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Commercial Nucleic-Acid Amplification Tests for
Diagnosis of Pulmonary Tuberculosis in Respiratory
Specimens: Meta-Analysis and Meta-Regression
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Background. Hundreds of studies have evaluated the diagnostic accuracy of nucleic-acid amplification tests (NAATs) for
tuberculosis (TB). Commercial tests have been shown to give more consistent results than in-house assays. Previous meta-
analyses have found high specificity but low and highly variable estimates of sensitivity. However, reasons for variability in
study results have not been adequately explored. We performed a meta-analysis on the accuracy of commercial NAATs to
diagnose pulmonary TB and meta-regression to identify factors that are associated with higher accuracy. Methodology/
Principal Findings. We identified 2948 citations from searching the literature. We found 402 articles that met our eligibility
criteria. In the final analysis, 125 separate studies from 105 articles that reported NAAT results from respiratory specimens were
included. The pooled sensitivity was 0.85 (range 0.36-1.00) and the pooled specificity was 0.97 (range 0.54-1.00). However,
both measures were significantly heterogeneous (p<<.001). We performed subgroup and meta-regression analyses to identify
sources of heterogeneity. Even after stratifying by type of commercial test, we could not account for the variability. In the
meta-regression, the threshold effect was significant (p=.01) and the use of other respiratory specimens besides sputum was
associated with higher accuracy. Conclusions/Significance. The sensitivity and specificity estimates for commercial NAATs in
respiratory specimens were highly variable, with sensitivity lower and more inconsistent than specificity. Thus, summary
measures of diagnostic accuracy are not clinically meaningful. The use of different cut-off values and the use of specimens
other than sputum could explain some of the observed heterogeneity. Based on these observations, commercial NAATs alone
cannot be recommended to replace conventional tests for diagnosing pulmonary TB. Improvements in diagnostic accuracy,
particularly sensitivity, need to be made in order for this expensive technology to be worthwhile and beneficial in low-resource
countries.
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(FDA) has approved the use of select commercial NAAT: for only
respiratory specimens. In addition, the AMTD and Amplicor tests
are licensed for testing smear-positive specimens, while the FDA
recently approved a 2"%-gencration AMTD (E-AMTD) test for
smear-negative specimens [11]. The LCx, BD-ProbeTec-ET, and
LAMP tests are currently not FDA-approved.

Systematic reviews of previous studies have suggested that the
diagnostic accuracy of NAATSs varies more among in-house
NAATS than commercial tests [12,13]. A meta-analysis on the use
of in-house PCR assays for testing sputum samples found
significant heterogeneity and could not summarize the measures
of diagnostic accuracy (i.e. sensitivity and specificity) [14]. Several

INTRODUCTION

Tuberculosis (TB) is a major global health problem. Each year, 8
to 9 million people develop disease, and 2 million die [1].
Pulmonary TB is the most common form of the disease [2].
Diagnosis of TB relies on the detection of acid-fast bacilli by
microscopy (smear) and culture. Microscopy is rapid, specific, and
inexpensive but has low sensitivity [3,4]. Culture is more sensitive,
but results can take several weeks. In addition, culture may be
falsely-negative in 10-20% of cases [5]. Better efforts to control TB
require faster and more accurate diagnostic tests [6-8]. Nucleic
acid amplification tests (NAATS), which can give results in 3—
6 hours, have been developed to address these issues [9].

The polymerase chain reaction (PCR) is the most common
NAAT. Tests include those that are “in-house”, when they are

based on a protocol developed in a non-commercial laboratory
(“home-brew”), or commercial kits. Several commercial NAATS
exist, and each uses a different method to amplify specific nucleic-
acid regions in the Mycobacterium tuberculosis complex. These kits
include: the GenProbe Amplified M. tuberculosis Direct test
(AMTD), the Roche Amplicor MTB test, the Cobas Amplicor
test, the Abbott LCx test, and the BD-ProbeTec (SDA) test.
Another NAAT has been recently developed—the Loop-mediated
Isothermal Amplification (LAMP) test, but research experience is
limited with this test [10]. Table 1 provides a summary of the
different commercial tests. The LCx kit is no longer in use, and
Becton Dickinson has produced an enhanced version of the SDA
test (BD-ProbeTec-ET). The Food and Drug Administration

@ PLoS ONE | www.plosone.org

Academic Editor: Srikanth Tripathy, National AIDS Research Institute, India

Received September 27, 2007; Accepted January 6, 2008; Published February 6,
2008

Copyright: © 2008 Ling et al. This is an open-access article distributed under the
terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author
and source are credited.

Funding: The authors have no support or funding to report.

Competing Interests: The authors have declared that no competing interests
exist.

* To whom correspondence should be addressed. E-mail: madhukar.pai@mcgill.
ca

February 2008 | Issue 2 | 1536



Commercial Tests for TB

Table 1. Summary of Commercial Nucleic-Acid Amplification Tests (NAAT) for TB

* NAAT Manufacturer

Method

Amplified M. tuberculosis Direct Test (AMTD)
* Amplicor MTB

Gen-Probe Inc. San Diego, CA

Cobas Amplicor

LCx (discontinued)

* BD-ProbeTec Direct (SDA)

Loop-mediated Isothermal Amplification (LAMP)

Roche Molecular Systems Branchburg, NJ

Roche Diagnostic Systems Mannheim, GERMANY
Abbott Laboratories Abbott Park, IL

Becton Dickinson Diagnostic Systems Sparks, MD
Eiken Chemical Co. Ltd. Tokyo, JAPAN

Transcription-mediated amplification of rRNA

PCR amplification of 16s rRNA

PCR amplification of 16s rRNA

Ligase chain reaction amplication of 38kDa protein

Strand displacement amplification of 1S6110 and 16s rRNA

Isothermal amplification and visual readout with UV
fluorescence

doi:10.1371/journal.pone.0001536.t001

meta-analyses have evaluated the accuracy of commercial NAATS
in both pulmonary and extrapulmonary TB [12,13,15-17]. Most
of them have reported high and consistent specificity but low and
inconsistent estimates of sensitivity [12,13,15]. Smear-negative
patients may be the most likely group to benefit from the use of
NAATS. If the NAAT result is positive, a faster diagnosis can lead
to an earlier initiation of therapy [11]. However, studies have
shown that sensitivity is lower for smear-negative TB compared to
smear-positive TB [12,13,15,18]. One meta-analysis on the use of
commercial NAATs for only smear-negative patients found that
the sensitivity estimates were too low and variable to be used for
confirming diagnosis in this group [16]. Another recent meta-
analysis evaluated diagnostic accuracy for pulmonary TB stratified
by smear status [18]. It concluded that the low sensitivity of smear-
negative patients precludes the use of commercial NAATs for
ruling out TB. Its high specificity in this group of patients,
however, is useful for ruling in TB. The same study also noted that
the high sensitivity in smear-positive samples could be helpful in
ruling out a diagnosis of pulmonary TB due to infection by non-
tuberculous mycobacteria (NTM) [18]. In our meta-analysis, we
used a comprehensive search strategy to determine the accuracy of
commercial NAATSs for diagnosing pulmonary TB in combined
smear-positive and smear-negative respiratory specimens. We
further explore factors that may be accountable for differences
among studies by meta-regression analysis.

METHODS
Search strategy

We systematically searched the literature using predetermined
inclusion criteria [19]. Criteria included: use of commercial
NAATS on respiratory specimens for diagnosing pulmonary TB,
comparison of NAAT result with culture as reference standard,
information to calculate sensitivity and specificity, and minimum
sample size of 50 to avoid selection bias [20]. We searched
PUBMED (1985-2006), EMBASE (1988-2002), Web of Science
(1990-2002), BIOSIS (1993-2002), Cochrane Library (2002; Issue
2), and LILACS (1990-2002). In addition, we reviewed the
reference lists of several previously published reviews on NAATS
[12-16,18]. Further, we hand-searched the Joumal of Clinical
Microbiology, a high-yield journal for this review topic. Search terms
included “‘tuberculosis, mycobacterium tuberculosis, nucleic acid
amplification techniques, direct amplification test, polymerase
chain reaction, ligase chain reaction, Amplicor, Cobas, Roche,
Gen-Probe, Abbott, BD-ProbeTec, molecular diagnostic tech-
niques, sensitivity and specificity, accuracy, and predictive value”.
Reference lists from included studies were also searched. In
addition, experts and commercial NAAT manufacturers were
contacted for additional studies. This search criteria has been
reported in previous meta-analyses [12-14].
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Study selection

We identified 2948 citations from the initial search. After
screening titles and abstracts, 471 English and Spanish articles
were eligible for full-text review. Of these, 69 articles were
excluded, and 402 articles on the use of commercial NAATS for all
forms of TB were included (screening done by two reviewers). A
total of 142 articles focused on respiratory specimens [sputa,
bronchial aspirates, bronchoalveolar lavages (BAL), and tracheal
aspirates] for the diagnosis of pulmonary TB. Some articles
considered gastric aspirates as respiratory specimens. They were
accepted if the number of gastric aspirates was less than 5% of the
total sample size. A total of 37 articles were further excluded from
data extraction, and 105 articles were included in our meta-
analysis [21-125]. Several articles compared more than one
NAAT against the same reference standard in head-to-head trials,
in which case each comparison was considered as a separate study.
Thus, the total number of studies in the final analysis was 125.
Figure 1 displays how the studies were selected.

Data extraction

We created and piloted a data extraction form with a subset of
eligible studies. Based upon experience gained in the pilot study,
the data extraction form was finalized. The final set of studies was
assessed with the standardized form by two reviewers (DIL and
LLF), and any differences were resolved by consensus. Many
articles compared NAAT results to more than one reference
standard, and we used a hierarchical approach to choose one
comparison from each study: (1) culture result plus clinical data
(most preferred reference standard) (2) culture result alone and (3)
clinical data alone (least preferred reference standard). We used
the specimen as the unit of analysis when possible. We also chose
to use data that were not subject to discrepant analyses (i.e.
unresolved data) when available, since resolved data after
discrepant analyses are a potential source of bias and result in
higher estimates of accuracy [126]. In addition, NTM and
inhibited specimens were excluded if possible.

Assessment of study quality

We assessed the quality of studies using the following criteria,
suggested as important for diagnostic studies [127]: (1) Was there a
comparison of the commercial NAAT with an independent,
appropriate reference standard? (2) Was the NAAT result
interpreted without knowledge of the results of the reference
standard (blinded interpretation) and vice-versa? (3) Did the whole
sample or a randomly selected subset of the sample receive
verification using the reference standard? and (4) Did the study
prospectively recruit consecutive patients suspected of having
pulmonary tuberculosis (i.e. cross-sectional vs case-control design)?
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Figure 1. Study selection process.
doi:10.1371/journal.pone.0001536.9001

Data synthesis and meta-analysis

Data were analyzed using Meta-Disc (version 1.4) software [128].
We pooled the data with the DerSimonian-Laird random effects
model (REM) [20,129-131]. The REM gives more conservative
estimates with wider confidence intervals because it assumes that
the meta-analysis includes only a sample of all possible studies
[19,132,133]. In addition, the REM accounts for both within-
study variability (random error) and between-study variability
(heterogeneity). Accuracy measures include: sensitivity, specificity,
positive likelihood ratio (LR+), negative likelihood ratio (LR-), and
the diagnostic odds ratio (DOR). Sensitivity is the proportion of
positive test results among those with the target disease. Specificity is
the proportion of negative test results among those without the
disease. In a clinical setting, likelihood ratios are considered useful.
The LR+ measures how much more frequent a positive test is found
in diseased versus non-diseased individuals. On the other hand, the
LR- measures how more likely a negative result is found in diseased
versus non-diseased individuals. The DOR, or the odds of a positive
result in diseased individuals compared to the odds of a positive result
in non-diseased individuals, combines both likelihood ratios and is a
global measure of test performance [134]. A value of 1 would
indicate that the test cannot discriminate between people with and
without disease. The DOR is calculated by LR+/LR— or [sensitivity/
(1-specificity) ]/ [ (1-sensitivity) / specificity] [134].

Each study in the meta-analysis contributed a pair of numbers:
sensitivity and specificity. Since these measures tend to be strongly
correlated and vary with the thresholds (cut-off values for
determining test positives) used across the individual studies, it is
standard practice to analyze sensitivity and specificity proportions
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as pairs, and to also explore the effect of the threshold on study
results. To do this, we performed the summary receiver operating
characteristic (SROC) curve analysis [131,135]. The SROC
displays each study’s sensitivity and specificity estimates within
the ROC space. A regression curve is fitted through the
distribution of pairs of sensitivity and specificity. A shoulder-like
curve indicates that the variability between studies may be due to
the threshold effect (i.e. variation in cut-off values used across
studies) and that an underlying common DOR exists that does not
change with the threshold [130,135,136]. A non shoulder-like
curve shows that sensitivity and specificity are not correlated. The
area under the regression curve also measures the overall accuracy
of diagnostic tests. If the area under the curve (AUC) is 100%, then
the test differentiates perfectly between diseased and non-diseased
individuals. An AUC of 50% indicates poor diagnostic accuracy
[130,135,136].

Meta-regression

Heterogeneity in meta-analysis refers to a high degree of
variability in study results (e.g. variability in sensitivity estimates).
Such heterogeneity could be due to variability in thresholds (cut-
off values), disease spectrum and populations studied, variations in
NAAT protocols, and study quality across studies. When
significant heterogeneity is present, summary estimates from
meta-analyses are hard to interpret. We investigated heterogeneity
using subgroup (stratified) analysis and meta-regression analysis
[137]. In the subgroup analysis, we computed pooled DOR
estimates in various strata to determine if accuracy is higher in
specific subgroups.
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The meta-regression analysis is an extension of the SROC
model [135]. In this linear regression model, studies are the units
of analysis. The DOR 1is the outcome (dependent) variable. The
independent variables are the covariates that might be associated
with the variability in the DOR. Based on previous meta-analyses
[12-14], potentially relevant covariates for our meta-regression
model included: prospective or retrospective study direction,
recruitment method, blinded interpretation, type of test, specimen
type, reference standard, and data resolution. There were
insufficient numbers to compare categories of differing study
design, degree of verification, and smear status.

The meta-regression model generates relative diagnostic odds
ratios (RDOR) as the output [134,137]. An RDOR is a ratio of
two DORs. An RDOR of 1.0 indicates that a particular covariate
(e.g. blinded study design) does not affect the overall DOR. An
RDOR >1.0 indicates that studies with a particular characteristic
(e.g. those that employed a specific target sequence in the PCR)
have a higher DOR than studies without this characteristic. For a
RDOR <1.0, the reverse holds.

RESULTS

The average sample size of the included studies was 715 (range 57—
7539). With the exception of one study, all of our studies were cross-
sectional. A majority (86%) of the studies were prospective in design.
A total of 45 (36%) studies used consecutive or random sampling,
while 29 (23%) studies recruited patients using some convenient
sampling. The convenient sample was chosen from a bigger group of
patients or was selected from a screening program. All but two
studies reported complete verification of NAAT results with the same
reference standard. Most of the studies (96%) collected both smear-
positive and smear-negative specimens, and 84% compared NAAT
results to culture as the reference standard. Ninety-five (76%) studies
tested respiratory specimens, while 30 (24%) studies only used
sputum specimens. We were able to analyze unresolved data (i.e. not
subjected to discrepant analyses) in 88 (70%) studies. Past evidence
has shown that investigators do not report all the study components
in their publications [6,138]. In our analysis, 103 (82%) studies did
not report blinding status, and 51 (41%) studies did not explicitly
report the method of patient recruitment. Table 2 gives the
characteristics of the studies in our meta-analysis.

The overall sensitivity and specificity estimates were 0.85 (range
0.36-1.00) and 0.97 (range 0.54—1.00), respectively. Figures 2 and
3 show the accuracy measures from all the studies in a forest plot.
Specificity appears to be more consistent than sensitivity. Thirteen
of 125 studies (10%) gave specificity estimates less than 90%. Most
of them included either patients on treatment or who had history
of prior disease. The overall LR+ was 32.74 (95% CI: 26.02,
41.22), and the overall LR- was 0.14 (95% CI: 0.12, 0.16). The
pooled DOR was 268.88 (95% CI: 212.07, 340.9). We used Chi-
square analysis to detect heterogeneity in the summary results. All
of them showed highly significant heterogeneity (p<<.001). Thus,
pooled measures of the tests’ diagnostic accuracy are not
meaningful and do not adequately describe the data. Table 3
displays the accuracy measures and their corresponding statistics
for the Chi-square test of heterogeneity.

Heterogeneity is a common concern for diagnostic meta-
analyses. This variability may result from the threshold effect or
differences in test methods and study characteristics [135]. Figure 4
shows the SROC plot with studies weighted by their inverse
variance. The shoulder-like curve indicates that the threshold
effect exists in our meta-analysis. There is a trade-off between
sensitivity and specificity among the studies. Subgroup analysis is
also used to identify other sources of variability by stratifying data
into relatively more homogeneous strata [137]. Table 4 compares
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Table 2. Characteristics of NAAT Studies Included in the
. Review (N=125)

: Characteristic Frequency (%)

: STUDY DIRECTION

Prospective 108 (86)
Retrospective 9 (7)

:  Both 8 (6)

: STUDY DESIGN

* Cross-Sectional 124 (99)

RECRUITMENT

: Consecutive 43 (34)
Random 2(2
Convenient 24 (19)
Consecutive and Convenient 5 (4)
Not Reported 51 (41)

VERIFICATION

: Complete 123 (98)

: BLINDING
Both (double blind) 8 (6)
NAAT blinded to reference standard 7 (6)
Reference standard blinded to NAAT 5 (4)
None 2(2

- Not Reported 103 (82)

© NAAT
Amplicor 34 (27)
Cobas Amplicor 18 (14)
AMTD 31 (25)
E-AMTD 9 (7)
LCx 18 (14)
BD-ProbeTec 6 (5)

:  BD-ProbeTec-ET 9(7)

* SPECIMEN

: Respiratory 95 (76)

: Sputum 30 (24)

REFERENCE STANDARD
Culture 105 (84)
Clinical Data 3(2)

. Culture and Clinical Data 17 (14)

: SMEAR STATUS

: Both (positive and negative smears) 120 (96)
Negative 2(2)
Not Reported 3(2)

DATA

: Resolved (after discrepant analysis) 37 (30)
Not Resolved (discrepant analysis not done) 88 (70)

doi:10.1371/journal.pone.0001536.t002

the DOR estimates for the study characteristics. The heterogeneity
could be explained in some strata, but they consisted of small
numbers. We stratified by type of commercial kit since they have
standardized protocols. The variability in LR- did not persist for
the SDA test (Table 5). The SDA test amplifies IS6110, which is
usually present in high number of copies in MTB and may
increase sensitivity. However, only 6 studies evaluated the SDA

February 2008 | Issue 2 | 1536



Senitviny (1% C1)
—e— | aBE 081 (075-088)
| ABULAMERD 084 (085.088)
- | ALCALA 081 (084-085)
—_— ! AL TaHRA 057 (041-07Y)
e " AL ZAHRAN 043 (028 058)
—_— ARTRES 060 (041-077)
Ug | alswa 050 (084-004)
lig | BARRETT 083 (086-0.87)
—————— BASTA 100 (048-100)
i —e-| BEAVS 085 (089 089)
- BEHNEDSEN 082 (0790885
- BERGMANN 079 (066 08)
—fr—e-| BERGMAN 098 (079-100)
——+— | BeRGMAN 078 (061 080)
——le— | BERGMAN 088 (D62-008)
e BOOMER a7 (048088
— «— | BODMER 083 (063-088)
- BOGARD 083 (079.087)
=t | BRADLEY 081 (080-067)
T = 070 (035-083)
—_— CARTUYVELS 068 (046 065)
— CATANZARG 083 (073001
" CHEDORE 100 (098-1.00)
—— o 080 (056-084)
— L COHEN 074 (054-088)
e | COLL 081 [087-004)
—_— DAMATC: 062 (048075
—e | DELLALATTA 087 (086086
—le— | DELLALATTA 089 (078-0885)
—+— | DELLALATTA 080 (080- 088
——1 DENS 100 (078 1.00)
—_— EHLERS 083 (069-087)
T, 08 (081-100)
. i FEGOU 063 (056. 068
e | GALLNA 087 (080-083)
| GAMBOA 080 (085-083)
l—a | GAMEOA 081 (087085
- GAMBOA 088 (0.78-003)
e | GAMBOA 095 (088-088)
—- 084 (072-093)
—— GOESSENS 078 (069 085)
—#— | coEssens 088 (0.78-002)
—_— ! 080 (047-073)
———+—+— | HENGSTLER 078 (054084
—re— | HOFFNER 080 (0.76-067)
—=— | HOFFNER 085 (076-083)
U 4 icHAMA 100 (087 1.00)
T =y 088 (094-100)
e | KCHITAMA 085 (0BE-0.68)
- | KCHITAMA 028 (081008
L 088 (084-088)
b S
r—a— | ENUMA - )
—+— | JACKSON 084 (071003
- 085 (070-084)
—. 080 (071-087)
i JONSSON 081 (0.73-0.88)
L ANGHIND 100 (083- 100)
Tt LNGHIND 100 (083 100)
—_—— ] 075 (053 080)
S M 071 (049-067)
I & | KNHYANDUGGA 083 (080-085)
e | LARDCCO 089 (084-083)
il LEVIDIOTOU 083 (077-087)
. LM 081 (0.3 083
= LM 077 (064 088)
T LU 017 (088-084)
—re— | MALGEN 088 (0.78-096)
1 = MCHUGH 088 (082100
—e— | mCHOS 081 (078-087)
— ILER 084 (077088
Uy TTA 082 (082-087)
— WTARA 072 (068-077)
—e MOORE 083 (0.76-088)
e MOORE 074 (056-067)
B—a HIRMN 087 (0.85-1.00)
—4 484 (076-061)
s —af CPSULLIVAN 088 (088-100)
l—s-| PFYFFER 085 (087009
-l FFER 08s (0.77-081)
| POYFFER 088 (087-100)
. RSMON 088 (0B0-084)
li—s-| PERSMCN 085 (088068
| PERSMCN 083 (084 0.88)
—a—- PERSMON 078 (084-085)
— PERSMON 058 (0.48- 084
1| —s| POUNDER 0% (080-1.00)
———+ PUTOVA 100 (081-1.00)
e 083 (073-001)
e | RANTAKORKO-JALAVA 087 (060-008)
——e—| RBERO 093 (060-0.88)
—s— | ROHNER 088 (079 0.85)
—l AU 078 (068 - 086)
te— | RUSCH.GERDES 082 (085-066)
. 7 SALANA 03 (030-043)
—4— | SCARPARO 088 (078-0081)
Lig- | SCARPARD 90 (083-084)
i1 —=| SHEEHAN 085 (080 0.88)
. SHETTY 081 (0.73-088)
e . SHM 053 (038-067)
—u— | sMTH 088 (0710885
—— SuTH 085 (0.78-100)
———a| SMITH 085 (0.7 1.00)
———te— | EOm 087 (080-008)
—»— | STAFFER 087 (076 084)
— T 081 (070 089
——— | THOMEEN 088 (067086
—a— | TOMNAM 088 (078-0885)
o =—a TORTOU 088 (082-100)
—— | TORTOU 084 (0.75-001)
—¥— | TORTOU 085 (0.76- 062
— | i gm0
U 2
—& | vuornEN 085 (065 0.06)
——+— | vuommEN 065 (065 0.86)
i—| WG 086 (088- 088
i —al WWANG. 083 (083 100)
1~ wang 100 (085-1.00
—_— WIRNG 073 (0540688
— WANG Q78 (08T-088)
———— WELCH 100 (064 100)
—— WOBESER 083 (0.71-062)
——=—| TEE 088 (062-088)
1w ZOLMR-DOVE 085 (088 100)
Lo | ZoUNR-DOVE 084 (083-099)
it
L Pooled Senstrvity = 0 85 (0,05 80 0 88)
Chisuare = 1121 68 = 124 (p = 0.0000)
;- TR T Y} weonsistercy (-souare] = B89 %

Sensitivity

Figure 2. Forest plot of sensitivity estimates and 95% CI. Point
estimates of sensitivity from each study are shown as solid circles. The
solid lines represent the 95% confidence intervals (Cl). Circles are
proportional to study size. The pooled estimate is denoted by the
diamond at the bottom.

doi:10.1371/journal.pone.0001536.9g002

test, and significant heterogeneity remained for the other
commercial NAATS.

A meta-regression analysis was performed to help explain the
variation even after subgroup analysis. Table 6 shows the RDOR
estimates from the meta-regression analysis using the Restricted
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Figure 3. Forest plot of specificity estimates and 95% Cl. Point
estimates of specificity from each study are shown as solid circles. The
solid lines represent the 95% confidence intervals (Cl). Circles are
proportional to study size. The pooled estimate is denoted by the
diamond at the bottom.

doi:10.1371/journal.pone.0001536.9g003

Maximum Likelihood (REML) method to measure between-study
variance. The threshold effect (S)=—0.21 was significant
(p=0.01) in accordance with the SROC plot. The “S” coefficient
1s a way to measure the effect of different thresholds on the DOR
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Table 3. Pooled Summary Estimates of 125 Commercial NAAT Studies (adding 0.5 to all cells of studies with 0 values)

. Accuracy Measure

Accuracy Estimate (95% Confidence Interval)

Chi? test of heterogeneity

P value for heterogeneity

Sensitivity
Specificity
Positive Likelihood Ratio (LR+)
Negative Likelihood Ratio (LR-)

0.85 (0.847, 0.86)
0.968 (0.967, 0.969)
3274 (26.01, 41.22)
0.14 (0.12, 0.16)
268.88 (212.07, 340.9)

1121.69 <.001
3748.64 <.001
3831.86 <.001
1495.00 <.001
869.46 <.001

: Diagnostic Odds Ratio (DOR)

doi:10.1371/journal.pone.0001536.t003

among studies, and the negative value indicates that the thresholds
increase specificity at the expense of sensitivity [16]. Thus, the
heterogeneity found in our meta-analysis could be explained in
part by the use of different cut-off values in the studies. In addition,
studies that evaluated respiratory specimens had almost a two-fold
increase in DOR compared to studies that used only sputum.
None of the other covariates in the model reached statistical
significance. Previous meta-analyses have shown that including
bronchial specimens gave higher accuracy estimates compared to
studies that only collected sputum [16,18].

DISCUSSION

Principal findings

Lack of rapid and accurate diagnostics for TB has been a major
concern for global TB control. NAATs were introduced as
promising novel tests for TB, and several commercial assays were
introduced into the market. However, their actual performance

has been less than optimal [12—18]. Since hundreds of studies have
been published on NAATS, there is now the opportunity to
perform meta-analyses and meta-regression to explore factors that
influence NAAT performance.

In this meta-analysis, we performed extensive literature searches
and identified a total of 125 separate studies from 105 articles that
reported NAAT results from respiratory specimens. The results
showed that sensitivity and specificity estimates for commercial
NAAT: in respiratory specimens were highly variable, with sensitivity
lower and more inconsistent than specificity. Thus, summary
measures of diagnostic accuracy are not clinically meaningful. The
use of different cut-off values and the use of specimens other than
sputum could explain some of the observed heterogeneity.

Implications of the findings
The most notable advantage of commercial NAATS is their rapid
turn-around time, which may have important implications for
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Figure 4. SROC plot with best-fitting asymmetric curve. Each solid circ

le 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(AUC) = 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.
doi:10.1371/journal.pone.0001536.g004
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: Table 4. Diagnostic Odds Ratio (DOR) Estimates from
: Subgroup Analysis

Study Characteristic

Chi? test of

P value for

(n) DOR heterogeneity heterogeneity
* DIRECTION
: Prospective (108) 255.63 (199.23, 32801)  678.67 <.001
Retrospective (9) 315.65 (99.68, 999.57) 150.21 <.001
:  Both (8) 37142 (161.83, 852.49)  31.40 <.001
* STUDY DESIGN
: Cross Sectional 269.56 (212.30, 342.26) 869.08 <.001
(124)
RECRUITMENT
Consecutive (43) 220.90 (154.41,316.00)  180.24 <.001
Convenient (24) 347.98 (225.63, 536.67)  91.71 <.001
Both (5) 298.50 (90.72, 982.18) 40.54 <.001
Random (2) 27872 (3.12, 24901.4) 9.73 0.002
. Not Reported (51) 284.91 (184.02, 441.13) 529.38 <.001
* VERIFICATION
: Complete (123) 264.79 (208.66, 336) 863.88 <.001
* BLINDING
© Both @®) 163.93 (69.91, 384.42) 25.49 0.001
NAAT blinded (7) 446.86 (45.83, 4357.6) 106.41 <.001
Reference test 136.79 (76.13, 245.75) 4.55 0.337
blinded (5)
Not Blinded (2) 84.26 (5.99, 1184.50) 5.39 0.020
: NotReported (103)  286.86 (223.72,367.82) ~ 681.83 <.001
* NAAT
: Amplicor (34) 174.92 (120.77, 25335) 19852 <.001
Cobas Amplicor (18) 399.07 (238.32, 668.25)  83.93 <.001
AMTD (31) 298.05 (155.13, 572.62)  332.38 <.001
E-AMTD (9) 822.72 (194.22, 3485.1)  55.72 <.001
LCx (18) 215.60 (145.98, 31844)  40.41 0.001
BD-ProbeTec (6) 424.45 (174.15, 10345 1096 0.052
:  BD-ProbeTecET (9)  266.86 (110.04, 647.19)  46.93 <.001
© SPECIMEN
Respiratory (95) 319.21 (247.88, 411.07)  546.49 <.001
: Sputum (30) 138.91 (86.26, 223.70) 197.27 <.001
* REFERENCE STANDARD
: Culture (105) 27130 (211.67, 347.73)  688.15 <.001
Clinical Data (3) 70.30 (4.04, 1224.60) 40.06 <.001
Culture and Clinical  300.84 (163.1, 554.92) 70.57 <.001
(17)
SMEAR STATUS
Both (120) 270.79 (212.77, 34463)  837.09 <.001
61.79 (17.83, 214.14)
Negative (2) 828.06 (317.8, 2157.6) 3.14 0.076
+ Not Reported (3) 0.04 0.982
. DATA
Wl e (37) 254.01 (177.34, 363.81)  200.87 <.001
Not Resolved (88) 27833 (203.79, 380.13)  668.45 <.001

doi:10.1371/journal.pone.0001536.t004

patient management and TB control. However, they appear to be
impacted by a trade-off between sensitivity and specificity—
specificity appears maximized at the cost of sensitivity. Reasons to
account for their low sensitivity include low concentration of bacilli
(i.e. paucibacillary specimens), such as smear-negative sputum

@ PLoS ONE | www.plosone.org
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specimens, or the presence of inhibitory substances [139]. We did
not find high rates of inhibition in the studies reviewed (range 1%—
7.5%). In addition, the small volumes of specimen (template) used
in each commercial test may offer additional explanations. A
recent meta-analysis on NAATS for TB lymphadenitis found that
studies which used volumes of template >20 pul were more
accurate than studies that used lesser template volumes [17].
Furthermore, study results may be influenced by the reference
standard used to compare test results. It is well known that culture
is not 100% sensitive and can give false-negative results. The lack
of a diagnostic gold standard remains one of the biggest obstacles
for evaluating new diagnostics, especially in HIV-infected persons
and in paucibacillary disease (e.g. extrapulmonary TB and
pediatric disease). The true accuracy of commercial NAATs may
actually be higher than reported when using an imperfect
reference standard [140].

Our results show a high degree of variability in accuracy across
studies. The increased power of a meta-analysis can determine a
test’s overall diagnostic ability, but a summary measure is
misleading in the presence of significant heterogeneity. In previous
meta-analyses [12-14], subgroup analyses did not fully explain the
variability found in NAAT results across studies. Even when
stratifying by commercial test, our results remained heterogeneous.
Other setting-specific factors, such as background TB prevalence
rates or laboratory experience, could help account for this variation.
Aside from the threshold effect, meta-regression analysis found that
studies which collected several types of respiratory specimens were
associated with higher diagnostic accuracy, possibly since the
induction of aspirates yields a higher recovery of bacteria. Our
findings agree with previous meta-analyses that suggest commercial
NAATSs cannot replace culture and microscopy but should be
interpreted along with conventional tests and clinical data for
diagnosing TB [12,13,15]. NAATS are also not useful for monitoring
treatment progress since they can detect non-viable bacteria and give
false-positive results [141]. However, they can distinguish M.
tuberculosts from NTM [9]. This may be helpful in high-NTM
populations, such as HIV/AIDS patients.

Limitations of NAAT studies

Systematic reviews and meta-analyses are critical for evidence-based
clinical practice [131,142]. However, they are only as good as the
quality of the studies that they include. There is growing concern
that primary research on TB diagnostics are not methodologically
rigorous [143,144]. In a review of 12 recent meta-analyses of various
TB tests, studies were plagued by limitations such as lack of blinding,
use of a case-control design, and lack of random or consecutive
patient sampling methodology [6]. One review of 31 meta-analyses
on several diseases found higher accuracy measures associated with
studies that used non-consecutive sampling methods [138]. In our
meta-regression, the use of some convenience sampling gave a DOR
that was 1.5-fold higher than the DOR for studies that used random
or consecutive sampling. This finding was almost significant
(p=0.15). In addition, 41% of our studies did not report how their
patients were recruited. Thus, besides poor methodological quality,
poor reporting of study components is another problem [6]. In our
meta-analysis, 82% of the studies did not report blinding status. Not
blinding investigators to reference standard results when interpreting
the NAAT test has been shown to overestimate the DOR
[13,16,145]. Another limitation of existing NAAT studies is lack of
data on whether NAATSs actually have an impact on patient
outcomes and how much value NAATs contribute, over and above
the information already obtained by conventional testing. Most
studies only provided information on sensitivity and specificity.
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Table 5. Likelihood Ratios Stratified by Commerical NAAT
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Test Positive Likelihood Ratio (95% Cl) P value for heterogeneity Negative Likelihood Ratio (95% ClI) P value for heterogeneity
. Amplicor 26.04 (17.04, 39.80) <.001 0.15 (0.11, 0.22) <.001
Cobas Amplicor 58.59 (37.77, 90.86) <.001 0.17 (0.13, 0.22) <.001
AMTD 28.75 (17.79, 46.47) <.001 0.12 (0.09, 0.17) <.001
E-AMTD 57.55 (25.49, 129.92) <.001 0.12 (0.07, 0.22) <.001
LCx 26.91 (17.21, 42.09) <.001 0.16 (0.12, 0.20) <.001
BD-ProbeTec 20.11 (10.42, 38.82) <.001 0.06 (0.04, 0.10) 0.264
BD-ProbeTec-ET 37.07 (19.18, 71.65) <.001 0.14 (0.09, 0.20) 0.002

doi:10.1371/journal.pone.0001536.t005

Table 6. Results from Meta-Regression Analysis Using the Restricted Maximum Likelihood Method

Comparison Model Coefficient Relative Diagnostic Odds Ratio (95% ClI) P value
. Threshold Effect () —021 = 0.01
Retrospective/Both (17) vs Prospective Design (108) 0.13 1.14 (0.56, 2.33) 0.71
Some Convenient Sampling/NR (80) vs Consecutive/Random Sampling (45) 0.38 1.46 (0.87, 2.43) 0.15
No Blinding/NR (105) vs Any Blinding (20) 0.25 1.29 (0.65, 2.58) 0.47
FDA-Approved NAATs (92) vs Not FDA-Approved NAATs (33) —0.06 0.95 (0.53, 1.68) 0.85
Respiratory Specimens (95) vs Sputum Specimens (30) 0.64 1.89 (1.01, 3.52) 0.05
Culture Reference Standard (105) vs Clinical Reference/Both (20) 0.34 1.40 (0.70, 2.81) 0.34
Resolved Data (37) vs Unresolved Data (88) —0.05 0.95 (0.54, 1.66) 0.86

doi:10.1371/journal.pone.0001536.t006

Strengths and limitations of the systematic review
Our systematic review had several strengths. First, we used a
comprehensive search strategy with various overlapping approach-
es. This enabled us to retrieve a large number of studies.
Moreover, two reviewers independently completed screening,
study selection, and data extraction. Finally, we analyzed data
within specific subgroups to lessen the effect of heterogeneity and
used meta-regression to identify factors associated with higher
accuracy. Our review had limitations as well. Despite searching
several sources, it is possible that we may have missed some eligible
studies. Further, we could only extract data from English language
studies, and this could have introduced bias in our results. Lastly,
despite using subgroup analysis and meta-regression methods,
considerable heterogeneity remained unexplained.

Even if sensitivity were to be improved, an important issue that
will remain is the implementation of these new tools in developing
countries. Commercial kits, whose prices range from US$25-50
per test, are popular in the US and other developed countries
[9,11]. The US Center for Disease Control and Prevention (CDC)
has reported that commercial NAATSs are used mostly in hospitals,
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