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Abstract
Background Tuberculous meningitis (TBM) is a severe central nervous system (CNS) infection with a challenging 
diagnosis due to inadequate detection methods. This study evaluated current clinical detection methods and their 
applicability.

Methods A cohort of 514 CNS infection patients from 2018 to 2020 was studied. Data on general demographics, 
Cerebrospinal Fluid (CSF) analysis, epidemiology, and clinical outcomes were collected. TBM patients were identified, 
and the sensitivities of mmetagenomic next-generation sequencing (NGS), GeneXpert, and microbial culture were 
compared. Kappa statistic assessed the consistency between methods.

Results Among the patients involved, TBM (29%) and neurosyphilis (25%) were the two most prevalent CNS 
infections. CSF analysis indicated that 76% of patients had leukocytosis, suggesting a potential CNS inflammation. In 
TBM cases, 92.5% had elevated CSF protein and leukocyte counts. Moreover, the percentage of positive mNGS results 
was 55.6%. GeneXpert and MTB cultures alone had lower sensitivity, but combined use resulted in a 53.4% positive 
rate.

Conclusions This study highlights the high sensitivity of mNGS, comparable to GeneXpert and MTB culture. The 
combined methods are cost-effective and straightforward, and can partially substitute for mNGS, offering valuable 
alternatives for TBM diagnosis and providing insights into multiple diagnostic strategies in clinical practice.
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Introduction
Tuberculous meningitis (TBM) is an important CNS 
infectious disease caused by Mycobacterium tuberculosis 
(MTB). It occurs when MTB spreads through the blood-
stream, crosses the blood-brain barrier, and invades the 
meninges, submembrane, or ependyma surface, lead-
ing to meningitis [1]. The diagnosis of TBM relies on the 
medical history of the patients, clinical manifestations, 
imaging findings, and subsequent laboratory examina-
tions. However, the conventional diagnostic methods for 
TBM are complicated and lack specificity. Accordingly, 
rapid and accurate diagnostic tools for MTB are insuf-
ficient. In addition, approximately 50% of patients with 
CNS infections cannot be identified for the cause of men-
ingitis due to the limited availability of CNS samples [2–
4]. Delayed diagnosis of TBM might cause poor clinical 
outcomes, increase the stress of patients and their fami-
lies, and markedly increase healthcare costs [5]. There-
fore, more precise diagnostic tools are urgently needed.

Conventional approaches for detecting CNS infections 
in clinical practice include polymerase chain reaction 
(PCR)-based examinations of cerebrospinal fluid (CSF) 
specimens [6–9]. The GeneXpert system is a tool for the 
rapid detection of tuberculosis infections recommended 
by the World Health Organization (WHO) [10]. Gen-
eXpert can be used to explore the expression of genes of 
known pathogens and may serve as the gold standard for 
clinical diagnosis. The mainstream approaches for the 
clinical detection of TBM include GeneXpert and MTB 
culture [11]. However, these methods can identify only 
known pathogens; thus, rapidly identifying unknown or 
rare pathogenic microorganisms is challenging. Thus, 
there is an urgent need for rapid and high-throughput 
detection tools. mNGS, also known as high-through-
put sequencing, allows for prompt sequencing of large 
numbers of DNA molecules [12–14]. mNGS has gradu-
ally been used in the clinical setting, particularly in the 
diagnosis of knotty infectious diseases [12, 15–17]. The 
advantages of NGS include the ability to analyze a range 
of potential microorganisms in a single test [18, 19]. 
However, studies comparing the efficiency of mNGS with 
that of other diagnostic tools are insufficient.

This study aimed to compare the clinical performance 
and effectiveness of mNGS with those of other conven-
tional microbiological tests. We attempted to identify 
an optimal diagnostic strategy for TBM in the clinical 
setting.

Methods
Patients
This study included 933 case reports from Janu-
ary 1, 2018, to December 31, 2020, in our hospital. 
After excluding duplicate and incomplete records, 827 
cases remained. Following imaging, clinical signs, and 

laboratory tests, 514 patients were diagnosed by clini-
cians as having characteristics of CNS infection and were 
included in the subsequent analysis of this study. This 
study strictly adhered to the Helsinki Declaration (Bra-
zil, October 2013) [20]. The study’s protocols and ethics 
were approved by the Scientific Research Ethics Commit-
tee of Shenzhen Third People’s Hospital (approval num-
ber: 2020002). All patients enrolled in this study provided 
signed informed consent.

TBM diagnostic criteria
Diagnostic guidelines specified at an international semi-
nar on sharing TBM diagnosis and treatment practices 
held in Cape Town, South Africa, in 2009 were used as 
a reference in our definition of TBM diagnostic criteria 
[18, 19, 21]. Patients were classified into three categories 
based on the scoring system (Appendix Table  1): those 
with a score ≥ 12 or ≥ 10 (when imaging examination was 
not possible) were considered highly indicative of TBM, 
those with a score of 6–11 or 6–9 (when imaging exami-
nation was not possible) were considered possibly diag-
nostic for TBM, and those with a score of less than 6 were 
considered indicative of a non-TBM-infected patient [18, 
19, 21]. In the final diagnosis process, patients with a high 
frequency of TBM infection and those who tested posi-
tive for MTB were defined as confirmed TBM patients.

Etiologic tests
In this study, all tests were conducted on established 
detection platforms. Appendix Table 2 provides an over-
view of the conventional methods used for the clinical 
detection of pathogens in the brain parenchyma or CSF. 
These methods include microbial culture, antigen tests, 
and serological tests.

MTB culture and GeneXpert
Colombian blood agar and Haemophilus chocolate agar 
plates, as well as Sabouraud agar plates, were inoculated 
with CSF. Bacterial growth in blood cultures and CSF 
was identified using standard microbiological methods, 
including colony morphology, Gram staining, biochemi-
cal analysis, and the IVD MALDI Biotyper System, an 
automated rapid mass spectrometry detection system 
(Bruker Daltonik GmbH, Germany) for colony identifi-
cation. Gram staining and India ink staining microscopy 
were used to examine cerebrospinal fluid smears, and 
acid-fast bacilli staining was used to evaluate cerebrospi-
nal fluid smears.

CSF specimens were inoculated into BBL MGIT tubes 
(7  ml, BD, America), and a fully automated BACTEC 
MGIT 960 System mycobacterial detection system (BD, 
America) was used to culture MTB for six weeks. The 
GeneXpert Dx System (Cepheid, America) was used 
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to identify MTB and detect rifampin and isoniazid 
resistance.

mNGS
Sample processing and RNA extraction One.5 − 3 mL 
of fresh CSF was collected from patients according to the 
standard sample collection procedure. A total of 450 µL of 
CSF was taken to extract RNA following the manufactur-
er’s operational manual using a TIANMicrobe magnetic 
bead method and a pathogenic microorganism DNA/
RNA extraction kit (NG550-01).

RNA enrichment After mixing 33  µl of the extracted 
nucleic acid sample with 7 µl of the enrichment reaction 
mixture, the mixture was incubated on a PCR machine at 
37 °C for 10 min, after which magnetic bead purification 
was performed to remove DNA from the nucleic acids, 
thereby increasing the concentration of RNA.

Reverse transcription and two-strand synthesis The 
unenriched nucleic acid or the enriched nucleic acid is 
subjected to fragmentation, one-strand synthesis and two-
strand synthesis to form double-stranded DNA nucleic 
acid; then, the DNA is purified by magnetic beads, and 
the purified DNA is used for DNA library construction.

Construction of DNA libraries and sequencing Then, 
DNA libraries were constructed through DNA fragmen-
tation, end repair, adapter ligation and PCR amplification. 
An Agilent 2100 was used for quality control of the DNA 
libraries. Quality-qualified libraries were pooled, and 
DNA Nanoball (DNB) was generated and sequenced on 
the BGISEQ-50/MGISEQ-2000 platform.

Bioinformatic analysis High-quality sequencing data 
were generated by removing low-quality reads, followed 
by computational subtraction of human host sequences 
mapped to the human reference genome (hg19) using 
Burrows–Wheeler Alignment [22]. The remaining data 
obtained by removing low-complexity reads were clas-
sified by simultaneously aligning them to the Pathogens 
Metagenomic Database (PMDB), which consists of bac-
teria, fungi, viruses and parasites. The classification ref-
erence databases were downloaded from NCBI (ftp://ftp.
ncbi.nlm.nih.gov/genomes/).

Statistical analysis
R software V.3.5.1 was used for statistical analysis, and a 
two-tailed p value < 0.05 was used to indicate statistical 
significance. Categorical variables are expressed as fre-
quencies (N) and percentages (%), while continuous vari-
ables are expressed as medians and interquartile ranges 
(IQRs). The Kruskal–Wallis sum test, Pearson chi-square 

test, and Fisher’s exact test were used to compare cat-
egorical variables. Additionally, SPSS v.19.0 was used to 
calculate the kappa coefficient to evaluate the consistency 
of the different detection methods, with the interference 
of chance factors eliminated. A kappa ≥ 0.75 suggested 
substantial agreement; 0.4 < kappa < 0.75 indicated mod-
erate agreement; and a kappa ≤ 0.4 indicated poor agree-
ment. Moreover, statistical significance was indicated by 
a p value < 0.05. All the statistical data were processed 
using GraphPad Prism v.8.0.1, and some tables were gen-
erated using Microsoft Office Excel 2020.

Results
Patient characteristics
Among all patients included in the study, 514 patients 
were diagnosed with CNS infection. Analysis of the 
final discharge diagnoses revealed that out of these 514 
patients, 146 (29%) were diagnosed with TBM, 128 (25%) 
with neurosyphilis, 65 (13%) with viral meningitis, 27 
(5%) with bacterial meningitis, 38 (7%) with fungal men-
ingitis, 22 (4%) with HIV-related encephalopathy, 16 (3%) 
with parasitic meningitis, and 72 (14%) with unconfirmed 
CNS infections.

The median age of the patients was 37 years, and there 
was a significantly greater incidence of CNS infections 
in males than in females. Patients diagnosed with neuro-
syphilis were predominantly in the age range of 51 years 
or older, while other types of CNS infections predomi-
nantly occurred among individuals aged between 21 and 
35 years.

Headache (52.3%, 269/514) and fever (51.4%, 264/514) 
were identified as the most prevalent signs and symp-
toms. More than half of the enrolled patients (57.4%, 
295/514) had received prior antibiotic treatment before 
undergoing lumbar puncture, and 264 individuals (51.4%, 
264/514) presented with either a fever or documented 
history of fever upon admission.

The demographic and clinical characteristics of the 
514 CNS infection patients are listed in Table 1. Routine 
detection of cerebrospinal fluid (CSF) biochemical indi-
ces was performed for 499 patients (499/514), revealing 
a significant increase in the CSF leukocyte count in 76% 
of the patients (379/499). CSF protein concentrations 
increased substantially (> 0.45 g/L) in 481 patients (73.2% 
of individuals; 352/481). These two phenomena were 
most prevalent in patients with TBM (92.5% and 92.5%, 
respectively). In addition, there was a significant decrease 
in CSF glucose levels in 51.4% (75/146) of patients with 
TBM and an increase in peripheral blood C-reactive pro-
tein levels in 62% of patients (91/146).
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Laboratory Test results for TBM patients based on CSF 
samples
Among the 146 patients diagnosed with TBM, 58 (39.7%, 
58/146) were unable to yield positive results for MTB 

infection through laboratory culture, mNGS, or Gen-
eXpert. However, based on their clinical symptoms and 
other diagnostic criteria, they were still diagnosed with 
TBM. Of the 70 patients (47.9%, 70/146) diagnosed with 

Table 1 Demographic and clinical characteristics of 514 CNS infection patients at Shenzhen Third People’s Hospital, China
Total Bacterial Viral MTB Fungal Parasite Neurosyphilis Others P 

Value
Characteristics 514 27 65 146 38 16 128 94
Age, n (%)
 Mean ± SD 39.76 ± 15.97 36.00 ± 17.58 33.95 ± 14.50 36.71 ± 17.22 39.92 ± 11.61 33.56 ± 9.08 47.78 ± 13.71 39.53 ± 16.09 < 0.001
 1–20 40(7.8) 4(14.8) 12(18.5) 14(9.6) 1(2.6) 0(0.0) 0(0.0) 8(8.5)
 21–35 199(38.7) 11(40.7) 26(40.0) 70(47.9) 17(44.7) 12(75.0) 30(23.4) 33(35.1)
 36–50 140(27.2) 8(29.6) 18(27.7) 25(17.1) 12(31.6) 3(18.8) 40(31.3) 35(37.2)
 ≥51 135(26.3) 4(14.8) 9(13.8) 37(25.3) 8(21.1) 1(6.3) 58(45.3) 18(19.1)
Gender, n (%) 0.249
 Male 369(71.8) 17(63.0) 45(69.2) 97(66.4) 33(86.8) 12(75.0) 96(75.0) 69(73.4)
 Female 145(28.2) 10(37.0) 20(30.8) 49(33.6) 5(13.2) 4(25.0) 32(25.0) 25(26.6)
History, n (%)
 HIV positive 129(25.1) 7(25.9) 15(23.1) 13(8.9) 25(65.8) 9(56.3) 23(18.0) 37(39.4) < 0.001
 Antibiot-
ics prior to 
admission

295(57.4) 16(59.3) 26(40.0) 95(65.1) 22(57.9) 6(37.5) 77(60.2) 53(56.4) 0.030

Clinical signs and 
symptoms
 Fever(T > 38℃) 264(51.4) 22(81.5) 39(60.0) 117(80.1) 23(60.5) 7(43.8) 10(7.8) 46(48.9) < 0.001
 Headache 269(52.3) 21(77.8) 47(72.3) 104(71.2) 25(65.8) 8(50.0) 15(11.7) 49(52.1) < 0.001
 Altered mental 
status

248(48.2) 13(48.1) 29(44.6) 75(51.4) 13(34.2) 7(43.8) 71(55.5) 40(42.6) 0.2

 Focal neuro-
logic signs

150(29.2) 10(37.0) 17(26.2) 44(30.1) 8(21.1) 6(37.5) 42(32.8) 23(24.5) NA

CSF examination
 Elevated white 
cell count, n = 499

379(76.0) 22(81.5) 51(78.5) 135(92.5) 35(92.1) 10(62.5) 76(59.4) 50(53.2) < 0.001

 Elevated 
neutrophil count, 
n = 499

209(41.9) 19(70.4) 25(38.5) 97(66.4) 23(60.5) 3(18.8) 18(14.1) 24(25.5) < 0.001

 Elevated pro-
tein, n = 481

352(73.2) 20(74.1) 38(58.5) 135(92.5) 26(68.4) 11(68.8) 73(57.0) 49(52.1) < 0.001

 Decreased 
glucose, n = 491

115(23.4) 7(25.9) 4(6.2) 75(51.4) 14(36.8) 3(18.8) 2(1.6) 10(10.6) < 0.001

Peripheral blood 
examination
 Elevated white 
cell count, n = 511

127(24.9) 15(55.6) 13(20.0) 49(33.6) 6(16.2) 2(12.5) 18(14.1) 24(25.5) < 0.001

 Low white cell 
count, n = 511

34(6.7) 1(3.7) 4(6.2) 5(3.4) 7(18.9) 1(6.3) 3(2.3) 13(13.8) < 0.001

 Elevated lym-
phocyte count, 
n = 511

28(5.5) 2(7.4) 5(7.7) 7(4.8) 0(0.0) 0(0.0) 5(3.9) 9(9.6) 0.3

 Thrombocyto-
penia, n = 511

19(3.7) 2(7.4) 2(3.1) 4(2.7) 3(7.9) 1(6.3) 0(0.0) 7(7.4) 0.007

 Elevated C-
reactive protein, 
n = 486

245(50.4) 19(70.4) 26(40.0) 91(62.3) 27(71.1) 12(75.0) 25(19.5) 45(47.9) < 0.001

Note Categorical variables are represented as the frequency (N) and percentage (%); chi-square tests or Fisher’s exact tests were used to compare categorical 
variables; IQR: interquartile range; NA: not available. Elevated or decreased in white blood cell count refers to white blood cell count > 9.5 × 109/L or < 3.5 × 109/L; 
Elevated neutrophil count refers to the number of neutrophils > 6.8 × 109/L; Elevated protein refers to protein concentration > 0.45 g/L; Decreased glucose refers to 
sugar < 2.2 mmol/L or less than 50% of blood sugar; Elevated C-reactive protein refers to the concentration of C-reactive protein > 6.3 mg/L
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TBM by GeneXpert and microbial culture, 37 patients 
tested positive by both MTB culture and GeneXpert, 
18 patients tested positive only by GeneXpert, and 15 
patients tested positive solely through MTB culture. 
Additionally, this study included the mNGS test results 
of 18 TBM patients (Appendix Table  3); among them, 
ten were positive for MTB using mNGS alone, five were 
positive only by mNGS but negative by conventional 
approaches, three were positive by both mNGS and Gen-
eXpert, one was identified as positive via mNGS and 
MTB culture simultaneously, and one was identified as 
positive across all detection methods.

Comparisons of different detection methods for TBM-
positivity
The individual test results presented in Table  2 demon-
strated that metagenomic next-generation sequencing 
yielded the highest positivity rate (55.6%), followed by 
GeneXpert (43.7%) and microbial culture (38.6%). When 
considering combined test results, the highest positiv-
ity rate was observed with GeneXpert + microbial cul-
tures, at a rate of 53.4%, followed closely by combinations 
involving either GeneXpert + mNGS or mNGS + micro-
bial cultures, which both had a positivity rate of 52.9%. 
No significant difference was observed among these 
three methods.

Consistency of mNGS, microbial cultures, and GeneXpert 
in TBM diagnosis
To evaluate the performance of mNGS for diagnos-
ing TBM, we examined the consistency of the mNGS 
results and other conventional approaches. Kappa statis-
tics (Fig.  1) indicated perfect agreement among mNGS 
alone or mNGS plus microbial culture or GeneXpert 
(kappa = 1, P < 0.0001). Furthermore, there was perfect 
agreement between mNGS combined with GeneXpert 
and mNGS combined with microbial culture (kappa = 1, 
P < 0.0001). Additionally, there was substantial agree-
ment between the GeneXpert and GeneXpert + micro-
bial culture results (kappa = 0.81, p < 0.0001). Moderate 
agreement was detected between GeneXpert and micro-
bial cultures (kappa = 0.49, P < 0.0001), GeneXpert and 
mNGS (kappa = 0.43, P = 0.031), and mNGS and GeneX-
pert + microbial cultures (kappa = 0.47, p = 0.019). How-
ever, poor agreement was noted between mNGS and 
microbial culture results (kappa = 0.21, p = 0.156).

Discussion
Early diagnosis of TBM can facilitate effective treatment. 
This study explored the characteristics of patients with 
TBM and patients whose CNS was infected with other 
etiologic agents. The study clearly demonstrated that 
while high leukocyte counts and protein concentrations 
in CSF are often observed in TBM-infected patients, they 
can also be observed in other central nervous system 
infections. Therefore, it is important to consider other 
factors, such as clinical symptoms and imaging results, 
when diagnosing TBM, as routine testing alone is not 
sufficient for diagnosis.

In addition, we evaluated the clinical performance 
of mNGS in overcoming the challenges in diagnosing 
TBM in some patients with TBM. A comparison of the 
results showed that mNGS yielded higher positivity rates 
than did conventional GeneXpert and microbial culture 
methods. The highest positivity rates were achieved by 
combining mNGS with routine tests, including serologi-
cal tests and tests of specimens other than CSF. Further-
more, mNGS analysis identified more potential etiologic 
agents than did conventional direct testing of CSF speci-
mens. Eleven infected patients were diagnosed only 

Table 2 Comparison of positive rates of clinical testing for 
tuberculous meningitis

Total number of 
people(n)

Positive(n) pos-
itive 
rate 
(%)

Total 146 80 54.8
mNGS 18 10 55.6
GeneXpert 135 59 43.7
Culture 140 54 38.6
GeneXpert + Culture 133 71 53.4
GeneXpert + mNGS 17 9 52.9
Culture + mNGS 17 9 52.9

Fig. 1 Comparison of results consistency of TBM detection methods. Kappa = 1 indicates perfect agreement, kappa ≥ 0.75 indicates substantial agree-
ment, 0.4 < kappa < 0.75 indicates moderate agreement, and kappa ≤ 0.4 indicates poor agreement
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by mNGS. These findings demonstrated false-negative 
results for some patients with TBM according to routine 
tests, indicating the potential use of mNGS in the clinical 
diagnosis of TBM.

The diagnosis and treatment of TBM are challenging 
due to the similarity of symptoms to those of other CNS 
infections and the possibility of multiple etiologic agents 
[10, 20, 21]. GeneXpert and microbial culture methods 
have limitations in detecting unknown or variant etio-
logic agents [6]. However, mNGS has the potential to 
overcome these limitations by simultaneously detecting 
known and unknown genes of all pathogenic microor-
ganisms in the database [22]. As databases improve and 
machine learning approaches are adopted, mNGS will 
become more widely used in the future.

A single diagnostic method often fails to provide accu-
rate results. Combining multiple diagnostic approaches 
for TBM patients tends to yield more precise outcomes. 
Our results showed that mNGS yielded higher positivity 
rates than did GeneXpert and microbial culture meth-
ods when only one test was performed. However, there 
was no significant difference in the percentage of posi-
tive cells when the two test methods were combined. 
Interestingly, the percentage of positive mNGS + Gen-
eXpert and mNGS + microbial culture results was nota-
bly greater than that of GeneXpert or microbial culture 
alone. Relevant studies have also shown significantly 
greater positivity rates with mNGS than with other con-
ventional methods for detecting CNS infections [12, 
23–25]. According to the results of CSF samples from 
patients with CNS infections on the same sequencing 
platform during the same period, the detection specific-
ity of mNGS reached 94.2% [26], indicating that mNGS 
is a highly sensitive and specific diagnostic method suit-
able for clinical diagnosis. In conclusion, we recom-
mend adopting mNGS as a preferred clinical diagnostic 
approach for patients with suspected TBM or combining 
mNGS with other methods for TBM diagnosis.

Although the application prospects of mNGS are very 
promising, there are still certain limitations in its current 
diagnostic processes. In the TBM patient data we col-
lected, the sensitivity of mNGS was less than 60%. Factors 
that may affect MTB detection include contamination of 
CSF samples during collection, low MTB concentration, 
and insufficient sequencing depth [27]. Therefore, for the 
clinical diagnosis of TBM and other CNS diseases, it is 
necessary not only to improve bioinformatic alignment 
but also to optimize sampling procedures and technical 
aspects.

Considering the higher cost of mNGS, patients with 
lower incomes can substitute mNGS with GeneX-
pert + MTB culture. However, longer growth cycles of 
MTB (2–3 weeks on average) are unconducive to early 
diagnosis and effective treatment by clinicians. This 

approach allows for accurate and timely diagnosis in crit-
ically ill patients, which can lead to better outcomes and 
potentially save lives. In patients with mild illness, cost-
effective GeneXpert + microbial culture can still provide 
reliable results while minimizing unnecessary expenses. 
Overall, a tailored approach to diagnostic testing based 
on the severity of illness can optimize patient care and 
resource utilization.

This study has several limitations. Although we con-
firmed the advantages of mNGS in diagnosing TBM, 
its disadvantages might still hinder its wider clinical 
application. First, this study did not determine the titer 
of etiologic agents during mNGS, which may lead to 
false-negative, false-positive, or low-abundance results 
for high-priority etiologic agents obscured by other 
high-abundance agents. Second, to follow the wishes 
of patients, we cannot ask all patients to undergo other 
tests, including mNGS. This led to the limited number 
of patients who underwent mNGS in this study, which 
may have affected the evaluation of the efficacy of mNGS. 
Third, due to the limitations of available diagnostic meth-
ods and the restricted accuracy of traditional diagnos-
tic approaches, we cannot rule out the possibility that 
a small number of patients with milder symptoms may 
have been misdiagnosed with TBM in our study. Finally, 
although we have made every effort to collect as many 
CNS patient samples as possible over a three-year period 
and conducted thorough testing, the case information 
and test results we obtained are still limited due to the 
single-center nature of our study. In future research, we 
will collaborate with multiple centers to conduct larger-
scale testing in order to optimize the diagnosis of CNS 
infection patients.

Conclusions
This study compared the sensitivity and consistency of 
th + ree different detection methods used individually and 
in combination for diagnosing TBM. Among the three 
methods, mNGS has the highest sensitivity. GeneXpert 
combined with MTB culture offers similar sensitivity to 
mNGS. Considering the short detection time and high 
sensitivity, for critical patients, we recommend mNGS for 
TBM diagnosis. In less developed regions, a combination 
of GeneXpert and MTB culture is a viable alternative.
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