic bac-
terium; it accounts for 15% to 30% of all episodes of antibiotic-associat-
ed diarrhea (AAD) and 95% to 100% of pseudomembranous colitis (PMC) 
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[1, 2], with 6% mortality overall, rising to 13.5% in 
older patients [3]. The major CD virulence factors 
are enterotoxin TcdA (toxin A, 308 kDa) and cyto-
toxin TcdB (toxin B, 270 kDa), encoded along with 
three other genes (TcdC, TcdD, TcdE) in the patho-
genicity locus (PaLoc) [4]. In addition to toxins 
A and B, some strains also produce a third toxin 
known as binary toxin, encoded by ctdA and ctdB, 
located outside the PaLoc. The role of binary toxin 
in the pathogenesis of C. difficile remains unclear 
[5, 6]. The morbidity, mortality and relapse rates 
of disease caused by CD have markedly increased 
in many parts of the world in the past decade [7, 
8], and CD is now recognized not only as one of 
the major causes of serious healthcare-associated 
infections [9], but also as a community acquired 
infection [10, 11]. Increased Clostridium difficile 
infection (CDI) incidence and severity have been 
attributed largely to the emergence of a new strain 
of CD (BI/NAP1/027) [12], which is characterized 
by its expression of an ADP-ribosylating binary 
toxin [13]. The main risk factors for CDI are ex-
posure to specific antibiotics, hospitalization and 
advanced age (age > 65 years) and so on [14, 15]. 
Therefore rapid and accurate diagnosis of CDI is 
essential both for improving outcomes of patients 
with CDI and for reducing horizontal transmission 
in health care facilities.

The laboratory diagnosis for CD consists of the 
detection of toxigenic CD and/or its toxins A or B 
in stool, for which a variety of methods are avail-
able, each with its own qualities and limitations. 
Currently, the gold standards for the diagnosis of 
CDI are the cell culture cytotoxicity neutralization 
assay (CCCNA) and anaerobic toxigenic culture 
(TC) [1, 16]. The CCCNA is sensitive but is ex-
tremely time-consuming, and its requirement for 
cell culture prohibits its application for near-pa-
tient rapid testing. Toxigenic culture is slow and 
laborious, often requiring 48 to 72 h to complete, 
and therefore is unlikely to be adopted by a clini-
cal laboratory as the standard method for CD test-
ing. The enzyme immunoassay (EIA) for detection 
of toxins A and B has been the most widely used 
diagnostic test for CDI because of its rapid turn-
around, low cost and simplicity, and toxin gene 
expression is known to be repressed [16]. How-
ever, EIA for toxins A and B is known to have low 
sensitivity [1, 16–18]. With the development of an 
EIA for glutamate dehydrogenase (GDH), which is 
a C. difficile cell wall common antigen, the sensi-
tivity for the detection of C. difficile approaches 
100%; however, because GDH is ubiquitous for 
both toxigenic and non-toxigenic strains, specific-
ity of the GDH assay is poor. The polymerase chain 
reaction (PCR) assay for detecting the toxin genes 
has been widely used for identification of types of 
toxin produced by recovered isolates. Detection of 

tcdA and/or tcdB in stool specimens by PCR, nest-
ed PCR, and real-time PCR has also been devel-
oped and evaluated. Although reported to be rap-
id and sensitive diagnostic methods, they are not 
necessarily of practical use in clinical laboratories, 
where special equipment such as a thermal cycler 
and detection systems are not available. Therefore 
CDI remains a diagnostic challenge for clinicians.

More recently, loop-mediated isothermal ampli-
fication (LAMP) [19–24] has become readily avail-
able for the diagnosis of CDI, and compared to 
other non-culture-based methods, LAMP is a sen-
sitive and specific method [25], although more 
expensive than traditional assays [26]. This test 
has potential for rapid and accurate diagnosis and 
was released by the FDA in July 2010 for US labo-
ratory use. 

We performed a  meta-analysis to investigate 
the performance of LAMP assays for diagnosis of 
CDI when compared with reference standards of 
CCCNA or TC.

Material and methods

Publication search

This meta-analysis was conducted according to 
guidelines for diagnostic meta-analysis [27, 28].  
Web of Science, EMBASE, Cochrane Database, 
MEDLINE, PubMed and CBM were all searched (the 
last search was updated on February, 2014) using 
the strategy of (Clostridium difficile OR C. difficile 
OR C. diff OR CD AND loop-mediated isothermal 
amplification OR LAMP). The search was limited 
to clinical studies involving human patients, with 
a  diagnosis or suspected diagnosis of CDI. No 
language or publication date restrictions were ap-
plied to the search. All the searched studies were 
retrieved, and their references were also checked 
for other relevant publications. We also reviewed 
articles to find additional eligible studies.

Inclusion and exclusion criteria

Two investigators independently reviewed the 
titles and abstracts of all the records searched 
above. For records which could not be evaluated 
through the titles and abstracts, full texts were 
retrieved for detailed evaluation according to the 
inclusion and exclusion criteria. Disagreements 
about particular studies were discussed and re-
solved. The reasons why studies were excluded 
were listed. Authors of studies were contacted 
when the information was not available in the 
published study. Studies meeting the following 
selection criteria were included in this meta-anal-
ysis: (1) studies about LAMP in detection of CD; 
(2) performed stool specimen analyses from in-
patients or outpatients; (3) compared LAMP to 
a  reference method, either CCCNA or TC; (4) re-
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ported total number of patients tested and posi-
tive/negative results that allow calculation of true 
positives (TP), true negatives (TN), false positives 
(FP), and false negatives (FN); (5) studies with 
more than 20 patients because a  small sample 
size may be vulnerable to selection bias. We ex-
cluded studies if (1) all samples were not tested 
by at least 1 reference test, that is, CCCNA or TC;  
(2) the reference test was performed only on a sub-
set of samples, that is, only positives, negatives, or 
those that were discordant; (3) the reference test 
was a combination of > 1 diagnostic test; (4) they 
involved animal studies or laboratory cultures of 
CD; (5) studies that focused on detecting virulence 
of different CD ribotypes; (6) LAMP tests were con-
firmed using other diagnostic tests but not CCCNA 
or TC; (7) studies with duplicate data reported in 
other studies; (8) studies that were conference 
abstracts, letters, editorials, case reports or case 
series, basic research studies and review articles. 
To assess trial methodology, included publications 
were reviewed independently by two authors and 
given a quality score by using the QUADAS (qual-
ity assessment for studies of diagnostic accuracy, 
an evidence-based quality assessment tool to be 
used in systematic reviews of diagnostic accuracy 
studies, maximum score 14) tools [29].

Data synthesis and meta-analysis

Data were analyzed using the freeware pro-
gram Meta-DiSC (version 1.4) [30]. We used stan-
dard methods recommended for meta-analysis 
of diagnostic test evaluations [31]. The statistical 
analysis was based on the following steps:
1.  Searching for the presence of heterogeneity: 

heterogeneity was explored by the chi-square 
(χ2) test and assessed using I2 analysis, where 
0% indicates low heterogeneity and 100% in-
dicates high discordance between studies [32]. 
Statistical tests were two sided and significance 
was set at p < 0.05. 

2.  Testing of the presence of cut-off threshold ef-
fects: estimates of diagnostic accuracy differ if 
not all studies use the same cut-off point for 
a positive test result or for the reference stan-
dard. In the case of diagnostic tests with a con-
tinuous or ordinal outcome, the receiver oper-
ating characteristic (ROC) curve presents pairs 
of sensitivity and specificity for different values 
of the cut-off point of a  test. One test for the 
presence of a cut-off point effect between stud-
ies by calculating a Spearman correlation coef-
ficient between sensitivity and specificity of all 
included studies should be taken [31].

3.  Dealing with heterogeneity: a  random effects 
model was used for the meta-analysis to obtain 
a summary accuracy parameter if heterogeneity 
was identified; if heterogeneity due to a thresh-

old effect was present, the accuracy data should 
be pooled by fitting a summary receiver operat-
ing characteristic (SROC) curve and calculating 
the area under the curve (AUC). If there was 
no threshold effect but significant heterogene-
ity, subgroup analyses were conducted using  
meta-regression to determine the contribution 
of individual factors on heterogeneity, where  
p < 0.05 indicates a  contribution to heteroge-
neity. 

4.  Statistical pooling: we calculated several di-
agnostic accuracy measures by pooling data 
from all data series using a fixed effects mod-
el according to the Mantel-Haenszel method 
and random effects model based on the work 
of Der Simonian and Laird [33]. The following 
measures of test accuracy were computed for 
each study: sensitivities (SEN), specificities 
(SPE), positive likelihood ratio (PLR), negative 
likelihood ratio (NLR) and diagnostic odds ratio 
(DOR). Analysis was based on a SROC curve.

5.  Publication bias: we tested for the potential pres-
ence of this bias by using funnel plots [34]. Publi-
cation bias is assessed visually by using a scatter 
plot of the inverse of the square root of the effec-
tive sample size versus the diagnostic log odds 
ratio, which should have a  symmetrical funnel 
shape when publication bias is absent [35]. 

Results

Literature search

The results of the literature research are pre-
sented in Figure 1. The initial search yielded a total 
of 548 potential relevant studies. After the review 
of titles and abstracts, 534 articles were excluded, 
and then 14 full manuscripts were retrieved for de-
tailed evaluation of the overall diagnostic accuracy 
of LAMP in detection of CD in the stool samples. 
Of these articles, 1 article was excluded because 
the LAMP test was performed only for the sam-
ples that had discordant EIA results (GDH+/toxin–) 
[36]; 1 article was excluded because the LAMP 
test was performed as part of a 2-step glutamate 
dehydrogenase assay [20]; 3 articles were exclud-
ed because samples were not tested by at least  
1 reference test [19, 20, 37]. As a consequence, only  
9 articles were considered to be eligible for inclu-
sion in the analysis according to the inclusion and 
exclusion criteria [22, 23, 38–44].

Baseline characteristics

The main characteristics of the studies in-
cluded in the meta-analysis are shown in Table I. 
The studies included were conducted in different 
countries, and the publication years ranged from 
2005 to 2014. The total number of stool samples 
from patients at risk of CDI enrolled in the studies 
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was 3621, ranging from 74 to 986 per study. The 
prevalence of CDI across all studies ranged from 
7.5% to 62.7%.

Assessment of study quality

Methodological quality of all 9 studies included 
was evaluated according to the QUADAS guide-
lines. In the total included studies, more than 89% 
of the publications had high quality on the repre-
sentative spectrum, and more than 67% had high 
quality in the items of uninterpretable results re-
ported. In addition, nine items (selective criteria 
clearly described, acceptable reference standard, 

acceptable delay between tests, partial verifica-
tion avoided, differential verification avoided, in-
corporation avoided, adequate reference standard 
description, adequate index test description, refer-
ence standard interpretation bias) had 100% high 
quality. However, only one of the 9 eligible studies 
showed the item of the index test results blinded 
[23], and all of the 9 eligible studies showed the 
item of the relevant clinical information and with-
drawals explained unclearly.

Threshold effect

Computation of the Spearman correction co-
efficient between the logic of SEN and logic of 
1-SPE of LAMP was –0.283 (p = 0.460), indicating 
no threshold effect that could cause variations in 
accuracy estimates among the individual studies.

Diagnostic accuracy

Figure 2 shows the forest plot of the SEN of the 
included studies. The range for SEN was 0.77–0.98 
(mean: 0.93, 95% CI: 0.91–0.95). Figure 3 shows 
the forest plot of the SPE; the range for SPE was 
0.71–1.00 (mean: 0.98, 95% CI: 0.98–0.99). Fig-
ure 4 shows the forest plot of the PLR; the range 
for PLR was 3.23–282.25 (mean: 47.72, 95% CI: 
15.10–150.82). Figure 5 shows the forest plot 
of the NLR; the range for NLR was 0.02–0.24 
(mean: 0.07, 95% CI: 0.04–0.14). Figure 6 shows 
the forest plot of the DOR; the range for DOR 
was 45.60–10879.00 (mean: 745.19, 95% CI: 
229.30–2421.72). Q values of SEN, SPE, PLR, NLR 
and DOR were 25.62, 88.98, 131.39, 33.77 and 
39.33 respectively, with significant heterogeneity  
(I2 = 68.8%, 91.0%, 93.9%, 77.6% and 79.7%), with 
the values of the χ2 test < 0.01, indicating signif-
icant heterogeneity among the included studies. 

Table I. Characteristics of included studies

First author Year of  
publication

Country  
of origin

Total no. 
of samples

Reference 
test

Prev. 
CDI (%)

TP FN FP TN

Ylisiurua [38] 2013 Finland 430 TC 40.9 172 4 1 253

Pancholi [39] 2012 USA 200 CCNA 17.5 20 15 3 161

Bamber [40] 2012 USA 810 TC 10.2 76 7 14 713

Lalande [23] 2011 French 472 TC 10.4 45 4 4 419

Noren [41] 2013 Sweden 302 TC 29.1 84 4 2 212

Bruins [42] 2012 England 986 TC 7.5 68 5 3 906

Norén [43] 2011 Sweden 272 TC + CCNA 13.2 36 0 14 222

Kato [22] 2005 Japan 74 TC 54.1 38 2 10 24

McElgunn [44] 2014 USA 75 TC + CCNA 62.7 36 11 0 27

CCCNA – Cell culture cytotoxicity neutralization assay, TC – toxigenic culture.

Figure 1. Flow diagram of study selection process

A total of 548 potential relevant studies 
identified from databases

14 full manuscripts were retrieved  
for detailed evaluation

534 articles were excluded: 
–  No direct link with the main subject 

(n = 475)
– Duplicate records (n = 55)
– Reviews (n = 3)
– Meta-analysis (n = 1)

5 articles were excluded: 
–  LAMP tests were performed only for 

the samples that had a discordant 
EIA results (GDH+/toxin–) (n = 1)

–  LAMP tests were performed 
as part of a 2-step glutamate 
dehydrogenase assay (n = 1)

–  Samples were not tested by at least 
1 reference test (n = 3)

9 articles were considered  
to be eligible
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Figure 4. Forest plot of PLR for LAMP in the detection of Clostridium difficile. The point estimates of PLR from each 
study are shown as solid circles. Error bars indicate 95% confidence intervals

 Positive LR (95% CI)
Ylisiurua 248.23 (35.10–1755.63)

Pancholi 10.20 (6.13–16.98)

Bamber 47.55 (28.19–80.21)

Lalande 97.12 (36.49–258.48)

Noren 102.14 (25.69–406.05)

Bruins 282.25 (91.04–874.99)

Noren 54.39 (20.58–143.75)

Kato 3.23 (1.91–5.46)

McElgunn 42.58 (2.72–667.14)

Random effects model

Pooled positive LR = 47.72 (15.10–150.82)

Cochran-Q = 131.39; df = 8 (p < 0.0001)

Inconsistency (I2) = 93.9%

t2 = 2.6870
 0.01 1.0 100

Positive LR

Figure 3. Forest plot of specificity for LAMP in the detection of Clostridium difficile. The point estimates of specific-
ity from each study are shown as solid circles. Error bars indicate 95% confidence intervals

 Sensitivity (95% CI)
Ylisiurua 1.00 (0.98–1.00)

Pancholi 0.91 (0.86–0.95)

Bamber 0.98 (0.97–0.99)

Lalande 0.99 (0.98–1.00)

Noren 0.99 (0.97–1.00)

Bruins 1.00 (0.99–1.00)

Noren 0.98 (0.95–1.00)

Kato 0.71 (0.53–0.85)

McElgunn 1.00 (0.87–1.00)

Pooled specificity = 0.98 (0.98–0.99)

χ2 = 88.98; df = 8 (p < 0.0001)

Inconsistency (I2) = 91.0%

 0 0.2 0.4 0.6 0.8 1.0

Specificity

Figure 2. Forest plot of sensitivity for LAMP in the detection of Clostridium difficile. The point estimates of sensitiv-
ity from each study are shown as solid circles. Error bars indicate 95% confidence intervals

 Sensitivity (95% CI)
Ylisiurua 0.98 (0.94–0.99)

Pancholi 0.87 (0.66–0.97)

Bamber 0.92 (0.83–0.97)

Lalande 0.92 (0.80–0.98)

Noren 0.95 (0.89–0.99)

Bruins 0.93 (0.85–0.98)

Noren 0.98 (0.89–1.00)

Kato 0.95 (0.83–0.99)

McElgunn 0.77 (0.62–0.88)

Pooled sensitivity = 0.93 (0.91–0.95)

χ2 = 25.62; df = 8 (p = 0.0012)

Inconsistency (I2) = 68.8%

 0 0.2 0.4 0.6 0.8 1.0

Sensitivity
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Figure 7 presents the SROC curve for the included 
studies; the AUC and the Q* were 0.98 and 0.94, 
which demonstrate excellent accuracy. 

Meta-regression and sub-group analyses

The meta-regression and sub-group analyses 
were used to explore the overall heterogeneity 
and the possible sources of heterogeneity, which 
include type of reference test (TC and other), esti-
mated prevalence of CDI (< 20% and ≥ 20%), and 
the total number of samples (< 200 and ≥ 200). 
Meta-regression indicated that the total number of 
samples was the source of heterogeneity for LAMP 
in detection of CD (p = 0.0356) (Table II). Subgroup 
analyses were conducted based on the total num-
ber of samples (< 200 and ≥ 200) (Table III), which 

Figure 6. Forest plot of DOR for LAMP in the detection of Clostridium difficile. The point estimates of DOR from each 
study are shown as solid circles. Error bars indicate 95% confidence intervals

 Diagnostic OR (95% CI)

Ylisiurua 10879.00 (1205.60–98169.09)

Pancholi 71.56 (19.04–268.89)

Bamber 552.94 (216.51–1412.13)

Lalande 1178.44 (284.96–4873.41)

Noren 2226.00 (400.16–12382.65)

Bruins 4107.20 (961.10–17551.88)

Noren 2670.50 (292.04–24419.44)

Kato 45.60 (9.19–226.28)

McElgunn 174.57 (9.85–3092.26)

Random effects model

Pooled diagnostic odds ratio = 745.19 (229.30–2421.72)

Cochran-Q = 39.33; df = 8 (p < 0.0001)

Inconsistency (I2) = 79.7%

t2 = 2.4598
 0.01 1.0 100

Diagnostic odds ratio

Figure 5. Forest plot of NLR for LAMP in the detection of Clostridium difficile. The point estimates of NLR from each 
study are shown as solid circles. Error bars indicate 95% confidence intervals

 Negative LR (95% CI)

Ylisiurua 0.02 (0.01–0.06)

Pancholi 0.14 (0.05–0.41)

Bamber 0.09 (0.04–0.17)

Lalande 0.08 (0.03–0.21)

Noren 0.05 (0.02–0.12)

Bruins 0.07 (0.03–0.16)

Noren 0.02 (0.00–0.14)

Kato 0.07 (0.02–0.28)

McElgunn 0.24 (0.15–0.40)

Random effects model

Pooled negative LR = 0.07 (0.04–0.14)

Cochran-Q = 35.77; df = 8 (p < 0.0001)

Inconsistency (I2) = 77.6%

t2 = 0.7112
 0.01 1.0 100

Negative LR

Table II. Meta-regression (Inverse Variance Weights)

Var RDOR Coeff Value of p

Total number  
of samples

0.03 –3.501 0.0356

Reference test 2.78 1.021 0.3539

Prev-CDI 0.29 –1.244 0.1848

Table III. Diagnostic accuracy by the total number of samples

Samples SEN (95% CI) SPE (95% CI) PLR (95% CI) NLR (95% CI) DOR (95% CI)

< 200 0.88 (0.80–0.93) 0.96 (0.93–0.97) 25.81 (4.6–144.72) 0.11 (0.02–0.55) 297.53 (28.28–3129.77)

≥ 200 0.95 (0.93–0.97) 0.99 (0.98–0.99) 64.33 (12.40–333.64) 0.06 (0.04–0.09) 1106.67 (285.86–4284.33)
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showed that the diagnostic accuracy of the total 
number of samples more than 200 was better than 
that less than 200. In addition, when we excluded 
studies in which the total number of samples was 
less than 200, the I2 for heterogeneity of SEN de-
creased from 68.8% to 23.4%, NLR decreased from 
77.6% to 13.8%, while SPE (90.0% to 91.8%), PLR 
(93.9% to 95.4%) and DOR (79.7% to 80.2%) had 
minimal change.

Publication bias

The funnel plot for publication bias was sym-
metric (Figure 8), indicating no potential publica-
tion bias.

Discussion

Loop-mediated isothermal amplification is 
a  novel nucleic acid amplification method using 
DNA polymerase with strand displacement activ-
ity and six primers that recognize eight regions on 
the target nucleic acid, leading to extremely high 
SPE [45, 46]. The Illumigene test targets within 
the PaLoc, a conserved 204-bp region of the con-
served 5′ sequence of the CD tcdA gene based 
on the LAMP technology [47], which is different 
from those of other real-time PCR-based methods 
that mostly focus on the tcdB gene. Variability in 
genes coding for toxins is not a rare phenomenon. 
Stamper et al. found that 21.5% of CD strains are 
variant for the toxin A and B genes [48] and that 
tcdA was more conserved than tcdB. One poten-
tial concern regards the detection of A B+ variant 
strains, which belong to toxin type VIII or X, and 
they represent 3.9% of CD isolates in a  recent 
pan-European survey of CD infection [8]. Actually, 
the target 5′ region of tcdA within PaLoc is intact 
in all strains, including those with a large deletion 
in the tcdA gene. Coyle et al. recently reported that 
Illumigene CD was positive in stools spiked with 
A B+ strains from toxinotypes VIII and X [49]. 

A  variety of methods are available to detect 
CDI. The Illumigene CD assays showed greater 
SEN and quicker TATs (45 min and 1 h, respective-
ly) compared to the CCCNA (the median TAT for 
the positive specimens was 24 h (range: 6–72 h)). 
The combination of a quick turnaround time with 
high performance might result in better manage-
ment of CDI and timely implementation of infec-
tion control measures. The duration of hospital 
stay for patients infected with CD is believed to 
be the most influential contributor to increased 
hospital costs [50]. Early and accurate detection 
of CDI is important to ensure that the patient re-
ceives appropriate therapy and spends less time 
in the hospital [51]. With accurate diagnosis, in-
fection control measures can be initiated to inter-
rupt CD transmission to other patients and may 

result in additional healthcare cost savings. What 
is more, LAMP can be performed in any laborato-
ry without special requirements such as separate 
pre- and post-PCR rooms, which are necessary for 
real-time PCR or other PCR-based techniques, and 
LAMP cost-efficiency ($26) compared to the Xpert 
C. difficile assay ($46).

Our findings indicate that LAMP is a useful diag-
nostic test with a high degree of accuracy on the ba-
sis of SEN (0.93) and SPE (0.98) statistics. SEN and 
SPE are true performance statistics for a test inde-
pendent of disease prevalence in a population, and 
the major determinant for their values is that the 
cutoff differentiates positive from negative test re-
sults. Meanwhile, PLR (SEN/1-SPE) and NLR (1-SEN/ 
SPE) were also calculated. PLR and NLR are used  
to evaluate how a  study measure influences 
posttest probability using the Bayes theorem. For 
a  positive test result, Pretest probability ×PLR = 
Posttest probability, and for a negative test result, 
Pretest probability ×NLR = Posttest probability. In 
our study the value of pooled PLR (47.72) is higher 
than 10, indicating that the positive result of the 
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Figure 7. The SROC curve for LAMP in the detection 
of Clostridium difficile
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given test is useful for the confirmation of CDI, and 
the value of pooled NLR (0.07) is lower than 0.1, 
indicating that the negative result is useful for ex-
clusion of CDI. As a single indicator measure of the 
diagnostic test accuracy that comprises a combina-
tion of SEN and SPE, the DOR describes the odds of 
positive test results in patients with CDI compared 
with the odds of positive results in those without 
the disease. It is calculated as DOR = PLR/NLR. In 
our study, the value of DOR was 745.19, which indi-
cates better discriminatory test performance (high-
er accuracy). The SROC has been recommended to 
represent the performance of a diagnostic test, and 
the AUC is an alternative global measure of test 
performance, which is not only useful to summa-
rize the curve, but also quite robust to heteroge-
neity [52, 53]. A  prior study [54] showed that to 
demonstrate excellent accuracy, the AUC should be 
in the region of 0.97 or above. The AUC of our study 
was 0.98, which also demonstrates excellent accu-
racy. A summary measure of accuracy (Q*) was also 
calculated, which corresponds to the upper left-
most point on the SROC curve, where SEN equals 
SPE. This value can be between 0 and 1, with 1 in-
dicating the highest SEN/SPE. This value has been 
recommended over the AUC of greatest interest 
[53, 55]. So the SEN, SPE, DOR, LR and AUC data 
all support the use of LAMP for diagnosis of CDI as 
a highly discriminatory test when the test results 
were compared with CCCNA and TC. We also antic-
ipated some degree of heterogeneity of diagnostic 
measures across studies, because of differences in 
the total number of samples, type of reference test 
and prevalence of CDI. We found high heterogene-
ity among studies (as defined by the I2 statistic) for 
all measures when the studies were pooled togeth-
er. In this meta-analysis, the diagnostic threshold 
effect and publication bias did not introduce sig-
nificant heterogeneity. We therefore performed 
meta-regression to investigate potential sources of 
the observed between-study heterogeneity. Then 
we found that the total number of samples was 
the source of heterogeneity for LAMP in detection 
of CD. SEN and SPE do not take into account the 
total number of samples in the tested population. 
Therefore, we sub-grouped the studies based on 
their total number of samples. When we excluded 
studies in which the total number of samples was 
less than 200, we found that the I2 for heteroge-
neity of SEN decreased from 68.8% to 23.4%, and 
NLR decreased from 77.6% to 13.8%, though SPE 
(90.0% to 91.8%), PLR (93.9% to 95.4%) and DOR 
(79.7% to 80.2%) had minimal change. 

Furthermore, the limitations of this meta-anal-
ysis cannot be ignored. First, significant hetero-
geneity of diagnostic accuracy measures was 
expected and was found among studies, and the 
random effects model partially accounted for the 
between-study heterogeneity. However, we per-

formed a limited number of subgroup analyses to 
reduce the degree of study heterogeneity. Second, 
we evaluated the publication bias by using a scat-
ter plot of the inverse of the square root of the ef-
fective sample size versus the diagnostic log odds 
ratio in our study, and it has a symmetrical funnel 
shape showing that publication bias is absent, but 
it cannot evaluate the level of publication bias and 
the result varies when different people interpret it. 
Third, our meta-analysis did not adjust for differ-
ences in study variables, physician experience and 
training, institutional characteristics and so on.

Despite these limitations, LAMP seems to be 
a promising test according to current data. LAMP 
meets the minimum desirable characteristics of 
a diagnostic test of SEN, SPE, cost-efficiency, rapid 
results, ease of use preferably by non-expert us-
ers, and it is suitable as a rapid, effective and reli-
able stand-alone diagnostic test to be of practical 
use in many clinical laboratories for diagnosis of 
CDI, potentially decreasing morbidity and nosoco-
mial spread of CD.

Acknowledgments

This study was supported by Hunan Provincial 
Natural Science Foundation [2013] 1132, China.

Conflict of interest

The authors declare no conflict of interest. The 
authors alone are responsible for the content and 
writing of the paper.

R e f e r e n c e s
1. Cohen SH, Gerding DN, Johnson S, et al. Clinical practice 

guidelines for Clostridium difficile infection in adults: 
2010 update by the Society for Healthcare Epidemiol-
ogy of America (SHEA) and the Infectious Diseases So-
ciety of America (IDSA). Infect Control Hosp Epidemiol 
2010; 31: 431-55.

2. Kelly CP. Current strategies for management of initial 
Clostridium difficile infection. J Hosp Med 2012; 7: S5-10.

3. Karas JA, Enoch DA, Aliyu SH. A review of mortality due 
to Clostridium difficile infection. J Infect 2010; 61: 1-8.

4. Jank T, Giesemann T, Aktories K. Rho-glucosylating Clos-
tridium difficile toxins A and B: new insights into struc-
ture and function. Glycobiology 2010; 17: 15-22.

5. Goncalves C, Decre D, Barbut F, et al. Prevalence and 
characterization of a binary toxin (actin-specific ADP-ri-
bosyltransferase) from Clostridium difficile. J Clin Micro-
biol 2004; 42: 1933-9.

6. Barbut F, Decre D, Lalande V, et al. Clinical features of 
Clostridium difficile-associated diarrhea due to binary 
toxin (actin-specific ADP-ribosyltransferase)-producing 
strains. J Med Microbiol 2005; 54: 181-5.

7. Khanna S, Pardi DS. The growing incidence and severity 
of Clostridium difficile infection in inpatient and out pa-
tient settings. Expert Rev Gastroenterol Hepatol 2010; 
4: 409-16.

8. Bauer MP, Notermans DW, van Benthem BH, et al. Clos-
tridium difficile infection in Europe: a  hospital-based 
survey. Lancet 2011; 377: 63-73. 



Diagnostic accuracy of loop-mediated isothermal amplification in detection of Clostridium difficile in stool samples: a meta-analysis

Arch Med Sci 5, October / 2015 935

9. Miller BA, Chen LF, Sexton DJ, et al. Comparison of the 
burdens of hospital-onset, healthcare facility-associat-
ed Clostridium difficile infection and of health care-as-
sociated infection due to methicillin resistant Staphy-
lococcus aureus in community hospitals. Infect Control 
Hosp Epidemiol 2011; 32: 387-90.

10. Freeman J, Bauer MP, Baines SD, et al. The changing epi-
demiology of Clostridium difficile infections. Clin Micro-
biol Rev 2010; 23: 529-49.

11. Rupnik M, Wilcox MH, Gerding DN. Clostridium diffi-
cile infection: new developments in epidemiology and 
pathogenesis. Nat Rev Microbiol 2009; 7: 526-36.

12. Miller M, Gravel D, Mulvey M, et al. Health care-associat-
ed Clostridium difficile infection in Canada: patient age 
and infecting strain type are highly predictive of severe 
outcome and mortality. Clin Infect Dis 2010; 50: 194-201.

13. O’Connor JR, Johnson S, Gerding DN. Clostridium difficile 
infection caused by the epidemic BI/NAP1/027 strain. 
Gastroenterology 2009; 136: 1913-24.

14. Hookman P, Barkin JS. Clostridium difficile associated in-
fection, diarrhea and colitis. World J Gastroenterol 2009; 
15: 1554-80.

15. Hu MY, Katchar K, Kyne L, et al. Prospective derivation 
and validation of a clinical prediction rule for recurrent 
Clostridium difficile infection. Gastroenterology 2009; 
136: 1206-14.

16. Crobach MJ, Dekkers OM, Wilcox MH, et al. European 
Society of Clinical Microbiology and Infectious Diseases 
(ESCMID): data review and recommendations for diag-
nosing Clostridium difficile infection (CDI). Clin Microbi-
ol Infect 2009; 15: 1053-66.

17. Eastwood K, Else P, Charlett A, et al. Comparison of 
nine commercially available Clostridium difficile toxin 
detection assays, a  real-time PCR assay for C. difficile 
tcdB, and a glutamate dehydrogenase detection assay 
to cytotoxin testing and cytotoxigenic culture methods.  
J Clin Microbiol 2009; 47: 3211-7.

18. Planche T. Diagnosis of Clostridium difficile infection by 
toxin detection kits: a systematic review. Lancet Infect 
Dis 2008; 8: 777-84.

19. Boyanton BL, Sural P, Loomis CR, et al. Loop-mediated 
isothermal amplification compared to real-time PCR 
and enzyme immunoassay for toxigenic C. difficile de-
tection. J Clin Microbiol 2012; 50: 640-5.

20. Ota KV, McGowan KL. Clostridium difficile testing al-
gorithms using glutamate dehydrogenase antigen and  
C. difficile toxin enzyme immunoassays with C. difficile 
nucleic acid amplification testing increase diagnostic 
yield in a tertiary pediatric population. J Clin Microbiol 
2012; 50: 1185-8.

21. Doing KM, Hintz MS. Prospective evaluation of the Me-
ridian Illumigene loop-mediated amplification assay 
and the Gen Probe ProGastro Cd polymerase chain reac-
tion assay for the direct detection of toxigenic Clostrid-
ium difficile from fecal samples. Diagn Microbiol Infect 
Dis 2012; 72: 8-13.

22. Kato H, Yokoyama T, Kato H, et al. Rapid and simple 
method for detecting the toxin B gene of Clostridium 
difficile in stool specimens by loop-mediated isothermal 
amplification. J Clin Microbiol 2005; 43: 6108-12.

23. Lalande V, Barrault L, Wadel S, et al. Evaluation of 
a loop-mediated isothermal amplification assay for di-
agnosis of Clostridium difficile infections. J Clin Microbi-
ol 2011; 49: 2714-6.

24. Norén T, Alriksson I, Andersson J, et al. Rapid and sen-
sitive loop-mediated isothermal amplification test for 
Clostridium difficile detection challenges cytotoxin B 

cell test and culture as gold standard. J Clin Microbiol 
2011; 49: 710-1.

25. Karen ML. Conventional versus molecular methods for 
the detection of Clostridium difficile. J Clin Microbiol 
2011; 49: S49-52.

26. Bélanger SD, Boissinot M, Clairoux N, et al. Rapid detec-
tion of Clostridium difficile in feces by real-time PCR.  
J Clin Microbiol 2003; 41: 730-4.

27. Leeflang MM, Deeks JJ, Gatsonis C, et al. Systematic re-
views of diagnostic test accuracy. Ann Intern Med 2008; 
149: 889-97.

28. Barker FG, Carter BS. Synthesizing medical evidence: 
systematic reviews and meta-analyses. Neurosurg Fo-
cus 2005; 19: E5.

29. Whiting PF, Rutjes AW, Westwood ME, et al. QUADAS-2: 
a revised tool for the quality assessment of diagnostic 
accuracy studies. Ann Intern Med 2011; 155: 529-36.

30. Zamora J, Abraira V, Muriel A, et al. Meta-DiSc: a soft-
ware for meta-analysis of test accuracy data. BMC Med 
Res Methodol 2006; 6: 31.

31. Devillé WL, Buntinx F, Bouter LM, et al. Conducting sys-
tematic reviews of diagnostic studies: didactic guide-
lines. BMC Med Res Methodol 2002; 2: 9.

32. Satoh S, Kitazume Y, Ohdama S, et al. Can malignant 
and benign pulmonary nodules be differentiated with 
diffusion-weighted MRI? AJR Am J Roentgenol 2008; 
191: 464-70.

33. DerSimonian R, Laird N. Meta-analysis in clinical trials. 
Control Clin Trials 1986; 7: 177-88.

34. Egger M, Davey Smith G, Schneider M, et al. Bias in 
meta-analysis detected by a simple graphical test. BMJ 
1997; 315: 629-34.

35. Deeks JJ, Macaskill P, Irwig L. The performance of tests 
of publication bias and other sample size effects in 
systematic reviews of diagnostic test accuracy was as-
sessed. J Clin Epidemiol 2005; 58: 882-93.

36. Freifeld AG, Simonsen KA, Booth CS, et al. A new rapid 
method for Clostridium difficile DNA extraction and de-
tection in stool. J Mol Diagn 2012; 14: 274-9.

37. Liu C, Jiang DN, Xiang GM, et al. DNA detection of Clos-
tridium difficile infection based on real-time resistance 
measurement. Genet Mol Res 2013; 12: 3296-304.

38. Ylisiurua P, Koskela M, Vainio O, et al. Comparison of 
antigen and two molecular methods for the detection 
of Clostridium difficile toxins. Scand J Infect Dis 2013; 
45: 19-25.

39. Pancholi P, Kelly C, Raczkowski M, et al. Detection of 
toxigenic Clostridium difficile: comparison of the cell 
culture neutralization, Xpert C. difficile, Xpert C. diffi-
cile/Epi, and Illumigene C. difficile assays. J Clin Microbi-
ol 2012; 50: 1331-5.

40. Bamber AI, Fitzsimmons K, Cunniffe JG, et al. Diagnosis 
of Clostridium difficile-associated disease: examination 
of multiple algorithms using toxin EIA, glutamate dehy-
drogenase EIA and loop-mediated isothermal amplifica-
tion. Br J Biomed Sci 2012; 69: 112-8.

41. Noren T, Unemo M, Magnusson C, et al. Evaluation of 
the rapid loop-mediated isothermal amplification assay 
Illumigene for diagnosis of Clostridium difficile in an 
outbreak situation. APMIS 2014; 122: 155-60.

42. Bruins MJ, Verbeek E, Wallinga JA, et al. Evaluation of 
three enzyme immunoassays and a loop-mediated iso-
thermal amplification test for the laboratory diagnosis 
of Clostridium difficile infection. Eur J Clin Microbiol In-
fect Dis 2012; 31: 3035-9.

43. Noren T, Alriksson I, Andersson J, et al. Rapid and sen-
sitive loop-mediated isothermal amplification test for 



Chen Wei, Liu Wen-En, Li Yang-Ming, Luo Shan, Zhong Yi-Ming

936 Arch Med Sci 5, October / 2015

Clostridium difficile detection challenges cytotoxin B 
cell test and culture as gold standard. J Clin Microbiol 
2011; 49: 710-11.

44. McElgunn CJ, Pereira CR, Parham NJ, et al. A  low com-
plexity rapid molecular method for detection of Clos-
tridium difficile in stool. PLoS One 2014; 9: e83808.

45. Mori Y, Kitao M, Tomita N, et al. Real-time turbidimetry 
of LAMP reaction for quantifying template DNA. J Bio-
chem Biophys Methods 2004; 59: 145-57.

46. Nagamine K, Hase KT, Notomi T. Accelerated reaction 
by loop mediated isothermal amplification using loop 
primers. Mol Cell Probes 2002; 16: 223-9.

47. Notomi T, Okayama H, Masubuchi H, et al. Loop-medi-
ated isothermal amplification of DNA. Nucleic Acids Res 
2000; 28: E63.

48. Stamper PD, Alcabasa R, Aird D, et al. Comparison of 
a commercial real-time PCR assay for tcdB detection to 
a cell culture cytotoxicity assay and toxigenic culture for 
direct detection of toxin-producing Clostridium difficile 
in clinical samples. J Clin Microbiol 2009; 47: 373-8.

49. Coyle K, Elagin S, Kraft J, et al. Reactivity of Clostridi-
um difficile toxinotypes with the Illumigene C. difficile 
molecular assay. 110th General Meeting of the American 
Society for Microbiology, San Diego, CA, 2010.

50. Dubberke ER, Wertheimer AI. Review of current litera-
ture on the economic burden of Clostridium difficile in-
fection. Infect Control Hosp Epidemiol 2009; 30: 57-66.

51. Gerding DN, Muto CA, Owens RJ. Measures to control 
and prevent Clostridium difficile infection. Clin Infect 
Dis 2008; 46: S43-9.

52. Lijmer JG, Bossuyt PM, Heisterkamp SH. Exploring sourc-
es of heterogeneity in systematic reviews of diagnostic 
tests. Stat Med 2002; 21: 1525-37.

53. Walter SD. Properties of the summary receiver operat-
ing characteristic (SROC) curve for diagnostic test data. 
Stat Med 2002; 21: 1237-56.

54. Jones CM, Athanasiou T. Summary receiver operating 
characteristic curve analysis techniques in the eval-
uation of diagnostic tests. Ann Thorac Surg 2005; 79: 
16-20.

55. Moses LE, Shapiro D, Littenberg B. Combining indepen-
dent studies of a diagnostic test into a summary ROC 
curve: data-analytic approaches and some additional 
considerations. Stat Med 1993; 12: 1293-316.


