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Abstract objective This systematic review evaluated the diagnostic accuracy of Xpert MTB/RIF to detect

tuberculous meningitis (TBM).

methods PubMed and five other databases were systematically searched through March 2019. All

studies evaluating diagnostic accuracy of Xpert MTB/RIF on cerebrospinal fluid (CSF) samples were

included. Reference standards were definitive or definite plus probable TBM. The quality of studies

was assessed by the QUADAS-2 tool. We performed bivariate random-effects meta-analysis and

calculated summary diagnostic statistics.

results We identified 30 studies (n = 3972 participants), including 5 cohort studies and 25 cross-

sectional studies. Reference standards were definite TB (n = 28 studies) or definite plus probable

TBM (n = 6 studies). The pooled Xpert MTB/RIF sensitivity was 85% (95% CI, 70–93%), and

specificity was 98% (95% CI, 97–99%) with a negative likelihood ratio of 0.15 (95% CI, 0.04–0.27)
for definite TBM. For probable TBM cases, pooled sensitivity was 81% (95% CI, 66–90%), and

specificity was 99% (95% CI, 97–99%). For both reference standard types, meta-analyses showed a

C-statistic area under the curve of 0.98. The QUADAS-2 tool revealed low risk of bias as well as low

concerns regarding applicability. Methodological heterogeneity was high among studies.

conclusions Xpert MTB/RIF showed high accuracy for TBM diagnosis, but a negative Xpert

MTB/RIF test does not rule out TBM. Repeat Xpert testing may be necessary. In clinical practice,

Xpert MTB/RIF adds speed and sensitivity when compared to classic TBM diagnostic methods or

previous commercial nucleic acid amplification techniques. More studies and better strategies for

rapidly confirming a diagnosis of TBM in children are urgently needed.
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Introduction

Tuberculosis (TB) is a common opportunistic infection

and is a leading cause of hospitalisation and in-hospital

death among people living with HIV/AIDS (PLWHA)

worldwide [1], particularly in developing countries [2–4].
Up to 25% of tuberculosis cases in PLWHA may pre-

sent with extrapulmonary tuberculosis [5, 6] and tubercu-

lous meningitis (TBM) represents approximately 5% of

extrapulmonary tuberculosis [6]. TBM is the most severe

presentation of tuberculosis, and it is the second most

common cause of HIV-associated opportunistic meningi-

tis [7, 8]. In spite of adequate chemotherapy, TBM cause

death or severe neurological defects in more than half of

those affected [9, 10].

Although some clinical and basic cerebrospinal fluid

(CSF) features appear useful in the differential diagnosis

of TBM and cryptococcal meningitis in PLWHA, an
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accurate discriminatory algorithm is not available with

this information [11, 12]. The classical ‘gold standard’

for TBM diagnosis is the demonstration of M. tuberculo-

sis bacilli in the CSF. However, smear microscopy is

rapid but only ~10–20% sensitive. Culture has ~50%
sensitivity but is slow (at least 10 days in liquid media

and up to 8 weeks on solid media), and culture ideally

requires a biosafety level 3 laboratory [13, 14]. Commer-

cial nucleic acid amplification tests for TBM show sensi-

tivities of 56–64% and specificity of 98% [10, 15, 16]

and ‘in house’ nucleic acid amplification tests for TBM

show high heterogeneity of protocols and performance

[10, 12].

The Xpert MTB/RIF assay (Cepheid, Sunnyvale, CA,

USA) is a cartridge-based fully automated, real-time poly-

merase chain reaction (PCR) system which detects M.

tuberculosis DNA in ~2 h [17]. In 2013, WHO endorsed

the Xpert MTB/RIF assay as the preferred initial test to

investigate TBM [18, 19]. Nowadays, Xpert MTB/RIF

assay is widespread, including U.S. FDA-approval and

European CE marking, and has the capacity to be used

both in central laboratories or near bedside laboratories

[20]. Prior to this assay, molecular diagnosis of TBM was

limited only to specialised laboratories.

We performed a systematic review and meta-analysis in

order to estimate the diagnostic performance of Xpert in

TBM.

Methods

This review was reported according to the Preferred

Reporting Items for Systematic reviews and Meta-Analy-

ses of Diagnostic Test Accuracy Studies (PRISMA-DTA)

statement guidelines [21].

Data sources and searches

We performed a systematic search for publications using

PubMed-OVID, EMBASE, Scopus, Web of Science,

Cochrane Library, Google Scholar until 1 March 2019.

Duplicates were removed, and abstracts reviewed for

selection. The words were as follows: ’Xpert’ ’, ‘Xpert

MTB/ RIF’, ‘GeneXpert’, ‘GeneXpert MTB/ RIF’, ‘Cep-

heid’, ‘tuberculous meningitis’, ‘tuberculosis meningitis’,

‘central nervous system tuberculosis’, and ‘Mycobac-

terium tuberculosis’. The search strategy for PubMed is

available in the Supplement.

Selection of studies

Inclusion criteria were as follows: (i) studies reporting

diagnostic accuracy of the Xpert MTB/RIF test for TBM;

(ii) prospective cohorts, retrospective cohorts or cross-sec-

tional study designs; (iii) studies including adults or chil-

dren (<18 years old); (iv) studies using one or two pre-

specified diagnostic reference standards: definite TBM by

microbiologic confirmation, or definite plus probable

TBM by a case definition; (v) studies with more than 5

clinical samples; and (vi) studies with complete data: true

positives, true negatives, false positives and false nega-

tives. All languages were included. We excluded confer-

ence abstracts.

Based on inclusion and exclusion criteria, selection of

studies was performed independently by four authors

(JEV, LL, IS and MP). Full texts of selected studies were

also evaluated to reach selection decisions. Disagreements

were resolved with discussion with author (AVH).

TBM diagnostic reference standards

In this systematic review, we used the Marais uniform

case definition criteria to classify the TBM categories

into: (i) ‘definite TBM’ cases with microbiologic confir-

mation in the CSF by culture, microscopy, or commercial

DNA nucleic acid amplification test; and (ii) ‘probable

TBM’ cases with a Marais score of 7–12, indicating a

higher risk of a TBM diagnosis [22]. If a study did not

use explicitly the Marais criteria to classify the ‘definite

TBM’ but the criteria of microbiologic confirmation was

compatible, we considered the author criteria as Marais

criteria. If a study did not use the category of ‘probable

TBM’ of Marais criteria, the authors’ specific criteria

were used.

Extraction of data

A pre-defined Excel extraction form included study first

author, year of publication, country(ies) where study was

performed, sample size, study design, median age, per-

centage of women, percentage of HIV-infected partici-

pants, median CSF volume, use of centrifuged CSF, type

(s) and definitions of TBM diagnostic reference standard

(s), true positives, true negatives, false positives and false

negatives. Four authors independently performed data

extraction, and disagreements were resolved by discussion

with a senior author. If there were several studies of the

same population, we used the most recent and largest,

published population.

QUADAS-2 risk of bias assessment

We used the QUADAS-2 tool for the evaluation of the

risk of bias in diagnostic studies [23]. This tool comprises

four domains: patient selection, index test, reference
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standard, and flow and timing. Each domain is assessed

in terms of risk of bias, and the first three domains are

also assessed in terms of concerns regarding applicability.

Data analyses

Analyses were stratified by reference standard type. For

meta-analyses, we used the random-effects bivariate

model of Chu and Cole, which was fitted as a generalised

linear mixed effect model using the glmer function from

the package lme4 of R [24]. Models were run at the pub-

licly available webpage metaDTA (https://crsu.shinyapps.

io/dta_ma/). The bivariate model takes into account the

correlation between sensitivity and specificity. We calcu-

lated sensitivity, specificity, positive likelihood ratio

(+LR) and negative LR (�LR), with their 95% confidence

intervals (95% CI) as summary measures. We presented a

receiver operating characteristic (ROC) curve summary

area under the curve (i.e. C-statistic). As we anticipated

methodologic heterogeneity across studies, we pre-speci-

fied subgroup analyses by country where study was con-

ducted (high-income vs low- or middle-income country),

CSF sample centrifugation (centrifuged vs non-cen-

trifuged), CSF volume and HIV-infection status.

Results

Eligible studies

Of the 1656 unique articles retrieved and screened by

study title, 845 potentially relevant articles were selected

based on relevance to the study topic. After screening the

abstracts, 118 articles were found to fulfil the inclusion

criteria and were selected for full-text review (Figure 1).

Thirty articles (n = 3972) assessing the performance of

Xpert MTB/RIF for TBM were included in our systematic

review and meta-analysis [14, 25–53].

Study characteristics

Table 1 summarises the main characteristics of the

included studies. There were 5 cohort studies (n = 1442)

and 25 cross-sectional studies (n = 2530). Twenty-eight

studies used definite, microbiologically proven cases as

reference standard, and 6 studies used definite plus prob-

able TBM cases. In three studies, the authors used their

own criteria to define probable TBM. Seven studies were

performed in high-income countries, and 23 studies were

performed in low- or middle-income countries.

The range of sample sizes was 6 to 740. Only 5 studies

included children and/or adolescents. The median age

ranged from 30 to 50 in 9 studies with available

information. Women comprised 27% to 53% of partici-

pants in studies with available information. In 15 studies

CSF was centrifuged, and in 11 studies CSF was not cen-

trifuged. The CSF volume tested ranged from 0.2 to

2 mL with one study reporting as ≥ 0.5 mL. HIV-in-

fected individuals comprised 0% to 100% of participants

in 12 studies with available information.

Risk of bias assessment

Overall four studies had high risk of bias [32, 37, 43, 53]

(Table 2). There was low risk of bias in most of studies

about patient selection and flow and timing. Two studies

showed high risk in patient selection [37, 53]. Two stud-

ies showed high risk in flow and timing [32, 43] being

collected post-mortem or at TB-referral hospital. There

was unclear risk of bias for all studies about index and

reference tests, due to the problematic, imperfect refer-

ence standard of TBM. Most studies had applicability

concerns about the reference standard, with the exception

of 9 studies which utilised explicitly the Marais uniform

case TBM definition [14, 26, 29, 31, 32, 34, 39, 48, 52].

Meta-analysis of diagnostic accuracy of Xpert

The overall pooled estimates of Xpert MTB/RIF tests for

definite cases were as follows: sensitivity of 85% (95%

CI, 70–93%), specificity of 98% (95% CI, 97–99%),

+LR of 44.8 (95% CI, 17.2–72.4) and -LR of 0.15 (95%

CI, 0.04–0.27) (Figure 2a). For definite plus probable

TBM cases, the pooled estimates were as follows: sensi-

tivity of 81% (95% CI, 66–90%), specificity of 99%

(95% CI, 97–99%), +LR of 53 (95% CI, 14.2–90.7) and
-LR of 0.20 (95% CI, 0.07–0.32), respectively (Fig-

ure 2b). For both reference standard types, meta-analyses

showed areas under the summary ROC area under the

curve above 98%.

Subgroup analyses

Subgroup analyses by country where study was con-

ducted (high-income versus low or middle country) and

by with/without centrifugation of CSF sample provided

similar results as the main analyses for both TBM refer-

ence standards. The sensitivity of Xpert MTB/RIF for

definite TBM did not differ between high-income coun-

tries (sensitivity of 97%; 95% CI, 42–100%) versus low-

or middle-income countries (sensitivity of 80%; 95% CI,

63–91%). Specificitity also did not differ. Xpert MTB/

RIF tests with centrifugation showed both similar sensi-

tivity when compared with tests performed without cen-

trifugation [84% (95% CI, 65–94%) versus 86% (95%
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CI, 58–96%), respectively, although differing volumes

being centrifuged were utilised across studies (see Figures

S1–S8). Centrifuging a CSF volume < 2 mL would pro-

vide no effect as there is no net increase in input volume

for the Xpert cartridge. There was limited information

about CSF volume, paediatric population and HIV status,

and no subgroup analyses were possible.

Discussion

In this study, Xpert MTB/RIF showed high accuracy for

definite TBM or for definite plus probable TBM with an

estimated pooled sensitivity of 85% (95% CI 70–93%).

For both reference standard types, meta-analyses showed

very high areas under the summary ROC and the QUA-

DAS-2 tool revealed low risk of bias for most of the stud-

ies.

Definite diagnosis of TBM is difficult particularly in

low- and middle-income countries because microscopy

has low sensitivity, culture takes long time, and commer-

cial nucleic acid amplification techniques have moderate

sensitivity and are expensive. In clinical practice of most

low and middle-income countries, the diagnosis of TBM

is usually based on a combination of clinical, laboratory

and radiological findings but scaling up Xpert implemen-

tation adds the opportunity of timely diagnosis.

The diagnostic accuracy of Xpert MTB/RIF for TBM

has been evaluated in prior systematic reviews and meta-

analyses [54–58]. When Xpert MTB/RIF was evaluated

in definite cases, the sensitivity ranged from 61 to 85%

and specificity from 97% to 100% [54–58]. When Xpert

MTB/RIF was evaluated versus a composite reference

standard, the sensitivity ranged from 62.8% to 66% and

specificity from 89% to 98.8% [54, 57]. In most studies,

CSF cultures were the gold standard; however, culture

has only moderate sensitivity (30–60%) [59–61]. Xpert

MTB/RIF is a ruled-in diagnostic test, but a negative

result does not provide adequate confidence that TBM is

not present [62]. In contrast to conventional microscopy

culture, Xpert MTB/RIF provides a timely diagnosis and

is readily available in most settings where tuberculosis is

endemic. For these reasons, Xpert MTB/RIF should be

used as the initial diagnostic test for CSF specimens from

patients presumed to have TBM [18]. However, culture is

an imperfect gold standard of TBM, and the

reported < 100% specificity of Xpert MTB/RIF versus a
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Figure 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy Studies flow chart for the

selected studies.
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composite reference standard reflects the current limita-

tions of the reference standard, when excluding the first

line Xpert MTB/RIF.

In the present study, we performed two subgroup anal-

yses. First, we compared the accuracy of Xpert MTB/RIF

in developed versus developing countries. This analysis

has never been performed in prior studies and showed

similar results. Second, we evaluated the accuracy of

Xpert MTB/RIF with or without centrifugation of sam-

ples and the results were similar. In contrast, two system-

atic review and meta-analysis reported better Se when

centrifugation was performed (74.8–84.2%) versus when

centrifugation was not performed (51.3–66.2%). In addi-

tion, Sp was lightly better when centrifugation was per-

formed (98–98.3%) versus when centrifugation was not

performed (94.6–97.7%) [54, 58]. These results confirm

the recommendation of experts of use centrifugation of

CSF samples in order to improve the accuracy of Xpert

MTB/RIF [17, 61, 63].

In our study, the evaluation of CSF volume and HIV

status was not possible due to the lack of information.

Only one systematic review and meta-analysis evaluated

this variable [58] but only individual information was

cited, indicating that five studies reported the following

relation between CSF volume and Se: 7 mL, 85% [29];

6 mL, 58% [61]; 6 mL, 60% [58]; 3 mL, 81% [31]; and

2 mL, 52% [42]. Specificities in the five studies

were ≥ 93% [58]. Thus, higher volume of CSF seems to

improve the diagnosis performance of Xpert MTB/RIF

[17, 64] but more studies are necessary to define the ideal

volume. In the meanwhile, emphasis on the large CSF

volumes (>5 mL) needed for Xpert testing is suggested by

experts [63]. About the status of HIV infection, only one

study mentioned that sensitivity ranged from 58 to 81%

in HIV-positive people compared with 33–100% in stud-

ies involving HIV-negative people [58].

Pai et al., before of the availability of Xpert MTB/

RIF, reported a systematic review and meta-analysis to

establish the accuracy of commercial nucleic acid ampli-

fication tests for TBM [15]. The analysis of 14 studies

showed sensitivity of 56% (95% CI, 46–66%), speci-

ficity of 98% (95% CI, 97–99%), LR + 35.1 (95% CI,

19.0–64.6) and LR� 0.44 (95% CI, 0.33–0.60).
Recently, Pormohammad et al., reported a systematic

review and meta-analysis of 28 datasets to evaluate the

accuracy of commercial nucleic acid amplification tests

(including Xpert MTB/RIF) for TBM [57]. Se, Sp, LR+
and LR� of commercial tests against culture were 67%

(95% CI 58–75%), 99% (95% CI 98–99%), 46.1 (95%

CI 28.3–75.0) and 0.33 (95% CI 0.25–0.43), respec-
tively. Thus, the chronological comparison of these two

studies suggests that the availability of Xpert MTB/RIFT
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improved the accuracy of molecular diagnosis of tuber-

culous meningitis.

Our study has several limitations. First, in diagnostic

accuracy studies, an imperfect reference standard may

lead to a misclassification of samples. This situation can

be the case of the present study where the diagnosis of

TBM is complex and limited. Second, in this study, we

evaluated only Xpert MTB/RIF but not the next genera-

tion Xpert MTB/RIF Ultra (Xpert Ultra) tests, which

demonstrated greater sensitivity when compared with cul-

ture or Xpert MTB/RIF for TBM diagnosis [14, 65, 66].

WHO now recommends the use of Xpert Ultra as the ini-

tial diagnostic test for suspected TBM [67, 68]. Despite

Xpert Ultra seems to have some improvement on Xpert,

its negative predictive value is not sufficiently high to

exclude TBM when the result is negative and it is not a

‘ruled out’ test [69]. In addition, Xpert Ultra is not

widely available in most centres from resource-limited

settings. Third, information was scarce in order to per-

form consistently some subgroup analyses; however, indi-

vidual data suggest the importance of CSF volume and

centrifugation in the accuracy of Xpert MTB/RIF for

Table 2 Risk of bias assessment of included studies

Author, Year

Risk of bias Applicability concerns

Patient selection Index tet
Reference
standard Flow and timing Patient selection Index test Reference standard

Azevedo, 2018 ? ? ? ? ☺ ☺ ☺
Bahr, 2018 ☺ ? ? ☺ ☺ ☺ ☺
Chaidir, 2018 ☺ ? ? ☺ ☺ ☺ ?
Cox, 2015 ☺ ? ? ☹ ☺ ☺ ☺
Das, 2018 ☺ ? ? ☺ ☺ ☺ ?

Garcia, 2017 ☺ ? ? ☺ ☺ ☺ ?
Jing, 2017 ☺ ? ? ☹ ☺ ☺ ?

Kim, 2015 ☺ ? ? ☺ ☺ ☺ ?

Li, 2017 ☺ ? ? ☺ ☺ ☺ ?

Mazzola, 2016 ☺ ? ? ☺ ☺ ☺ ?
Mbuh, 2019 ☹ ? ? ☺ ☺ ☺ ?

Metaferia, 2018 ☺ ? ? ☺ ☺ ☺ ?

Metcalf, 2018 ☺ ? ? ☺ ☺ ☺ ☺
Moure, 2012 ☺ ? ? ☺ ☺ ☺ ?
Nataraj, 2016 ☺ ? ? ☺ ☺ ☺ ?

Nhu, 2013 ☺ ? ? ☺ ☺ ☺ ☺
Pandey, 2017 ☺ ? ? ☺ ☺ ☺ ?
Patel, 2014 ☺ ? ? ☺ ☺ ☺ ☺
Pe~nata, 2016 ☹ ? ? ☺ ☺ ☺ ?

Philip, 2017 ☺ ? ? ☺ ☺ ☺ ?

Pink, 2016 ☺ ? ? ☺ ☺ ☺ ?
Rufai, 2017 ☺ ? ? ☺ ☺ ☺ ?

Solomons, 2015 ☺ ? ? ☺ ☺ ☺ ☺
Teo, 2011 ? ? ? ☺ ☺ ☺ ?

Tortoli, 2012 ☺ ? ? ☺ ☺ ☺ ?
Ullah, 2017 ☺ ? ? ☺ ☺ ☺ ?

Vadwai, 2011 ☺ ? ? ☺ ☺ ☺ ☺
Wang, 2016 ☺ ? ? ☺ ☺ ☺ ☺
Yuan, 2016 ☺ ? ? ☺ ☺ ☺ ?
Zmak, 2013 ☺ ? ? ☺ ☺ ☺ ?

☺ Low risk of bias;☹ High risk of bias; ? Unclear risk of bias.

Figure 2 Receiver operating characteristic (ROC) curve for Xpert MTB/RIF diagnostic performance for definite tuberculous meningitis
(TBM) (a) and for definite + probable TBM (b). The black curve corresponds to summary ROC. The black emptied circles are sensitiv-

ity and specificity estimates per study. The filled blue square is the pooled estimate of sensitivity and specificity obtained from the

bivariate model under the assumption that the reference standard is perfect. Dashed blue lines are 95% CI confidence regions (bold)

and 95% predictive regions (non-bold). [Colour figure can be viewed at wileyonlinelibrary.com]
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TBM diagnosis. Fourth, our results cannot be extrapo-

lated to paediatric patients due to the few available stud-

ies including this population.

In conclusion, Xpert MTB/RIF showed high accuracy

for the diagnosis of TBM but a negative test does not

rule out TBM. In clinical practice, Xpert MTB/RIF adds

speed and sensitivity when compared to classic diagnostic

methods and commercial nucleic acid amplification tech-

niques of TBM. However, timely introduction of tubercu-

losis treatment is a key component of the management of

patients with clinical suspicion of TBM. More studies

and better strategies for rapidly confirming a diagnosis of

TBM in children are urgently needed.

Funding

DRB is supported by U.S. National Institute of Neuro-

logic Disorders and Stroke and the Fogarty International

Center.

References

1. Ford N, Matteelli A, Shubber Z et al. TB as a cause of hos-

pitalization and in-hospital mortality among people living

with HIV worldwide: a systematic review and meta-analysis.

J Int AIDS Soc 2016: 19: 20714.

2. SanJoaquin MA, Allain TJ, Molyneux ME et al. Surveillance

Programme of IN-patients and Epidemiology (SPINE):

implementation of an electronic data collection tool within a

large hospital in Malawi. PLoS Medicine 2013: 10:

e1001400.

3. Veltman JA, Bristow CC, Klausner JD. Meningitis in HIV-

positive patients in sub-Saharan Africa: a review. J Int AIDS

Soc 2014: 17: 19184.

4. Britz E, Perovic O, von Mollendorf C et al. The epidemiol-

ogy of meningitis among adults in a South African province

with a high HIV prevalence, 2009–2012. PLoS One 2016:

11: e0163036.

5. Harries A, Maher D, Graham S.TB/HIV: a clinical manual.

World Health Organization. (WHO/HTM/TB/2004.329).

(Available from: http://whqlibdoc.who.int/publications/2004/

9241546344.pdf). Accessed Feb 05, 2020.

6. Gomes T, Reis-Santos B, Bertolde A, Johnson JL, Riley

LW, Maciel E. Epidemiology of extrapulmonary tuberculo-

sis in Brazil: a hierarchical model. BMC Infect Dis 2014:

14: 9.

7. Jarvis JN, Meintjes G, Williams A, Brown Y, Crede T, Har-

rison TS. Adult meningitis in a setting of high HIV and TB

prevalence: findings from 4961 suspected cases. BMC Infect

Dis 2010: 10: 67.

8. Durski KN, Kuntz KM, Yasukawa K, Virnig BA, Meya DB,

Boulware DR. Cost-effective diagnostic checklists for menin-

gitis in resource-limited settings. J Acquir Immune Defic

Syndr 2013: 63: e101–108.

9. Garg RK, Sinha MK. Tuberculous meningitis in patients

infected with human immunodeficiency virus. J Neurol

2011: 258: 3–13.
10. Takahashi T, Tamura M, Takasu T. The PCR-based diagno-

sis of central nervous system tuberculosis: up to date.

Tuberc Res Treat 2012: 2012: 831292.

11. Cohen DB, Zijlstra EE, Mukaka M et al. Diagnosis of cryp-

tococcal and tuberculous meningitis in a resource-limited

African setting. Trop Med Int Health 2010: 15: 910–917.
12. Gualberto FAS, Goncalves MG, Fukasawa LO et al. Perfor-

mance of nested RT-PCR on CSF for tuberculous meningitis

diagnosis in HIV-infected patients. Int J Tuberc Lung Dis

2017: 21: 1139–1144.
13. Wilkinson RJ, Rohlwink U, Misra UK et al. Tuberculous

meningitis. Nat Rev Neurol 2017: 13: 581–598.
14. Bahr NC, Nuwagira E, Evans EE et al. Diagnostic accuracy

of Xpert MTB/RIF Ultra for tuberculous meningitis in HIV-

infected adults: a prospective cohort study. Lancet Infect

Dis 2018: 18: 68–75.
15. Pai M, Flores LL, Pai N, Hubbard A, Riley LW, Colford

JM Jr. Diagnostic accuracy of nucleic acid amplification

tests for tuberculous meningitis: a systematic review and

meta-analysis. Lancet Infect Dis 2003: 3: 633–643.
16. Solomons RS, van Elsland SL, Visser DH et al. Commercial

nucleic acid amplification tests in tuberculous meningitis–a
meta-analysis. Diagn Microbiol Infect Dis 2014: 78: 398–
403.

17. Boulware DR. Utility of the Xpert MTB/RIF assay for diag-

nosis of tuberculous meningitis. PLoS Med 2013: 10:

e1001537.

18. WHO. Automated real-time nucleic acid amplification tech-

nology for rapid and simultaneous detection of tuberculosis

and rifampicin resistance: Xpert MTB/RIF assay for the

diagnosis of pulmonary and extrapulmonary tuberculous in

adults and children. Policy update. World Health Organiza-

tion: Geneva; 2013.

19. WHO. Global tuberculosis report 2014. World Health

Organization: Geneva, 2014. (Available from: https://www.

who.int/tb/publications/global_report/gtbr14_executive_

summary.pdf) [05 Feb 2020].

20. Opota O, Mazza-Stalder J, Greub G, Jaton K. The rapid

molecular test Xpert MTB/RIF ultra: towards improved

tuberculosis diagnosis and rifampicin resistance detection.

Clin Microbiol Infect 2019: 25: 1370–1376.
21. McInnes MDF, Moher D, Thombs BD et al. Preferred

reporting items for a systematic review and meta-analysis of

diagnostic test accuracy studies: the PRISMA-DTA state-

ment. JAMA 2018: 319: 388–396.
22. Marais S, Thwaites G, Schoeman JF et al. Tuberculous

meningitis: a uniform case definition for use in clinical

research. Lancet Infect Dis 2010: 10: 803–812.
23. Whiting PF, Rutjes AW, Westwood ME et al. QUADAS-2:

a revised tool for the quality assessment of diagnostic accu-

racy studies. Ann Intern Med 2011: 155: 529–536.
24. Freeman SC, Kerby CR, Patel A, Cooper NJ, Quinn T, Sut-

ton AJ. Development of an interactive web-based tool to

130 © 2020 John Wiley & Sons Ltd

Tropical Medicine and International Health volume 26 no 2 pp 122–132 february 2021

A. V. Hernandez et al. Xpert MTB/RIF for tuberculous meningitis



conduct and interrogate meta-analysis of diagnostic test

accuracy studies: MetaDTA. BMC Med Res Methodol

2019: 19: 81.

25. Teo J, Jureen R, Chiang D, Chan D, Lin R. Comparison of

two nucleic acid amplification assays, the Xpert MTB/RIF

assay and the amplified Mycobacterium Tuberculosis Direct

assay, for detection of Mycobacterium tuberculosis in respi-

ratory and nonrespiratory specimens. J Clin Microbiol 2011:

49: 3659–3662.
26. Vadwai V, Boehme C, Nabeta P, Shetty A, Alland D, Rodri-

gues C. Xpert MTB/RIF: a new pillar in diagnosis of extra-

pulmonary tuberculosis? J Clin Microbiol 2011: 49: 2540–
2545.

27. Moure R, Martin R, Alcaide F. Effectiveness of an inte-

grated real-time PCR method for detection of the Mycobac-

terium tuberculosis complex in smear-negative

extrapulmonary samples in an area of low tuberculosis

prevalence. J Clin Microbiol 2012: 50: 513–515.
28. Tortoli E, Russo C, Piersimoni C et al. Clinical validation of

Xpert MTB/RIF for the diagnosis of extrapulmonary tuber-

culosis. Eur Respir J 2012: 40: 442–447.
29. Nhu NT, Ha DT, Anh ND et al. Evaluation of Xpert MTB/

RIF and MODS assay for the diagnosis of pediatric tubercu-

losis. BMC Infect Dis 2013: 13: 31.

30. Zmak L, Jankovic M, Jankovic VK. Evaluation of Xpert

MTB/RIF assay for rapid molecular diagnosis of tuberculosis

in a two-year period in Croatia. Int J Mycobacteriol 2013:

2: 179–182.
31. Patel VB, Connolly C, Singh R et al. Comparison of ampli-

cor and GeneXpert MTB/RIF tests for diagnosis of tubercu-

lous meningitis. J Clin Microbiol 2014: 52: 3777–3780.
32. Cox JA, Lukande RL, Kalungi S et al. Accuracy of lipoara-

binomannan and xpert MTB/RIF Testing in cerebrospinal

fluid to diagnose tuberculous meningitis in an autopsy

cohort of HIV-infected adults. J Clin Microbiol 2015: 53:

2667–2673.
33. Kim YW, Kwak N, Seong MW et al. Accuracy of the Xpert

(R) MTB/RIF assay for the diagnosis of extra-pulmonary

tuberculosis in South Korea. Int J Tuberc Lung Dis 2015:

19: 81–86.
34. Solomons RS, Visser DH, Friedrich SO et al. Improved diag-

nosis of childhood tuberculous meningitis using more than

one nucleic acid amplification test. Int J Tuberc Lung Dis

2015: 19: 74–80.
35. Mazzola E, Arosio M, Nava A, Fanti D, Gesu G, Farina C.

Performance of real-time PCR Xpert (R)MTB/RIF in diag-

nosing extrapulmonary tuberculosis. Infez Med 2016: 24:

304–309.
36. Nataraj G, Kanade S, Mehta P. Xpert((R)) MTB/RIF for

improved case detection of extra-pulmonary TB in a tertiary

care setting in urban India. Int J Tuberc Lung Dis 2016: 20:

890–894.
37. Pe~nata A, Salazar R, Casta~no T, Bustamante J, Ospina S.

Molecular diagnosis of extrapulmonary tuberculosis and

sensitivity to rifampicin with an automated real-time

method. Biomedica 2016: 36: 78–89.

38. Pink F, Brown TJ, Kranzer K, Drobniewski F. Evaluation of

Xpert MTB/RIF for detection of Mycobacterium tuberculo-

sis in cerebrospinal fluid. J Clin Microbiol 2016: 54: 809–
811.

39. Wang T, Feng GD, Pang Y et al. High rate of drug resis-

tance among tuberculous meningitis cases in Shaanxi pro-

vince, China. Sci Rep 2016: 6: 25251.

40. Yuan M, Lyu Y, Chen ST et al. Evaluation of Xpert MTB/

RIF for the diagnosis of extrapulmonary tuberculosis in

China. Biomed Environ Sci 2016: 29: 599–602.
41. Garcia P, Balcells ME, Castillo C et al. Evaluation of Xpert

(R) MTB/RIF technique for Mycobacterium tuberculosis

complex detection in extra-respiratory specimens. Rev Chi-

lena Infectol 2017: 34: 333–339.
42. Rufai SB, Singh A, Singh J et al. Diagnostic usefulness of

Xpert MTB/RIF assay for detection of tuberculous meningi-

tis using cerebrospinal fluid. J Infect 2017: 75: 125–131.
43. Jing H, Lu Z, Deng Y et al. Evaluation of Xpert MTB/RIF

in detection of pulmonary and extrapulmonary tuberculosis

cases in China. Int J Clin Exp Pathol. 2017: 10: 4847–
4851.

44. Li Y, Pang Y, Zhang T et al. Rapid diagnosis of extrapul-

monary tuberculosis with Xpert Mycobacterium tuberculo-

sis/rifampicin assay. J Med Microbiol 2017: 66: 910–914.
45. Pandey S, Congdon J, McInnes B, Pop A, Coulter C. Evalu-

ation of the GeneXpert MTB/RIF assay on extrapulmonary

and respiratory samples other than sputum: a low burden

country experience. Pathology 2017: 49: 70–74.
46. Philip N, Wilkes C, Yeo TW, Rajahram GS, William T,

John DV. Potential use of multiplex PCR in diagnosis of

tuberculous meningitis. Trop Biomed. 2017: 34: 870–876.
47. Ullah I, Javaid A, Masud H et al. Rapid detection of

Mycobacterium tuberculosis and rifampicin resistance in

extrapulmonary tuberculosis and sputum smear-negative

pulmonary suspects using Xpert MTB/RIF. J Med Microbiol

2017: 66: 412–418.
48. Azevedo RG, Dinallo FS, de Laurentis LS, Boulware DR,

Vidal JE. Xpert MTB/RIF((R)) assay for the diagnosis of

HIV-related tuberculous meningitis in Sao Paulo, Brazil. Int

J Tuberc Lung Dis 2018: 22: 706–707.
49. Chaidir L, Annisa J, Dian S et al. Microbiological diagnosis

of adult tuberculous meningitis in a ten-year cohort in

Indonesia. Diagn Microbiol Infect Dis 2018: 91: 42–46.
50. Das A, Anupurba S, Mishra OP, Banerjee T, Tripathi R.

Evaluation of Xpert MTB/RIF assay for diagnosis of tuber-

culosis in children. J Trop Pediatr 2019: 65: 14–20.
51. Metaferia Y, Seid A, Fenta GM, Gebretsadik D. Assessment

of extrapulmonary tuberculosis using gene Xpert MTB/RIF

assay and fluorescent microscopy and its risk factors at Des-

sie Referral Hospital, Northeast Ethiopia. Biomed Res Int

2018: 2018: 8207098.

52. Metcalf T, Soria J, Montano SM et al. Evaluation of the

GeneXpert MTB/RIF in patients with presumptive tubercu-

lous meningitis. PLoS One 2018: 13: e0198695.

53. Mbuh TP, Ane-Anyangwe I, Adeline W, Thumamo Pokam

BD, Meriki HD, Mbacham WF. Bacteriologically confirmed

© 2020 John Wiley & Sons Ltd 131

Tropical Medicine and International Health volume 26 no 2 pp 122–132 february 2021

A. V. Hernandez et al. Xpert MTB/RIF for tuberculous meningitis



extra pulmonary tuberculosis and treatment outcome of

patients consulted and treated under program conditions in the

littoral region of Cameroon. BMC PulmMed 2019: 19: 17.

54. Denkinger CM, Schumacher SG, Boehme CC, Dendukuri N,

Pai M, Steingart KR. Xpert MTB/RIF assay for the diagno-

sis of extrapulmonary tuberculosis: a systematic review and

meta-analysis. Eur Respir J 2014: 44: 435–446.
55. Maynard-Smith L, Larke N, Peters JA, Lawn SD. Diagnostic

accuracy of the Xpert MTB/RIF assay for extrapulmonary

and pulmonary tuberculosis when testing non-respiratory

samples: a systematic review. BMC Infect Dis 2014: 14: 709.

56. Penz E, Boffa J, Roberts DJ et al. Diagnostic accuracy of the

Xpert(R) MTB/RIF assay for extra-pulmonary tuberculosis: a

meta-analysis. Int J Tuberc Lung Dis 2015: 19: 278–284, i–iii.
57. Pormohammad A, Nasiri MJ, McHugh TD, Riahi SM, Bahr

NC. A systematic review and meta-analysis of the diagnostic

accuracy of nucleic acid amplification tests for tuberculous

meningitis. J Clin Microbiol 2019: 57.

58. Kohli M, Schiller I, Dendukuri N et al. Xpert((R)) MTB/RIF

assay for extrapulmonary tuberculosis and rifampicin resis-

tance. Cochrane Database Syst Rev 2018: 8: CD012768.

59. Heemskerk AD, Donovan J, Thu DDA et al. Improving the

microbiological diagnosis of tuberculous meningitis: A

prospective, international, multicentre comparison of con-

ventional and modified Ziehl-Neelsen stain, GeneXpert, and

culture of cerebrospinal fluid. J Infect 2018: 77: 509–515.
60. Cresswell FV, Bangdiwala AS, Bahr NC et al. Can improved

diagnostics reduce mortality from Tuberculous meningitis?

Findings from a 6.5-year cohort in Uganda. Wellcome Open

Res 2018: 3: 64.

61. Bahr NC, Tugume L, Rajasingham R et al. Improved diag-

nostic sensitivity for tuberculous meningitis with Xpert((R))

MTB/RIF of centrifuged CSF. Int J Tuberc Lung Dis 2015:

19: 1209–1215.
62. Cresswell F, Tugume L, Bahr NC et al. Xpert MTB/Rif

Ultra for the diagnosis of HIV-associated tuberculous

meningitis: a prospective validation. Lancet Infect Dis 2020.

pii: S1473–3099(19)30550-X.

63. Bahr NC, Marais S, Caws M et al. GeneXpert MTB/Rif to

Diagnose Tuberculous Meningitis: Perhaps the First Test but

not the Last. Clin Infect Dis 2016: 62: 1133–1135.
64. Mechai F, Bouchaud O. Tuberculous meningitis: Challenges

in diagnosis and management. Rev Neurol (Paris) 2019:

175: 451–457.

65. Chin JH, Musubire AK, Morgan N et al. Xpert MTB/RIF

ultra for detection of Mycobacterium tuberculosis in Cere-

brospinal Fluid. J Clin Microbiol 2019: 57.

66. Wang G, Wang S, Jiang G et al. Xpert MTB/RIF Ultra

improved the diagnosis of paucibacillary tuberculosis: A

prospective cohort study. J Infect 2019: 78: 311–316.
67. WHO. WHO Meeting Report of a Technical Expert Consul-

tation: non-inferiority analysis of Xpert MTB/RIF Ultra

compared to Xpert MTB/RIF. World Health Organization:

Geneva, 2017a. (Available from: https://www.who.int/tb/

publications/2017/XpertUltra/en/) [05 Feb 2020].

68. WHO. Frequently asked questions about the WHO Techni-

cal Expert Consultation findings on Xpert MTB/RIF Ultra.

March 24, 2017b. (Available from: http://www.who.int/tb/

areas-of-work/laboratory/diagnostics/XpertUltraFAQs.pdf)

[05 Feb 2020].

69. Donovan J, Cresswell FV, Thuong NTT, Boulware DR,

Thwaites GE, Bahr NC. Xpert MTB/RIF ultra for the diag-

nosis of Tuberculous Meningitis: a small step forward. Clin

Infect Dis. 2020: ciaa473.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Definite TBM: Developed countries (n = 8

studies).

Figure S2. Definite TBM: Underdeveloped countries

(n = 20 studies).

Figure S3. Definite TBM: Centrifuged CSF sample

(n = 14 studies).

Figure S4. Definite TBM: Non-centrifuged CSF sample

(n = 14 studies).

Figure S5. Definite TBM and probable TBM: Devel-

oped countries (n = 9 studies).

Figure S6. Definite TBM and probable TBM: Underde-

veloped countries (n = 21 studies).

Figure S7. Definite TBM and probable TBM: Cen-

trifuged CSF sample (n = 16 studies).

Figure S8. Definite TBM and probable TBM: Non-cen-

trifuged CSF sample (n = 14 studies).

Corresponding Author Adrian V. Hernandez, Health Outcomes, Policy, and Evidence Synthesis (HOPES) Group, University of

Connecticut School of Pharmacy, 69 North Eagleville Rd U-3092, Storrs, CT 06269, USA. Tel.: +1-860-972-4468; E-mail:

adrian.hernandez-diaz@uconn.edu

Jose E. Vidal, Department of Neurology, Instituto de Infectologia Em�ılio Ribas, Av. Dr. Arnaldo, 165 – Pacaembu, S~ao Paulo – SP,

01246-900, Brazil. Tel.: +55 11 995888756; E-mail: josevibe@gmail.com

132 © 2020 John Wiley & Sons Ltd

Tropical Medicine and International Health volume 26 no 2 pp 122–132 february 2021

A. V. Hernandez et al. Xpert MTB/RIF for tuberculous meningitis


