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Abstract

Background: In recent years, studies on the diagnostic accuracy of in-house real-time PCR (hRT-PCR) assay for the
detection of Mycobacterium tuberculosis (Mtb) have been reported with unignorable discrepancies. To assess the
overall accuracy of the hRT-PCR assay for Mtb diagnosis in different samples for individuals with active pulmonary
and extra-pulmonary Mtb infection, a systematic review and meta-analysis were performed.

Methods: The PUBMED, EMBASE, Web of Science, and Cochrane databases were searched up to June 2017 for
eligible studies that estimated diagnostic sensitivity and specificity with the hRT-PCR assay in respiratory and non-
respiratory samples in pulmonary and extra-pulmonary Mtb infection patients, with Mtb culture as the reference
standard. Bivariate random effect models were used to provide pooled estimation of diagnostic accuracy. Further,
subgroup and meta-regression analyses were performed to explore sources of heterogeneity. The risk of bias was
assessed by the QUADAS-2 tool.

Results: Of the 3589 candidate studies, 18 eligible studies met our inclusion criteria. Compared to Mtb culture data,
the pooled sensitivity and specificity were 0.96 and 0.92, respectively. The diagnostic odds ratio (DOR) was 192.96
(95% Cl 6846, 543.90), and the area under the summary ROC curve (AUC) was 0.9791. There was significant
heterogeneity in sensitivity and specificity among the enrolled studies (p < 0.001). The studies with high-quality
assessment and application of respiratory specimen were associated with better accuracy.

Conclusions: In low-income/high-burden settings, our results suggested that the hRT-PCR assay could be a useful
test for the diagnosis of TB with high sensitivity and specificity.
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Background

Tuberculosis (TB) remains a major public health prob-
lem worldwide. In 2015, 10.4 million new cases of TB
were reported. Approximately 1.4 million people died of
the disease, and there were an additional 0.4 million
deaths from co-infected with HIV [1]. Rapid diagnosis
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and treatment are pivotal for the effective control of TB
in clinical practice [2]. Acid-fast staining and Mtb cul-
ture are classical Mtb diagnosis techniques. The acid-fast
stain lacks sensitivity, and the culture requires several
weeks for incubation [3, 4]. The inherent limitations
make it difficult for them to meet the requirement for
early diagnostics [5].

Nucleic acid amplification tests (NAATs), such as
polymerase chain reaction (PCR), which was developed
in 1983, are now a common tool for the rapid diagnosis
of many infectious diseases, including TB [6]. To date,
some commercial tests, including COBAS TaqMan,
Xpert MTB/RIF and the Abbott Real-Time MTB assay,
have been used for TB diagnosis [7-9]. However, due to
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the limited infrastructure and medical resources, many
clinical laboratories in suburban areas with high TB bur-
den cannot afford these assays [1]. In-house polymerase
chain reaction (hPCR) that uses equipment and reagents
available from diverse suppliers in competitive markets
may be more affordable, feasible, and sustainable than
Xpert MTB/RIF [10]. hPCR is thus becoming popular in
these areas. Several regions of the mycobacterial gen-
ome, such as IS6110 and 16S rDNA, have been used as
targets for assays [11-13]. Meta-analysis of previous
studies demonstrated that the diagnostic accuracy of
hPCR assays was variable and inconsistent compared
with commercial tests [14, 15]. For example, the sensitiv-
ity of hPCR for tuberculosis meningitis varied between 0
and 100% [16]. In recent years, PCR technologies have
improved markedly with the development of RT-PCR
for the detection of mycobacterial infection [17]. This
method has the advantage over conventional PCR in
speed, automation, high sensitivity and specificity, and a
low risk of cross-contamination [18, 19]. In contrast to
the commercial kits, an inexpensive RT-PCR would be
particularly popular in regions that are short of medical
equipment, such as Brazil, India, China, the Russian Fed-
eration, Southeast Asian, South Africa, and East Africa.
Medical resources are limited in the majority of these
countries [1]. Although recent studies have revealed that
RT-PCR assays have good diagnostic performance for
TB, there are unignorable discrepancies between their
results [10, 20—32]. Moreover, none of the researchers
could demonstrate precise diagnostic accuracy due to
their limited statistical power. Therefore, by systematic
review and meta-analysis, we explored factors associated
with heterogeneity as well as diagnostic accuracy of the
hRT-PCR assay for TB using data from previous studies.

Methods

The current meta-analysis was conducted according to
the guidelines of the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) state-
ment [33]. Since the study was a systematic review and
meta-analysis of published articles, patient consent or
approval from the institutional ethics committee was not
necessary.

Search strategy

We searched the following databases: PUBMED,
EMBASE, Web of Science and Cochrane Library. All
searches were up to date as of June 2017. The search
terms used included “tuberculosis”, “Mycobacterium tu-
berculosis”, “nucleic acid amplification techniques”, “real
time PCR”, “quantitative real-time polymerase chain re-
action”, “PCR, quantitative real-time”, “quantitative real-
time PCR”, “real-time PCR, quantitative”, “sensitivity

and specificity”, or “predictive value”. In addition, the
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references of several previously published reviews on
NAATSs were searched for possible candidate articles.

Study selection

We included all available studies that reported the as-
sessment of hRT-PCR assay for direct detection of TB.
Reasons for studies exclusion were (i) the reference
standard was not culture proven Mtb; (ii) studies per-
formed with other assays other than hRT-PCR assay (in
mixed Methods Research, data were analysed for the eli-
gible cases separately); (iii) application of hRT- PCR
assay for determining drug resistance; (iv) incomplete
data (lacking any of the availability data including true-
positive, true-negative, false-positive and false-negative
or these variables could not be calculated from the pub-
lished data) were not extracted; (v) evaluation of hRT-
PCR assay on animal specimens; and (vi) conference ab-
stracts, letters, case reports, editorials, and reviews with-
out original data were excluded.

Two investigators (LY and YHL) independently
screened candidate literature by looking up the title and
abstract. Then, the full texts of the potentially relevant
articles were carefully read to determine whether they
could be included. Disagreements were resolved by con-
sensus between the two investigators.

Data extraction and quality assessment

Two investigators (LY and YHL) independently extracted
accurate information from the ultimately included arti-
cles. Disagreements were resolved by consensus between
the two investigators. The quality of the included studies
was independently estimated by two investigators (HX
and RG) using a Revised Tool for the Quality Assess-
ment of Diagnostic Accuracy Studies (QUADAS-2),
which consists of seven domains [34]. A study was
treated as a high-quality study when it had no domain
with a high risk of bias and no domain with high applic-
ability concerns.

Statistical analysis

Analysis was performed using Meta-Disc (version 1.4)
software [35]. We pooled the data with the DerSimo-
nian-Laird random effects model (REM), with the fol-
lowing pooled estimates: sensitivity, specificity, positive
likelihood ratio (LR+), negative likelihood ratio (LR-),
and the diagnostic odds ratio (DOR).

Each study in the meta-analysis contributed a pair of
numbers: sensitivity and specificity. A summary receiver
operating characteristic (SROC) curve was constructed
for the hRT-PCR assay [36]. A shoulder-like curve illus-
trates that the variability between studies may be due to
the threshold effect. A non-shoulder-like curve indicates
that sensitivity and specificity are not correlated. The
overall diagnostic performance of that hRT-PCR assay
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was assessed as the area under the curve (AUC) (an
AUC value of 100% indicates a perfect test, while an
AUC of 50% signifies poor diagnostic accuracy) [37, 38].

Heterogeneity between included studies refers to a
high degree of variability in study results. The hetero-
geneity could be explained by variability in thresholds or
differences in test methods and study characteristics.
Chi-square and Fisher’s exact tests were used to detect
statistically significant heterogeneity. Heterogeneity be-
tween included studies was evaluated with subgroup
(stratified) analysis and meta-regression analysis [39]. In
the subgroup analysis, we computed pooled DOR esti-
mates in various strata. The following factors as poten-
tial sources of heterogeneity: study design, target
sequence, respiratory specimen versus non-respiratory
specimen, the distribution of TB, and components of
study quality.

The meta-regression model produces relative diagnos-
tic odds ratios (RDOR) as the output [39]. An RDOR is
a ratio of two DORs. An RDOR of 1.0 explains that a

Page 3 of 11

particular covariate does not affect the overall DOR. An
RDOR> 1.0 explains that studies with a particular char-
acteristic have a higher DOR than studies without this
characteristic. For an RDOR«< 1.0, the converse is true.

Finally, since publication bias is an important focus for
meta-analyses of diagnostic studies [40], the potential
publication bias of included studies was assessed by
Deeks’s funnel plot (Stata version 12.0; Stata Corp., Col-
lege Station, TX).

Results

Study search

Of the 3589 unique articles, we finally identified 15 eli-
gible articles representing 18 independent studies (Fig. 1).
The performance of the hRT-PCR assay in Mtb detec-
tion of clinical specimens was evaluated from all in-
cluded studies with Mtb culture as a reference standard.
Summary characteristics of the included studies are
shown in Table 1. Eleven studies used respiratory speci-
mens, and five used non-respiratory specimens. Two

Records identified through
Database searching (3579)

Additional records identified through

other sources (10)

I

{

Records after duplicates removed (1482)

A 4
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Full-text articles assessed for
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Fig. 1 The study search flow chart
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studies focused on patients with HIV-associated TB. Five
studies were from Brazil, two were from India, and the
remaining studies were from eight different countries.
Among them, eight are the high TB burden countries.
Eleven studies used 1S6110 as an amplification target,
and 7 studies used other targets (e.g., mpt64 and senX3-
regX3). A total of 3281 samples, including 2809 respira-
tory samples and 472 non-respiratory samples, provided
valid results.

Quality evaluation

We assessed the quality of the studies by QUADAS2. To
assess the risk of bias regarding patient selection, three
studies were deemed to be of case-control design, which
compared diagnosed TB patients to non-TB individuals.
Therefore, there was a high risk of bias based on the pa-
tient selection method after QUADAS2 assessment. As
for “index test” evaluation, four studies failed to illustrate
the blind working flow. Given the advanced acknowledge-
ment of the reference test results, the bias could arise
from the interpretation of the index test. These studies
had an unclear risk of bias on the index test. For the refer-
ence standard, two studies did not provide sufficient de-
scription concerning the reference test results. Therefore,
these studies were considered to have an unclear risk of
bias on the reference test. No other domain had a high
risk of bias or a high applicability concern (Fig. 2).

Diagnostic accuracy of hRT-PCR assay

When all 18 studies using the hRT-PCR assay were eval-
uated together, the overall sensitivity and specificity esti-
mates were 0.96 (95% CI 0.95, 0.96) and 0.92 (95% CI
0.90, 0.93), respectively. The sensitivity and specificity of
all studies are shown in the forest plot (Fig. 3a, b). The
overall LR+ was 16.90 (95% CI 7.22, 39.56), and LR- was
0.11 (95% CI 0.06, 0.18). The pooled DOR was 192.96
(95% CI 68.46, 543.90). Heterogeneity was detected by
chi-square analysis in the summary results. All measure-
ments showed high heterogeneity (p <0.001 for the test
of heterogeneity). The accuracy was measured, and their
corresponding chi-square test was applied to statistically
analyse heterogeneity (Table 2). The overall accuracy of
the hRT-PCR assay in a summary receiver operating
characteristic (SROC) curve is displayed in Fig. 4, and
the curve displayed a trade-off between sensitivity and
specificity. The area under the SROC curve (AUC) was
0.9791, indicating a highly diagnostic accuracy. Overall,
significant heterogeneity in sensitivity and specificity de-
serves more attention in the clinical applications of the
hRT-PCR assay in TB detection.

Exploration of heterogeneity
Heterogeneity is an important concern on diagnostic
meta-analysis. The threshold effect, method differences
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Fig. 2 Summary of methodological quality of studies according to
the QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies-
2) tool. High-quality study: a study that had no domain with a high
risk of bias and no domain with high applicability concerns;
medium/moderate-quality study: a study that had domain with an
unclear risk of bias or domain with unclear applicability concerns;
low-quality study: a study that had a domain with a high risk of bias
and domain with high applicability concerns

and study characteristics may lead to the variability. The
SROC curve with studies was weighted by their inverse
variance, as shown in Fig. 4. The non-shoulder-like
curve indicated no threshold effect in the current meta-
analysis. Furthermore, the Spearman correlation coeffi-
cient was 0.147, and the p value was 0.562. It illustrated
no threshold effect. Subgroup analysis was also used to
explore other factors that were associated with
heterogeneity by stratifying data into relatively more
homogeneous strata. The DOR estimates of the study
characteristics are compared in Table 3. The heterogen-
eity could be explained in some strata, including speci-
men type, the distribution of TB, and quality of studies.
However, even after stratification, the heterogeneity
remained in the evaluation of diagnostic accuracy.

We further performed a meta-regression analysis to
explain the variation after subgroup analysis. As shown
in Table 4, the RDOR was established from the meta-re-
gression analysis using the restricted maximum
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Fig. 3 Forest plot of specificity and sensitivity estimates. a Forest plot of sensitivity estimates and 95% confidence intervals (Cl). The point
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estimate is denoted by the diamond at the bottom. b Forest plot of specificity estimates and 95% Cl. The point estimates of specificity from each
study are shown as solid circles. Error bars are 95% Cl. Circles are proportional to study size. The pooled estimate is denoted by the diamond at
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likelihood (REML) method to measure between-study  Studies with a high-quality level produced RDOR that
variance. Studies with respiratory specimens produced  were significantly higher than those with medium quality
RDOR values that were significantly higher than those levels or low-quality levels. The distribution of TB dis-
used non-respiratory specimens or both specimens. played a slightly higher RDOR but no statistical
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Table 2 Pooled Summary Estimates of All Studies

Accuracy Measure Pooled summary P value for
measure® (95% Cl) heterogeneityb
Sensitivity 0.96 (0.95-0.96) <0001
Specificity 0.92 (0.90-0.93) <0.001
Positive Likelihood Ratio (LR+)  16.90 (7.22-39.56) <0.001
Negative Likelihood Ratio (LR-)  0.11 (0.06-0.18) <0001
Diagnostic Odds Ratio (DOR) 192.96 (68.46-543.90) < 0.001

“Random effects model
PChi-square or Fisher's exact test for heterogeneity

significance in the final regression model. Study design
and target sequence did not produce a significant
RDOR, indicating that the use of any study design and
target sequence did not substantially affect diagnostic
accuracy. Therefore, specimen types and quality of stud-
ies may affect accuracy heterogeneity. Evaluation of the
Deeks’ (p=0.11) test did not show evidence of publica-
tion bias. Furthermore, the funnel plot did not display
the presence of asymmetry (Fig. 5).

Discussion

Principal findings

We summarized the evidence on the accuracy of the
hRT-PCR assay for the diagnosis of TB and performed a
meta-regression analysis to explore factors involved in
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in-house RT-PCR assay performance. This meta-analysis
included 18 independent studies with a total of 97%
AUC, indicating that the hRT-PCR assay for TB detec-
tion was useful in rapidly identifying TB cases and that
negative data guaranteed the certainty for ruling out ac-
tive TB. Since there is significant performance hetero-
geneity in our recruited studies, subgroup and meta-
regression analysis indicated that the use of respiratory
specimens and studies with high quality were associated
with better diagnostic accuracy of hRT-PCR.

Clinical implications

Even though the meta-analysis shows the power in
evaluating the overall diagnostic accuracy of hRT-PCR,
more caution is necessary to determine clinical accuracy
due to significant heterogeneity. Previous meta-analyses
[14, 16, 41] did not fully interpret the cause of hetero-
geneity found in hPCR results across studies. Our results
showed that respiratory specimens and high-quality de-
sign were associated with better diagnostic accuracy of
the hRT-PCR assay, which was consistent with a recent
meta-analysis of the Xpert MTB/RIF PCR assay for the
diagnosis of extra-pulmonary TB. There was a perform-
ance difference in the specimen site, with low sensitivity
in pleural fluid (37%) and cerebrospinal fluid samples
(69%) [42]. This finding was not surprising given the

Sensitivity SROC Curve
" /.///
L / ) Symmetric SROC
9 ° AUC =0.9791
SE(AUC) = 0.0083
Q*=0.9355
8 SE(Q*)=0.0153
7 4
{ o
6 °
5 4 ®
4
3
2 —
A
9 0 2 4 6 8 1
1-specificity

Fig. 4 Summary receiver operating characteristic curves for RT-PCR assays. Each solid circle represents each study in the meta-analysis. The curve
is the regression line that summarizes the overall diagnostic accuracy. SROC = summary receiver operating characteristic; AUC = area under the
curve; SE (AUQC) = standard error of AUC; Q* =an index defined by the point on the SROC curve where the sensitivity and specificity are equal,
which is the point closest to the top-left corner of the ROC space; SE (Q*) = standard error of Q* index
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Table 3 Stratified analyses for the evaluation of heterogeneity in studies with real-time PCR assay

Subgroup (Number of studies)

Summary diagnostic odds ratio (95% CI)*

Chi? square test of heterogeneity P value for heterogeneity®

Study design
403.18 (120.05-1354.05)
73.86 (20.40-267.48)

Cross-sectional (10)

Case-control (8)
Target sequence

IS6110 (11)

Other target (7)

144.74 (51.24-408.86)
297.17 (30.22-2921.73)
Specimen type

598.12 (269.12-1329.32)
1239 (6.67-22.73)
20247 (64.68-633.83)

Respiratory (11)

Non-respiratory (5)

Both (2)
Region of study

TB high-burden country (8) 281.86 (37.69-2107.75)
Other country (10) 160.73 (72.80-354.83)
Quality of study
926.97 (303.59-2830.38)
76.77 (22.98-256.50)

72.35 (447-1170.04)

High-quality (7)
Medium-quality (8)
Low-quality (3)

36.66 <0.001
3401 <0.001
3939 <0.001
66.27 <0.001
19.09 0.039
357 0.468
0.00 0.944
90.46 <0.001
15.17 0.086
12.83 0.046
26.65 <0.001
19.07 <0.001

#Random effects model

Bchi-square or Fisher's exact test for heterogeneity; high-quality study: a study that had no domain with a high risk of bias and no domain with high applicability
concerns; medium/moderate-quality study: a study that had domain with a unclear risk of bias or domain with unclear applicability concerns; low-quality study: a
study that had a domain with a high risk of bias and domain with high applicability concerns

Table 4 Meta-regression analysis to determine sources of
heterogeneity

Intercept Coefficient P value Relative 95%
diagnostic  confidence
odds ratio  interval
(RDOR)

Intercept 5.347 00000 - -

Threshold (S) 0.169 05382 - -

TB high-burden 0.756 03056 213 (0.46;9.96)

country vs. other

country

IS6110 vs. other -0.812 02266 044 0.11;1.77)

target sequences

Cross-sectional -0.759 05102 047 (0.04;5.45)

design vs. case-

control design

High-quality level 1.175 00272 324 (1.17,9.00)

vs moderate/low-

quality level

Respiratory specimens  2.262 0.0025 960 (2.54,36.25)

VS non-respiratory
specimens /both

High-quality study: a study that had no domain with a high risk of bias and no
domain with high applicability concerns; medium/moderate-quality study: a
study that had domain with an unclear risk of bias or domain with unclear
applicability concerns; low-quality study: a study that had a domain with a
high risk of bias and domain with high applicability concerns

paucibacillary nature of these specimens documented in
other studies and meta-analysis [14, 16, 42]. The “case-
control” study design and the I1S6110 targeted sequence
for hPCR were associated with better accuracy based on
previous empirical research and meta-analyses [14, 43—
45]. Some researchers were concerned that the case-con-
trol study might overestimate the diagnostic accuracy
since it samples patients from the extreme ends of the
clinical spectrum (an ideal, “extreme contrast” setting).
For example, the sensitivity of a test is evaluated in ser-
iously diseased subjects, and the specificity in healthy in-
dividuals [46]. In our meta-analyses, laboratory factors
(such as target sequence and amplification technique)
weighted more on accuracy than study design features.

The IS6110 gene was widely used for both pulmonary
and extra-pulmonary TB diagnosis [13, 47, 48]. Due to
its multiple copies in the genome of the Mtb complex,
PCR might result in better sensitivity [14]. However, our
data demonstrated that study design with 1S6110 had lit-
tle impact on diagnostic accuracy. This is possible be-
cause RT-PCR used in our enrolled studies carries better
advanced technology compared to conventional PCR.
RT-PCR uses built-in automated thermocyclers and fluo-
rimeters to monitor PCR reactions in a single tube for-
mat in which the reaction processes rapidly and
minimizes the risk of contamination from product carry-
over [49]. Therefore, RT-PCR can provide reliable and
repeatable results.
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Fig. 5 A Deeks’ funnel plot assessment test evaluated the potential publication bias for in-house RT-PCR assays. The plot shows the symmetric
distribution of the log of diagnostic odds ratios against the inverse root of effective sample sizes (ESS), indicating the absence of any
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The performance of hRT-PCR was heterogeneous
across studies; some patients could have false-positive
hRT-PCR results and others false negative. Accuracy is
related to the standard/reference assay, TB culture. Reli-
ability is based on clinical diagnosis of TB disease. How-
ever, not all recruited studies have evaluated their hRT-
PCR according to these standards. Caution is highly ne-
cessary for the clinical implications and applicability of
hRT-PCR. The combination with other clinical informa-
tion, such as the disease history, family medical records,
microscopy screening and histopathology data, is recom-
mended in clinical practice.

Previous meta-analyses of nucleic acid amplification
(NAA) test accuracy

PCR technology is widely used in the diagnosis of infec-
tious diseases. Multiple commercial and in-house NAA
techniques have been developed for TB diagnosis [41,
50]. Xpert MTB/RIF, approved by the WHO and the
FDA, is a novel, rapid, automated, cartridge-based NAA
test that can simultaneously detect TB and rifampicin
resistance directly on untreated sputum [51]. In addition,
Xpert MTB/RIF was recommended for the diagnosis of
TB in some special subjects, such as children and pa-
tients with certain forms of extra-pulmonary TB. A sys-
tematic review showed that Xpert MTB/RIF offered an
acceptable sensitivity (62%) and specificity (98%) for the
diagnosis of pulmonary tuberculosis in children [52].
Compared to hRT-PCR, the main features of Xpert

MTB/RIF are its ability to detect resistance to rifampicin
with a simple procedure and high cost. Xpert MTB/RIF
may be practical for middle/high income regions. In fact,
the majority of low- and middle-income countries, par-
ticularly those with limited resources, smear microscopy
was still used for TB diagnosis [52]. Therefore, the hRT-
PCR assay might substitute Xpert MTB/RIF in a low-in-
come setting where multi-drug resistant TB is not preva-
lent. Another practical assay that might meet the needs
of urban areas is loop-mediated isothermal amplification
(LAMP) with a commercialized LAMP kit (Loopamp
MTBC) [53]. A previous systematic review concerning
the LAMP assay included 27 studies [54]; 9 out of the
27 studies evaluated the Loopamp MTBC, and the other
18 evaluated in-house LAMP assays. The summary of
sensitivity and specificity for Loopamp MTBC were 80.9
and 96.5%, versus 93.0 and 91.8% for in-house LAMP
assays, respectively. LAMP seems inferior to the RT-
PCR tests in our analysis. Considering their low cost and
simplicity, LAMP assays might be accepted in countries
with limited resources.

Limitations of the review

Our review had some limitations. First, only one study
evaluated the diagnostic test accuracy of the hRT-PCR
assay for smear status, and only two studies included
HIV-positive patients. Therefore, we could not determine
the effect of smear and HIV status on the accuracy of the
hRT-PCR assay. Second, we only included published
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studies in English, and this could have caused bias in our
conclusion. Third, despite the fact that the subgroup ana-
lysis and meta-regression analysis could explain part of
the observed heterogeneity in accuracy estimates, consid-
erable heterogeneity remained unexplained. Finally, al-
though we searched as many sources as possible, some
eligible studies may have been missed.

Conclusion

In conclusion, based on the meta-analysis using the bi-
variate model, the diagnostic accuracy of the hRT-PCR
assay for TB detection was acceptable. Subgroup and
meta-regression analyses were performed, and we found
that the diagnostic characteristics were different, de-
pending on the specimen type and quality of the studies.
Thus, the hRT-PCR assay, a relatively inexpensive assay
compared to other commercial kits, has potential prac-
tical value for diagnosing TB, especially in low-income/
high-burden settings, where infrastructures and medical
resources are limited.
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