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Diagnosis of tuberculous meningitis (TBM) remains challenging due to a paucity of highperformance diagnostics. Even those that have reasonable sensitivity are not adequate
to ‘rule out’ TBM. Therefore, a combination of clinical factors alongside microbiological,
molecular, and radiological investigations are utilized, depending on availability. A low
threshold for starting empiric therapy in the appropriate clinical scenario remains crucial
for good outcomes in many cases. Herein, we review the current TBM diagnostics
landscape with a focus on limitations frequently encountered, such as diagnostic test
performance, cost, laboratory infrastructure, and clinical expertise. Though molecular
technologies, particularly GeneXpert MTB/Rif Ultra, have been a step forward, diagnosis
of TBM remains difficult. We also provide an overview of promising technologies, such as
cerebrospinal fluid (CSF) lactate, a new lipoarabinomannan test (FujiLAM), metagenomic
next-generation sequencing, and transcriptomics that may further improve our TBM
diagnostic capacity and lead to better outcomes.
Keywords: tuberculosis, TB meningitis, tuberculous meningitis, diagnostic testing, molecular testing,
cerebrospinal fluid

INTRODUCTION
Tuberculous meningitis (TBM) is the deadliest form of tuberculosis (TB). In 2019, an estimated
164,000 cases occurred globally, of whom 23% were in people living with HIV (PLHIV) (1).
Mortality is 10–24% in HIV-negative individuals, and 46–67% in PLHIV (2, 3). Even among
survivors, long-term neurologic disability occurs in 22–43% (2). TBM outcomes are poor, in part,
due to the delayed or missed detection of Mycobacteria tuberculosis in cerebrospinal fluid (CSF).
A comprehensive history, physical examination, and a combination of radiological,
microbiological, and molecular tests are frequently necessary to diagnose TBM, and even with
all this information in hand, there is often diagnostic uncertainty. Individuals with TBM may
present with headaches, fever, neck stiffness, seizures, visual changes, and behavioral and/or
cognitive disturbances with a mean duration of 12 days (4–6). Physical examination may reveal
nuchal rigidity, focal neurological deficits, and altered consciousness on the Glasgow Coma Scale
(4, 5, 7, 8). While these signs and symptoms are suggestive of meningitis, they are not specific
to TBM.
Brain imaging (meningeal enhancement, parenchymal mass lesions (tuberculomas), infarctions,
and/or hydrocephalus) (Figure 1) and basic CSF testing are often not specific for TBM (9–11).
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Imaging is not routinely available in many resource-limited
areas. Microbiological and molecular tests are more specific but
are not sensitive enough to detect all cases of TBM. Early, empiric
treatment remains important in many cases. In this review, we
discuss the current state of TBM diagnostics and promising
technologies that may further improve our ability to rapidly
detect TBM and lead to better outcomes.

cells/µl), increased CSF protein > 45 mg/dl, and CSF: blood
glucose ratio <0.5 or CSF glucose below 2.2 mmol/L. However,
this is not always the case, especially among PLHIV where CSF
WBC counts may be normal or minimally increased (4, 14–
16). Additionally, the white cell differential may show neutrophil
predominance (particularly in early disease), which has been
associated with immune reconstitution inflammatory syndrome
(17–20). Of these CSF parameters, CSF glucose below 2.2 mmol/L
or a CSF:plasma ratio below 0.5 best predicts bacteriologically
confirmed TBM (21, 22). None of these tests are specific for TBM.
Given that delay in initiating treatment leads to poor
prognosis, empirical treatment is often initiated based on the
non-specific CSF parameters noted above. However, empiric
treatment, while life-saving for those with TBM, also exposes
many (who ultimately do not have TBM) to unnecessary
toxicities from tuberculosis treatment. Thus, identification of M.
tuberculosis is paramount to make a definitive TBM diagnosis,
ideally identifying those with true TBM rapidly and avoiding
unnecessary treatment in those without TBM.

RESEARCH CASE DEFINITIONS
Due to the complexity in making a TBM diagnosis, standardized
criteria have been formulated, designed to allow comparison
of research studies (12). These standardized diagnostic criteria
utilize clinical parameters alongside laboratory and radiological
investigations (if available) but were not designed for clinical
use (Table 1). The consensus case definitions can be used for
any population and categorize patients into the following subgroups: definite TBM, probable TBM, possible TBM, or not TBM
based on a score of 0–20. Individuals with definite TBM have
microbiological and/or molecular evidence of M. tuberculosis
[acid-fast bacilli (AFB) smear, culture, or commercially available
polymerase chain reaction (PCR)] in their CSF or on autopsy.
Probable TBM cases have a clinical syndrome consistent with
TBM and a diagnostic score of >10 (without brain imaging)
or >12 (with brain imaging) and no alternative diagnosis.
Individuals with possible TBM have a diagnostic score of 6–9
(with no brain imaging) or 9–11 (with brain imaging) and no
alternative diagnosis. Individuals in the not TBM category have
<6 points or an alternative diagnosis. Clinical criteria have also
been developed but none have been adequately validated across
cohorts such that they are reliable for routine use (13).

TRADITIONAL MYCOBACTERIOLOGICAL
DIAGNOSTICS
Ziehl–Neelsen (ZN) staining of CSF for AFB is a cheap,
rapid, and widely available method for diagnosing TBM. Our
recent meta-analysis of 2,450 individuals with suspected TBM
found a pooled sensitivity of CSF AFB smear of 9% (95%
CI: 3–22%) and a pooled specificity of 100% (95% CI: 90–
100%) compared to the reference standard of CSF culture
or NAAT or both (23). With ∼10,000 organisms required to
obtain a positive smear, TBM (frequently paucibacillary) is often
missed by this technique (24) (Table 2). Sensitivity depends
on the skills of the microscopist, the volume of CSF used (a
proxy for the microbiological load), and the time spent in
analyzing the specimen. In one study, CSF volume > 6 ml
and microscopist time analyzing CSF for AFB > 20 min had a

BASIC CSF TESTS
Persons with TBM generally have CSF lymphocyte-predominant
pleocytosis (CSF white blood cell (WBC) count: 50–1,000

FIGURE 1 | Brain magnetic resonance imaging (MRI) for tuberculous meningitis (TBM) diagnosis. These are selected images from a brain MRI obtained from a patient
with definite TBM showing cerebral space occupying lesions (tuberculomas) in the brainstem (A–C) and frontal lobe along with white matter ischemic changes (B).
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TABLE 1 | Continued

TABLE 1 | Uniform case definition (12).
Diagnostic score
A. Clinical criteria

(Maximum category
score = 6)

Symptom duration of more than 5 days

4

Systemic symptoms suggestive of tuberculosis
(1 or more of the following): weight loss (or
poor weight gain in children), night sweats, or
persistent cough for more than 2 weeks

2

History of recent (within past year) close
contact with an individual with pulmonary
tuberculosis or a positive TST or IGRA (only in
children <10 years of age)

2

Focal neurological deficit (excluding cranial
nerve palsies)

2

TST, tuberculosis skin test; IGRA, interferon-gamma release assay; NAAT, nucleic acid
amplification test; AFB, acid fast bacilli; CSF, cerebrospinal fluid; CNS, central nervous
system; CT, computed tomography; MRI, magnetic resonance imaging.

Cranial nerve palsy

1

Altered consciousness

1

B. CSF criteria

(Maximum category
score = 4)

CSF appearance

1

Cells: 10–500 per uL

1

Lymphocyte predominance (>50%)

1

Exclusion of alternative diagnoses:
An alternative diagnosis must be confirmed microbiologically (by stain,
culture, or NAAT when appropriate), serologically (e.g., syphilis), or
histopathologically (e.g., lymphoma). The list of alternative diagnoses that
should be considered, dependent upon age, immune status, and
geographical region include: pyogenic bacterial meningitis, cryptococcal
meningitis, syphilitic meningitis, viral meningo-encephalitis, cerebral malaria,
parasitic or eosionophilic meningitis (Angiostrongylus cantonesis,
Gnathostoma spinigerum, toxocariasis, cysticercosis), cerebral
toxoplasmosis and bacterial brain abscess (space-occupying lesion on
cerebral imaging) and malignancy (e.g., lymphoma)

Protein concentration >1 g/L

1

CSF to plasma glucose ratio of <50% or an
absolute CSF glucose concentration <2.2
mmol/L

1

C. Cerebral Imaging criteria

(Maximum category
score = 6)

Hydrocephalus

1

Basal meningeal enhancement

2

Tuberculoma

2

Infarct

1

Pre-contrast hyperdensity

2

D. Evidence of tuberculosis elsewhere

(Maximum category
score = 4)

Chest radiograph suggestive of active
tuberculosis: signs of tuberculosis =2, miliary
tuberculosis =4

2/4

CT/MRI/ultrasound evidence of tuberculosis
outside the CNS

2

AFB identified or Mycobacteria tuberculosis
cultured from another source i.e., sputum,
lymph node, gastric washing, urine, blood
culture

4

Positive commercial M. tuberculosis NAAT from
extra-neural specimen

4

sensitivity of 52% compared with case definitions (25). Another
approach involves intracellular AFB staining—a single-center
study reported 100% sensitivity vs. 27.6% for conventional ZN
staining using this technique (26). Yet, compared with the
consensus case definitions, this modification yielded a sensitivity
of 34.5%, similar to the conventional AFB smear (33.9%) in a
large (N = 618) prospective, multicenter study (22). In general,
efforts to duplicate promising modifications to the ZN smear
(e.g., technique, volume, or time-based) have proven difficult and
AFB smear remains low yield in most settings.
A CSF culture for M. tuberculosis has a better sensitivity than
AFB smear for TBM (25, 34). Compared with case definitions,
solid Löwenstein Jensen (LJ) culture has 50–70% sensitivity
with a mean time to positivity of 3–5 weeks whereas liquid
mycobacteria growth indicator tube (MGIT) culture has similar
to slightly higher sensitivity with results in as short as 2 weeks (25,
35). MGIT has a limit of detection (LOD) of ∼10 colony forming
units (CFU)/ml, and LJ culture’s LOD is 10–100 CFU/mL
(36). Centrifuging a large volume of CSF may improve culture
sensitivity, similar to AFB smear (25). Despite these potential
strategies to improve test performance, CSF culture results are
usually too slow for clinical decision-making. Additionally, M.
tuberculosis culture requires a biosafety level 3 laboratory and is
relatively expensive at $13–50 per unit. However, when positive,
culture is important for drug susceptibility testing.

MOLECULAR MTB DIAGNOSTICS
Nucleic acid amplification tests (NAATs), such as PCR, have
been of particular interest for improving TBM diagnosis.
GeneXpert MTB/Rif (Xpert, Cepheid, Sunnyvale, CA, USA)
is a cartridge-based, fully automated, rapid (<2 h) PCR test
that also detects rifampicin resistance. Xpert is now widely
distributed in resource-limited settings albeit underutilized and
with concentrations at reference centers (37, 38). In a recent
Cochrane review (2021), CSF Xpert had a pooled sensitivity of
71.1% (95% CI: 62.8–79.1%) and a pooled specificity of 96.9%
(95% CI: 95.4–98.0%) against CSF culture (29). Xpert sensitivity
is also improved when more than 6 ml of CSF are centrifuged
before testing (39, 40). In 2013, Xpert was recommended by the
WHO as the preferred first test for TBM (41). Since then, Xpert

Total score =
Definite TB meningitis: Patients would fulfill criterion A or B:
A. Clinical entry criteria plus one or more of the following: AFB seen in the
CSF; Mycobacteria tuberculosis cultured from CSF; or a CSF positive
commercial NAAT
B. AFB seen in the context of histological changes consistent with
tuberculosis in the brain or spinal cord with suggestive symptoms or signs
and CSF changes or visible meningitis on autopsy.
Probable TB meningitis- total diagnostic score ≥12 (imaging available) or
≥10 (imaging unavailable)
Possible TB meningitis- total diagnostic score 6–11 (imagine available) or
6–9 (imaging unavailable)
Not TB meningitis- total diagnostic score <6 or alternative cause identified
(Continued)
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TABLE 2 | Diagnostic performance for selected tests for tuberculous meningitis (TBM).
Test

Limit of detection
(CFU/mL)

Sensitivity
%(95%CI)

Specificity
%(95%CI)

Reference
standard

Limitations*

References

Culture

<10 CFU (Liquid media)
10–100 (Solid media)

50–70

100

Consensus case
definitions

Cost,
infrastructure, TAT,
sensitivity

(27, 28)

AFB smear

10,000

10–20

100

Culture

Sensitivity, user
variability

(24, 25)

Xpert

∼110

71.1 (62.8–79.1)

96.9 (95.4–98)

Culture

Cost,
infrastructure,
sensitivity

(29, 30)

Xpert Ultra

∼10–15

89.4 (79.1–95.6)

91.2 (83.2–95.7)

Culture

Cost,
infrastructure

(29, 30)

CSF Alere LAM

Not available

22–33

94–96

Xpert Ultra or
culture

Sensitivity

(31, 32)

CSF FujiLAM

Not available

74 (56–87)

91 (82–97)

Consensus case
definitions

Replication of
study, possibly
cost, not
commercially
available

(33)

AFB, Acid fast bacilli; CSF, cerebrospinal fluid; LAM, lipoarabinomannan; TBM, tuberculous meningitis; CFU, colony forming units; 95% CI, 95% confidence intervals; TAT, turnaround time.
* None of the tests have adequate negative predictive value to “rule-out” TB meningitis.

Currently, there are two point-of-care tests to detect LAM. Alere
TB-LAM (Alere Determine TB-LAM, Abbott, Chicago, USA)
is commercially available and uses conventional lateral flow
immunoassay technology and polyclonal antibodies. FujiLAM
(Fujifilm SILVAMP TB-LAM, Fujifilm, Japan) combines a pair
of high-affinity monoclonal antibodies for Mycobacterium
tuberculosis-specific lipoarabinomannan epitopes and a silveramplification step but is not yet commercially available. Both
tests perform better in urine among PLHIV with more advanced
immune suppression (CD4 <100 cells/µl) given the higher
mycobacterial burden in that population (51, 52).
In a prospective study of PLHIV in Uganda, CSF Alere
TB-LAM had a sensitivity of 33% (95% CI: 9.9–65.1%) and a
specificity of 96% (95% CI: 85.5–99.5%) vs. probable or definite
TBM diagnosed by Xpert Ultra (31). In another cohort made
up predominantly of PLHIV in Zambia, CSF Alere LAM had a
sensitivity of 21.9% and a specificity of 94.2% compared with CSF
culture (32). There has been one published study of FujiLAM on
CSF for TBM diagnosis to date: among 101 Ugandans, primarily
PLHIV, FujiLAM had a sensitivity of 52% and a specificity of
98% (87% CI: 87–100%) against probable/definite TBM and
a sensitivity of 74% (95% CI: 56–87%) against definite TBM
(33). These point-of-care tests have considerable advantages over
Xpert Ultra or culture in that they are rapid (30 min) and do not
require significant laboratory infrastructure (the major advantage
vs. Xpert Ultra). Their best use may end up being in combination
with Xpert Ultra, but that is to be determined as additional
studies are urgently needed. Early results certainly suggest higher
sensitivity with FujiLAM than Alere LAM, but that must be
confirmed and the former is not yet commercially available.
Lastly, CSF lactate, which can be performed at the bedside
with a handheld device to aid prompt treatment decisions, may
be utilized in support of TBM diagnosis. In a prospective study
of 575 Ugandan adults with suspected meningitis, bedside CSF

is a possible contributor to a decline in in-hospital mortality
from 57 to 41% in a Ugandan cohort of HIV/TBM co-infected
individuals (42). Yet, even with these advantages, Xpert has
inadequate negative predictive value (NPV) to ‘rule out’ TBM
and cannot be used as a single test with that intent (43). Cost and
laboratory infrastructure requirements are also limitations.
Due to this limitation (and concerns about reliability of
rifampin resistance detection), Xpert was re-engineered with
technical enhancements (a larger specimen volume reaching
the PCR reaction, additional probes for two other DNA
targets, optimized microfluidics, and PCR cycling) and an
additional ‘trace’ category for the lowest bacillary load detected as
GeneXpert MTB/Rif Ultra (Xpert Ultra) has improved sensitivity
and more reliable detection of rifampicin resistance. Xpert Ultra
has a lower LOD (15.6 CFU/mL) compared with 112.6 CFU/ml
for Xpert (30). Practically, this means that Xpert Ultra can yield
a positive result with fewer bacilli. Against CSF culture, Xpert
Ultra has a pooled sensitivity of 89.4% (95% CI: 79.1–95.6%)
and a pooled specificity of 91.2% (95% CI: 83.2–95.7%) (29).
The WHO, in 2017 recommended the adoption of Xpert Ultra
in diagnosing TBM to replace Xpert as the first line test (44, 45).
Importantly, Xpert Ultra also may detect M. tubrerculosis in cases
missed by culture as well (46). Unfortunately, Xpert Ultra also has
inadequate NPV to ‘rule-out’ TBM, varying from 61·1% (49·6–
71·5%) in Vietnam to 92.7% (87.6–96.2%) in Uganda, such that it
still cannot be used as the only test to exclude TBM (47–49). Cost
and laboratory infrastructure requirements are limitations here
as well.

PROMISING TESTS
Lipoarabinomannan
(LAM)
is
a
phosphorylated
lipopolysaccharide in the Mycobacteria cell wall (50). LAM
can be detected in the urine of those with disseminated TB.
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lactate was higher in patients with definite TBM [8.1 mmol/l,
interquartile range (IQR) 6.5–9.8] than probable TBM (4.0
mmol/l, IQR 2.5–9.5), possible TBM (2.6 mmol/l, IQR 2.1, 3.9),
and not-TBM (3.6 mmol/l, IQR 2.6–5.1). At a cut point of >5.5
mmol/L, CSF lactate was able to diagnose definite/probable
TBM with a sensitivity of 67.7% (similar to Xpert Ultra), a
specificity of 80.3%, and a negative predictive value of 95.4% (In
Press at Microbiology Spectrum). The addition of CSF lactate
as a ‘rule-in’ test to the basic CSF tests (total protein, glucose,
and WBC count) might improve their diagnostic performance
but more studies are needed as other central nervous system
(CNS) diseases, such as bacterial and cryptococcal meningitis
(53, 54), cerebral malaria (55), CNS lymphoma (56), seizure
disorders (57), and coronavirus disease 2019 (COVID19) with neurological symptoms (58) can also cause CSF
lactate elevation.

Other molecular tests with potential for TBM but requiring
additional evaluation include loop-mediated isothermal
amplification (LAMP), and Truenat MTB Plus (Truenat, Molbio
Diagnostics, Verna, India). LAMP is a PCR-based test with
a sensitivity of 88–96% and a specificity of 80–100% against
culture-confirmed TBM but is highly dependent on primer
design and requires further study (69, 70). Truenat had a
sensitivity of 85.5 vs. 96% for Xpert Ultra in one study using
definite TBM as a reference standard, these results require
replication (71).

FUTURE DIRECTIONS
Kwon et al. evaluated the diagnostic performance of CSF
cytokines/chemokines in diagnosing TBM in the CSF from
10 individuals with TBM (two with definite TBM and eight
with probable TBM) and 45 individuals with no TBM (72).
They observed the following sensitivities and specificities of
CSF cytokine/chemokines: CSF Interleukin (IL)-12p40 > 52.04
pg/ml, 80.0% (95% CI: 44.4–97.5%) and 73.3% (95% CI: 58.1–
85.4%); CSF IL-13 > 0.44 pg/ml, 90.0% (95% CI: 55.5–99.8%)
and 46.7 (95% CI: 31.7–62.1%); and CSF CCL3/macrophage
inflammatory protein (MIP)-1α >8.83 pg/ml, 80.0% (95% CI:
44.4–97.5%) and 62.2% (95% CI: 46.5–76.2%), respectively. None
of these tests would have the specificity to be used as a singular
diagnostic test for TBM. Based on these data, it is unclear whether
these tests could play a role as part of a multi-test approach.
Further studies on CSF cytokines and chemokines are warranted,
particularly in combination with other diagnostic modalities.
Metagenomic next-generation sequencing (mNGS) analyzes
all microbial genomes in a clinical sample in an unbiased fashion.
In a retrospective analysis of 51 inpatients without HIV suspected
TBM, CSF mNGS had a sensitivity of 84.4% (38/45, 95% CI: 69.9–
93.0%) and a specificity of 100% (6/6, 95% CI: 51.68%−100%)
against consensus case definitions (73). Using definite TBM
as a reference standard in another cohort (N = 12), mNGS
had a sensitivity of 66.67% and a specificity of 100% in 23
patients (74). In a recent large (N = 368) study made up of
predominantly PLHIV, combining mNGS with machine learning
had a sensitivity of 88.9% (95% CI: 51.8–99.7%) and a specificity
of 86.7% (95% CI: 76.8–93.4%) (65/75) against definite and
probable TBM (75). This combination was also able to detect 8
additional TBM cases that had initially been classified as possible
TBM. However, cost, laboratory expertise and infrastructure
requirements are currently major barriers to its implementation.
Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated proteins (Cas) have begun to be analyzed
as tools for TBM diagnosis. This technology can detect low
levels of M. tuberculosis when coupled with DNA amplification.
Using this technology, Ai et al. found an LOD of 50 CFU/ml
in sputum for individuals with pulmonary tuberculosis (76).
Using clinical TBM (not the consensus research definitions) as
a reference standard, CSF CRISPR-MTB had a sensitivity of 73%
in a small study (n = 26). Although more sensitive than Xpert
(54%) or culture (23%), this study is limited by its use of a nonstandard reference, no controls, and small numbers of putative

TESTS NOT IN ROUTINE USE
Most of the current tests in clinical use are based on detecting
the M. tuberculosis bacilli (e.g., microscopy and culture) or
its components (e.g., LAM and Xpert Ultra). However, the
host-immune response to M. tuberculosis has also been of
interest for diagnosis. The interleukin-12-interferon gamma
(IFNg) axis is required to control M. tuberculosis (an intracellular
pathogen) (59, 60). IFNg release assays (IGRAs) were designed
to measure the IFNg-secreting T lymphocytes by enzyme-linked
immunospot assay (ELISpot) (TSPOT.TB, Oxford Immunotec,
Oxford, UK) or measure the concentration of IFNg by enzymelinked immunosorbent assay (ELISA) (QuantiFERON-TB Gold
In-Tube, Cellestis, Carnegie, Australia) (61). In a recent metaanalysis, as a TBM diagnostic, CSF IGRA had a sensitivity of 77%
(95% CI: 69–84%) and a specificity of 88% (95% CI: 74–95%)
(62). However, major limitations, such as cost, infrastructure
requirements, and the tests’ inability to separate latent from active
TB infection have limited their utility for TBM.
Measuring CSF adenosine deaminase (ADA) has also been
studied as a diagnostic test for TBM. ADA is a universal
enzyme involved in purine metabolism in all human cells whose
deficiency primarily affects lymphocyte function (63). In TBM,
ADA CSF levels are increased (64). As a TBM diagnostic test,
CSF ADA had a pooled sensitivity of 89% (95% CI: 84–92%) and a
specificity of 91% (95% CI: 87–93%) in a recent systematic review
and meta-analysis (65). However, the clinical use of CSF ADA
has been minimal due to its high cost, laboratory infrastructure,
and personnel requirements, relatively poor specificity, as well as
significant heterogeneity in study results and design.
Antibody tests have been developed for certain Mycobacteria
antigens (66, 67). In a recent review of various CSF antibody
tests, the pooled sensitivity of anti-M37Ra from five studies
was 91% (95% CI: 71–98%), anti-antigen 5 from eight studies
was 84% (95% CI: 71–92%), and anti-M37Rv from 12 studies
was 84% (95% CI: 71–92%) (68). However, variability in
reference standards makes these studies difficult to compare. M.
tuberculosis antibody tests are not currently recommended for
use in clinical practice.
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to change management and outcomes. For promising new
diagnostics, generating robust evidence based on impact
and cost-effectiveness is needed such that they can be
evaluated by the WHO and then taken up in national policy
and practice. We advocate for multi-center trials evaluating
the diagnostic performance of TBM diagnostic tests. These
diagnostic performance studies should ideally be conducted
in hyper-endemic areas and include both adults and children,
as well as individuals with HIV infection and those who are
HIV negative.
For many of the tests described, limitations include
the availability of the tests, costs, the need for laboratory
infrastructure, and highly trained personnel. Ultimately,
policymakers need to prioritize diagnostics for TBM, and
researchers, in addition to providing information related to
diagnostic accuracy, must consider cost-effectiveness as well.
Empirical pre-treatment which is commonly done, might further
compound the poor diagnostic performance of TBM tests. The
journey from the laboratory bench to the bedside is a long one,
but one that must be taken to find tests that can reduce death
and disability from this devastating disease.

TBM (76). Further studies of this technology are warranted and,
if promising, the technology would need significant adaptation to
address real-world feasibility.
Further characterization of the host immune response via
transcriptomic technologies is another expanding area of interest
in TBM diagnostics. RNA sequencing has revealed differential
expression of transcripts in TBM vs. healthy controls, and that
transcripts differ by the site of CSF collection (77). Ventricular
CSF shows significant transcripts associated with neuronal
excitation and injury compared with the lumbar CSF profile that
represents protein translation and cytokine signaling. Whether a
CSF-based TBM host response assay could be developed (similar
to the blood-based and Xpert MTB Host Response 3-gene assay)
is uncertain. Further, transcriptomic technology may provide
additional insights into the pathophysiology of TBM with the
potential for the development of novel host-directed therapies
and diagnostics.

CONCLUSION
The diagnosis of TBM remains a challenge. However, recently
developed tests, such as Xpert Ultra have improved the
overall possibility of obtaining an accurate diagnosis in persons
suspected to have TBM, especially when compared to traditional
tests, such as AFB smear and culture. The quest for a bedside
point of care test continues and FujiLAM may be a step in
the right direction. With the ongoing advances in DNA/RNA
sequencing technologies and machine learning, perhaps hostbased diagnosis may become feasible in TBM. Despite the
existence of uniform case definitions for over 10 years, they
are not always utilized. We strongly encourage the use of the
consensus case definitions of all studies of TBM diagnostic tests
to improve comparisons between studies.
Equally as critical to developing highly accurate diagnostics
for TBM is ensuring that they are implemented in TB
endemic settings in such a way that they have the potential

AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING
NB receives research support from the National Institute of
Neurological Disorders and Stroke of the National Institutes of
Health, award K23NS110470. JE is funded through a Wellcome
Trust Clinical PhD Fellowship in Global Health Research. FC
receives research funding through a Wellcome PhD fellowship
(210772/Z/18/Z) and NIHR Academic Clinical Lectureship (CL2020-27-001).

REFERENCES

6. Hosoglu S, Ayaz C, Geyik MF, Kökoglu ÖF, Ceviz A. Tuberculous meningitis
in adults: an eleven-year review. Int J Tuberc Lung Dis. (1998) 2:553–7.
7. Luo M, Wang W, Zeng Q, Luo Y, Yang H, Yang X. Tuberculous
meningitis diagnosis and treatment in adults: a series of 189
suspected cases. Exp Ther Med. (2018) 16:2770–6. doi: 10.3892/etm.201
8.6496
8. Christensen ASH, Andersen ÅB, Thomsen VT, Andersen PH, Johansen IS.
Tuberculous meningitis in Denmark: a review of 50 cases. BMC Infect Dis.
(2011) 11:47. doi: 10.1186/1471-2334-11-47
9. Dian S, Hermawan R, van Laarhoven A, Immaculata S, Achmad
TH, Ruslami R, et al. Brain MRI findings in relation to clinical
characteristics and outcome of tuberculous meningitis. PLoS ONE. (2020)
15:e0241974. doi: 10.1371/journal.pone.0241974
10. Tai MLS, Viswanathan S, Rahmat K, Nor HM, Kadir KAA, Goh KJ, et
al. Cerebral infarction pattern in tuberculous meningitis. Sci Rep. (2016)
6:1–10. doi: 10.1038/srep38802
11. Tai MLS, Mohd Nor H, Rahmat K, Viswanathan S, Abdul Kadir KA, Ramli
N, et al. Neuroimaging findings are sensitive and specific in diagnosis of
tuberculous meningitis. Neurol Asia. (2017) 22:15–23. Available online at:
http://www.neurology-asia.org/articles/neuroasia-2017-22(1)-015.pdf

1. Dodd PJ, Osman M, Cresswell F V., Stadelman AM, Lan NH, Thuong NTT, et
al. The global burden of tuberculous meningitis in adults: a modelling study.
PLoS Glob Public Heal. (2021) 1:69. doi: 10.1371/journal.pgph.0000069
2. Stadelman AM, Ellis J, Samuels THA, Mutengesa E, Dobbin J, Ssebambulidde
K, et al. Treatment outcomes in adult tuberculous meningitis: a
systematic review and meta-analysis. Open Forum Infect Dis. (2020)
7:ofaa257. doi: 10.1093/ofid/ofaa257
3. Tenforde MW, Gertz AM, Lawrence DS, Wills NK, Guthrie BL, Farquhar
C, et al. Mortality from HIV-associated meningitis in sub-Saharan
Africa: a systematic review and meta-analysis. J Int AIDS Soc. (2020)
23:e25416. doi: 10.1002/jia2.25416
4. Katrak SM, Shembalkar PK, Bijwe SR, Bhandarkar LD. The clinical,
radiological and pathological profile of tuberculous meningitis in patients with
and without human immunodeficiency virus infection. J Neurol Sci. (2000)
181:118–26. doi: 10.1016/S0022-510X(00)00440-8
5. Wilkinson RJ, Rohlwink U, Misra UK, Van Crevel R, Mai NTH, Dooley
KE, et al. Tuberculous meningitis. Nat Rev Neurol. (2017) 13:581–
98. doi: 10.1038/nrneurol.2017.120

Frontiers in Neurology | www.frontiersin.org

6

May 2022 | Volume 13 | Article 892224

Ssebambulidde et al.

Diagnosis of TB Meningitis

30. Chakravorty S, Simmons AM, Rowneki M, Parmar H, Cao Y, Ryan J, et
al. The new Xpert MTB/RIF ultra: improving detection of Mycobacterium
tuberculosis and resistance to Rifampin in an assay suitable for point-of-care
testing. MBio. (2017) 8:1–12. doi: 10.1128/mBio.00812-17
31. Kwizera R, Cresswell F V., Mugumya G, Okirwoth M, Kagimu E, Bangdiwala
AS, et al. Performance of lipoarabinomannan assay using cerebrospinal
fluid for the diagnosis of tuberculous meningitis among HIV patients
[version 1; peer review: 2 approved]. Wellcome Open Res. (2019) 4:1–
12. doi: 10.12688/wellcomeopenres.15389.1
32. Siddiqi OK, Birbeck GL, Ghebremichael M, Mubanga E, Love S, Buback C,
et al. Prospective cohort study on performance of cerebrospinal fluid (CSF)
Xpert MTB/RIF, CSF lipoarabinomannan (LAM) lateral flow assay (LFA), and
urine LAM LFA for diagnosis of tuberculous meningitis in Zambia. J Clin
Microbiol. (2019) 57:1–9. doi: 10.1128/JCM.00652-19
33. Quinn CM, Kagimu E, Okirworth M, Bangdiwala AS, Mugumya
G, Ramachandran PS, et al. Fujifilm SILVAMP TB LAM assay on
cerebrospinal fluid for the detection of tuberculous meningitis in
adults with human immunodeficiency virus. Clin Infect Dis. (2021)
73:E3428–34. doi: 10.1093/cid/ciaa1910
34. Metcalf T, Soria J, Montano SM, Ticona E, Evans CA, Huaroto
L, et al. Evaluation of the GeneXpert MTB/RIF in patients
with presumptive tuberculous meningitis. PLoS ONE. (2018)
13:e0198695. doi: 10.1371/journal.pone.0198695
35. Caws M, Ha DTM, Torok E, Campbell J, Thu DDA, Chau TTH, et al.
Evaluation of the MODS culture technique for the diagnosis of tuberculous
meningitis. PLoS ONE. (2007) 2:e1173. doi: 10.1371/journal.pone.0001173
36. van Zyl-Smit RN, Binder A, Meldau R, Mishra H, Semple PL,
Theron G, et al. Comparison of quantitative techniques including
Xpert MTB/RIF to evaluate mycobacterial burden. PLoS ONE. (2011)
6:e28815. doi: 10.1371/journal.pone.0028815
37. Cazabon D, Pande T, Kik S, Van Gemert W, Sohn H, Denkinger C, et
al. Market penetration of Xpert MTB/RIF in high tuberculosis burden
countries: a trend analysis from 2014 - 2016. Gates Open Res. (2018)
2:35. doi: 10.12688/gatesopenres.12842.1
38. Clouse K, Blevins M, Lindegren M Lou, Yotebieng M, Nguyen
DT, Omondi A, et al. Low implementation of Xpert MTB/RIF
among HIV/TB co-infected adults in the International epidemiologic
Databases to Evaluate AIDS (IeDEA) program. PLoS ONE. (2017)
12:e0171384. doi: 10.1371/journal.pone.0171384
39. Bahr NC, Tugume L, Rajasingham R, Kiggundu R, Williams DA, Morawski
B, et al. Improved diagnostic sensitivity for tuberculous meningitis with
Xpert R MTB/RIF of centrifuged CSF. Int J Tuberc Lung Dis. (2015) 19:1209–
15. doi: 10.5588/ijtld.15.0253
40. Patel VB, Theron G, Lenders L, Matinyena B, Connolly C, Singh R, et al.
Diagnostic accuracy of quantitative PCR (Xpert MTB/RIF) for tuberculous
meningitis in a high burden setting: a prospective study. PLoS Med. (2013)
10:e1001536. doi: 10.1371/journal.pmed.1001536
41. WHO. Automated Real-Time Nucleic Acid Amplification Technology for
Rapid and Simultaneous Detection of Tuberculosis and Rifampicin Resistance:
Xpert MTB/RIF Assay for the Diagnosis of Pulmonary and Extrapulmonary
TB in Adults and Children: Policy update. World Heal Organ (2013). p.
1–79. Available online at: http://www.ncbi.nlm.nih.gov/pubmed/25473701
(accessed February 15, 2022).
42. Cresswell F V., Bangdiwala AS, Bahr NC, Trautner E, Nuwagira E, Ellis JP, 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. doi: 10.12688/wellcomeopenres.14610.1
43. Bahr NC, Marais S, Caws M, Van Crevel R, Wilkinson RJ, Tyagi JS, et al.
GeneXpert MTB/Rif to diagnose tuberculous meningitis: perhaps the first test
but not the last. Clin Infect Dis. (2016) 62:1133–5. doi: 10.1093/cid/ciw083
44. World Health Organization. Meeting Report of a Technical Expert
Consultation: Non-inferiority analysis of Xpert MTB/RIF Ultra compared to
Xpert MTB/RIF. (2017). p. 10.
45. WHO. Next-generation Xpert R MTB/RIF Ultra assay recommended by WHO.
(2017). Available online at: https://www.who.int/news/item/25-03-2017next-generation-xpert-mtb-rif-ultra-assay-recommended-by-who (accessed
February 23, 2022).

12. Marais S, Thwaites G, Schoeman JF, Török ME, Misra UK, Prasad K, et al.
Tuberculous meningitis: a uniform case definition for use in clinical research.
Lancet Infect Dis. (2010) 10:803–12. doi: 10.1016/S1473-3099(10)70138-9
13. Boyles T, Stadelman A, Ellis JP, Cresswell F V., Lutje V, Wasserman S,
et al. The diagnosis of tuberculous meningitis in adults and adolescents:
protocol for a systematic review and individual patient data meta-analysis
to inform a multivariable prediction model. Wellcome Open Res. (2021)
4:19. doi: 10.12688/wellcomeopenres.15056.3
14. Cresswell F V., Meya DB, Kagimu E, Grint D, Te Brake L, Kasibante J, et al.
High-dose oral and intravenous rifampicin for the treatment of tuberculous
meningitis in predominantly human immunodeficiency virus (HIV)-positive
ugandan adults: a phase II open-label randomized controlled trial. Clin Infect
Dis. (2021) 73:876–84. doi: 10.1093/cid/ciab162
15. Croda MG, Vidal JE, Hernández A V., Dal Molin T, Gualberto FA, Oliveira
ACP de. Tuberculous meningitis in HIV-infected patients in Brazil: clinical
and laboratory characteristics and factors associated with mortality. Int J Infect
Dis. (2010) 14:586–91. doi: 10.1016/j.ijid.2009.08.012
16. Cresswell F V., Bangdiwala AS, Meya DB, Bahr NC, Vidal JE, Török ME, et
al. Absence of cerebrospinal fluid pleocytosis in tuberculous meningitis is a
common occurrence in HIV co-infection and a predictor of poor outcomes.
Int J Infect Dis. (2018) 68:77–8. doi: 10.1016/j.ijid.2018.01.014
17. Zou Y, He J, Guo L, Bu H, Liu Y. Prediction of cerebrospinal fluid
parameters for tuberculous meningitis. Diagn Cytopathol. (2015) 43:701–
4. doi: 10.1002/dc.23284
18. Marx GE, Chan ED. Tuberculous meningitis: diagnosis and treatment
overview. Tuberc Res Treat. (2011) 2011:1–9. doi: 10.1155/2011/798764
19. Marais S, Meintjes G, Pepper DJ, Dodd LE, Schutz C, Ismail Z, et al.
Frequency, severity, and prediction of tuberculous meningitis immune
reconstitution inflammatory syndrome. Clin Infect Dis. (2013) 56:450–
60. doi: 10.1093/cid/cis899
20. Marais S, Wilkinson KA, Lesosky M, Coussens AK, Deffur A, Pepper DJ, et
al. Neutrophil-associated central nervous system inflammation in tuberculous
meningitis immune reconstitution inflammatory syndrome. Clin Infect Dis.
(2014) 59:1638–47. doi: 10.1093/cid/ciu641
21. Wen L, Li M, Xu T, Yu X, Wang L, Li K. Clinical features,
outcomes and prognostic factors of tuberculous meningitis in adults
worldwide: systematic review and meta-analysis. J Neurol. (2019)
266:3009–21. doi: 10.1007/s00415-019-09523-6
22. Heemskerk AD, Donovan J, Thu DDA, Marais S, Chaidir L, Dung VTM,
et al. Improving the microbiological diagnosis of tuberculous meningitis:
a prospective, international, multicentre comparison of conventional and
modified Ziehl–Neelsen stain, GeneXpert, and culture of cerebrospinal fluid.
J Infect. (2018) 77:509–15. doi: 10.1016/j.jinf.2018.09.003
23. Stadelman AM, Ssebambulidde K, Buller A, Tugume L, Yuquimpo K,
Bakker C, et al. Cerebrospinal Fluid AFB Smear in Adults with Tuberculous
Meningitis: A Systematic Review and Diagnostic Test Accuracy Meta-Analysis.
doi: 10.2139/ssrn.3770634
24. Török ME. Tuberculous meningitis: advances in diagnosis and treatment. Br
Med Bull. (2015) 113:117–31. doi: 10.1093/bmb/ldv003
25. Thwaites GE, Chau TTH, Farrar JJ. Improving the bacteriological
diagnosis of tuberculous meningitis. J Clin Microbiol. (2004)
42:378–9. doi: 10.1128/JCM.42.1.378-379.2004
26. Chen P, Shi M, Feng GD, Liu JY, Wang BJ, Shi XD, et al. A
highly efficient Ziehl-Neelsen stain: identifying de novo intracellular
Mycobacterium tuberculosis and improving detection of extracellular M.
tuberculosis in cerebrospinal fluid. J Clin Microbiol. (2012) 50:1166–
70. doi: 10.1128/JCM.05756-11
27. Bahr NC, Boulware DR. Methods of rapid diagnosis for the
etiology of meningitis in adults. Biomark Med. (2014) 8:1085–
103. doi: 10.2217/bmm.14.67
28. Ho J, Marais BJ, Gilbert GL, Ralph AP. Diagnosing tuberculous meningitis
- have we made any progress? Trop Med Int Heal. (2013) 18:783–
93. doi: 10.1111/tmi.12099
29. Kohli M, Schiller I, Dendukuri N, Yao M, Dheda K, Denkinger CM, et
al. Xpert MTB/RIF Ultra and Xpert MTB/RIF assays for extrapulmonary
tuberculosis and rifampicin resistance in adults. Cochrane Database Syst Rev.
(2021) 2021:CD012768. doi: 10.1002/14651858.CD012768.pub3

Frontiers in Neurology | www.frontiersin.org

7

May 2022 | Volume 13 | Article 892224

Ssebambulidde et al.

Diagnosis of TB Meningitis

65. Pormohammad A, Riahi SM, Nasiri MJ, Fallah F, Aghazadeh M, Doustdar
F, et al. Diagnostic test accuracy of adenosine deaminase for tuberculous
meningitis: a systematic review and meta-analysis. J Infect. (2017) 74:545–
54. doi: 10.1016/j.jinf.2017.02.012
66. Olds GR, Sanson AJ, Daniel TM. Characterization of Mycobacterium
tuberculosis antigen 5 epitopes by using a panel of 19 monoclonal antibodies.
J Clin Microbiol. (1987) 25:471–5. doi: 10.1128/jcm.25.3.471-475.1987
67. Chandramuki A, Lyashchenko K, Veena Kumari HB, Khanna N, Brusasca PN,
Gourie-Devi M, et al. Detection of antibody to Mycobacterium tuberculosis
protein antigens in the cerebrospinal fluid of patients with tuberculous
meningitis. J Infect Dis. (2002) 186:678–83. doi: 10.1086/342293
68. Huang TY, Zhang XX, Wu QL, Peng WG, Zheng GL, Cai YM, et al. Antibody
detection tests for early diagnosis in tuberculous meningitis. Int J Infect Dis.
(2016) 48:64–9. doi: 10.1016/j.ijid.2016.05.007
69. Nagdev KJ, Kashyap RS, Parida MM, Kapgate RC, Purohit HJ, Taori
GM, et al. Loop-mediated isothermal amplification for rapid and reliable
diagnosis of tuberculous meningitis. J Clin Microbiol. (2011) 49:1861–
5. doi: 10.1128/JCM.00824-10
70. Modi M, Sharma K, Sharma M, Sharma A, Sharma N, Sharma S,
et al. Multitargeted loop-mediated isothermal amplification for rapid
diagnosis of tuberculous meningitis. Int J Tuberc Lung Dis. (2016) 20:625–
30. doi: 10.5588/ijtld.15.0741
71. Sharma K, Sharma M, Modi M, Singla N, Sharma A, Sharma N, et
al. Comparative analysis of TruenatE MTB plus and XpertW Ultra in
diagnosing tuberculous meningitis. Int J Tuberc Lung Dis. (2021) 25:626–
31. doi: 10.5588/ijtld.21.0156
72. Kwon JS, Park JH, Kim JY, Cha HH, Kim MJ, Chong YP, et al. Diagnostic
usefulness of cytokine and chemokine levels in the cerebrospinal fluid of
patients with suspected tuberculous meningitis. Am J Trop Med Hyg. (2019)
101:343–9. doi: 10.4269/ajtmh.18-0947
73. Yan L, Sun W, Lu Z, Fan L. Metagenomic Next-Generation Sequencing
(mNGS) in cerebrospinal fluid for rapid diagnosis of Tuberculosis
meningitis in HIV-negative population. Int J Infect Dis. (2020) 96:270–
5. doi: 10.1016/j.ijid.2020.04.048
74. Wang S, Chen Y, Wang D, Wu Y, Zhao D, Zhang J, et al. The feasibility
of metagenomic next-generation sequencing to identify pathogens causing
tuberculous meningitis in cerebrospinal fluid. Front Microbiol. (2019) 10:1–
8. doi: 10.3389/fmicb.2019.01993
75. Ramachandran PS, Ramesh A, Cresswell F, Wapniarski A, Narendra R, Quinn
CM, et al. Integrating central nervous system metagenomics and host response
for diagnosis of tuberculosis meningitis and its mimics. Nat Commun. (2022)
13:1675. doi: 10.1038/s41467-022-29353-x
76. Ai JW, Zhou X, Xu T, Yang M, Chen Y, He GQ, et al. CRISPR-based
rapid and ultra-sensitive diagnostic test for Mycobacterium tuberculosis.
Emerg Microbes Infect. (2019) 8:1361–9. doi: 10.1080/22221751.2019.16
64939
77. Rohlwink UK, Figaji A, Wilkinson KA, Horswell S, Sesay AK, Deffur A, et
al. Tuberculous meningitis in children is characterized by compartmentalized
immune responses and neural excitotoxicity. Nat Commun. (2019) 10:1–
8. doi: 10.1038/s41467-019-11783-9

46. Bahr NC, Nuwagira E, Evans EE, Cresswell F V., Bystrom P V., Byamukama A,
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. doi: 10.1016/S1473-3099(17)30474-7
47. Cresswell F V., Tugume L, Bahr NC, Kwizera R, Bangdiwala AS, Musubire AK,
et al. Xpert MTB/RIF Ultra for the diagnosis of HIV-associated tuberculous
meningitis: a prospective validation study. Lancet Infect Dis. (2020) 20:308–
17. doi: 10.1016/S1473-3099(19)30550-X
48. Donovan J, Cresswell F V., Thuong NTT, Boulware DR, Thwaites GE, Bahr
NC, et al. Xpert MTB/RIF ultra for the diagnosis of tuberculous meningitis: a
small step forward. Clin Infect Dis. (2020) 71:2002–5. doi: 10.1093/cid/ciaa473
49. Donovan J, Thu DDA, Phu NH, Dung VTM, Quang TP, Nghia HDT, et al.
Xpert MTB/RIF Ultra versus Xpert MTB/RIF for the diagnosis of tuberculous
meningitis: a prospective, randomised, diagnostic accuracy study. Lancet
Infect Dis. (2020) 20:299–307. doi: 10.1016/S1473-3099(19)30649-8
50. Hunter SW, Gaylor H, Brennan PJ. Structure and antigenicity
of the phosphorylated lipopolysaccharide antigens from the
leprosy and tubercle bacilli. J Biol Chem. (1986) 261:12345–
51. doi: 10.1016/S0021-9258(18)67246-1
51. Shah M, Hanrahan C, Wang ZY, Dendukuri N, Lawn SD, Denkinger
CM, et al. Lateral flow urine lipoarabinomannan assay for detecting active
tuberculosis in HIV-positive adults. Cochrane Database Syst Rev. (2016)
2016:CD011420. doi: 10.1002/14651858.CD011420.pub2
52. Broger T, Sossen B, du Toit E, Kerkhoff AD, Schutz C, Ivanova Reipold E,
et al. Novel lipoarabinomannan point-of-care tuberculosis test for people
with HIV: a diagnostic accuracy study. Lancet Infect Dis. (2019) 19:852–
61. doi: 10.1016/S1473-3099(19)30001-5
53. Abro AH, Abdou AS, Ustadi AM, Saleh AA, Younis NJ, Doleh WF. CSF
lactate level: a useful diagnostic tool to differentiate acute bacterial and viral
meningitis. J Pak Med Assoc. (2009) 59:508–11. Available online at: https://
jpma.org.pk/PdfDownload/1765
54. Abassi M, Bangdiwala AS, Nuwagira E, Kandole Tadeo K, Okirwoth M,
Williams DA, et al. Cerebrospinal fluid lactate as a prognostic marker of
disease severity and mortality in cryptococcal meningitis. Clin Infect Dis.
(2020) 73:e3077–82. doi: 10.1093/cid/ciaa1749
55. White NJ, Warrell DA, Looareesuwan S, Chanthavanich P, Phillips
RE, Pongpaew P. Pathophysiological and prognostic significance of
cerebrospinal-fluid lactate in cerebral malaria. Lancet. (1985) 1:776–
8. doi: 10.1016/S0140-6736(85)91445-X
56. Geng H, Tsang M, Subbaraj L, Cleveland J, Chen L, Lu M, et al. Tumor
metabolism and neurocognition in CNS lymphoma. Neuro Oncol. (2021)
23:1668–79. doi: 10.1093/neuonc/noab045
57. Süße M, Gag K, Hamann L, Hannich MJ, von Podewils F. Time
dependency of CSF cell count, lactate and blood-CSF barrier dysfunction
after epileptic seizures and status epilepticus. Seizure. (2022) 95:11–
6. doi: 10.1016/j.seizure.2021.12.007
58. Jarius S, Pache F, Körtvelyessy P, Jelčić I, Stettner M, Franciotta D, et
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