Open access Original research

Using cerebrospinal fluid nanopore
sequencing assay to diagnose
tuberculous meningitis: a retrospective
cohort study in China

BM)J Open

To cite: Zhou L, Zou X, Yong Y,
et al. Using cerebrospinal

fluid nanopore sequencing
assay to diagnose tuberculous
meningitis: a retrospective
cohort study in China. BMJ Open
2024;14:e080904. doi:10.1136/
bmjopen-2023-080904

» Prepublication history for
this paper is available online.
To view these files, please visit
the journal online (https://doi.
org/10.1136/bmjopen-2023-
080904).

Received 13 October 2023
Accepted 30 April 2024

| '.) Check for updates

© Author(s) (or their
employer(s)) 2024. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

Tuberculosis Diagnosis and
Treatment Center, Integrated
Traditional Chinese and Western
Medicine Hospital of Zhejiang
Province, Hangzhou, China

Correspondence to
Mr Qin Hu;
qinhu19832023@163.com

Lihong Zhou, Xingwu Zou, Yan Yong, Qin Hu

ABSTRACT

Objective This study aimed to evaluate the efficiency

of nanopore sequencing for the early diagnosis of
tuberculous meningitis (TBM) using cerebrospinal fluid
and compared it with acid-fast bacilli (AFB) smear,
mycobacterial growth indicator tube culture and Xpert
Mycobacterium tuberculosis (MTB)/rifampicin (RIF).
Design Single-centre retrospective study.

Setting The Tuberculosis Diagnosis and Treatment Center
of Zhejiang Chinese and Western Medicine Integrated
Hospital.

Participants We enrolled 64 adult patients with
presumptive TBM admitted to our hospital from August
2021 to August 2023.

Methods We calculated the sensitivity, specificity, positive
predictive value (PPV) and negative predictive value

(NPV) of AFB smear, culture, Xpert MTB/RIF and nanopore
sequencing to evaluate their diagnostic efficacy compared
with a composite reference standard for TBM.

Results Among these 64 patients, all tested negative for
TBM by AFB smear. The sensitivity, specificity, PPV and
NPV were 11.11%, 100%, 100% and 32.2% for culture,
13.33%, 100%, 100% and 2.76% for Xpert MTB/RIF,

and 77.78%, 100%, 100% and 65.52% for nanopore
sequencing, respectively.

Conclusion The diagnostic accuracy of the nanopore
sequencing test was significantly higher than that of
conventional testing methods used to detect TBM.

INTRODUCTION

Tuberculous meningitis (TBM) is a severe
infection of the central nervous system (CNS)
caused by Mycobacterium tuberculosis (MTB)
that crosses the blood-brain barrier to invade
the skull. TBM can cause severe disability and
mortality in approximately 50% of all affected
patients.' According to a previous study, early
definitive diagnosis and timely antitubercu-
losis treatment (ATT) are crucial factors in
the prognosis of TBM.*

Nevertheless, early identification of TBM is
difficult because of its diverse and nonspecific
clinical presentation and the limited avail-
ability of laboratory tests.” * Currently, the
diagnosis of TBM relies on clinical symptom

STRENGTHS AND LIMITATIONS OF THIS STUDY

= In our study, we evaluated the diagnostic efficacy
of four assays for tuberculous meningitis (TBM) pa-
tients and compared with each other.

= Our study showed that the nanopore sequencing
technology had the best diagnostic efficacy and
could identify other bacteria in the cerebrospinal
fluid (CSF) sample.

= The results of the study confirmed that the nanopore
sequencing technology to detect Mycobacterium tu-
berculosis in CSF sample can provide more targeted
suggestions for the management of TBM patients.

= Main disadvantage of this study is that the study is
not a randomised controlled clinical trials and is only
the single-centre retrospective cohort.

detection, laboratory assay results and radio-
logical examinations, and it is challenging to
achieve a definitive pathogenic diagnosis.
The earliest and most commonly used
method for the diagnosis of tuberculosis is
Ziehl-Neelsen (ZN) staining, which directly
detects acid-fast bacilli (AFB) in the sample.
Although the AFB smear is a convenient,
rapid and cheap approach, it has a relatively
low positive rate of detection. The modified
ZN staining method offers improved detec-
tion rates of AFB in respiratory samples;
however, its sensitivity remains low (8%)
in body fluid specimens, which hinders the
early detection of TBM.” ® Positive MTB
culture in cerebrospinal fluid (CSF) is defi-
nite evidence for verifying the diagnosis of
TBM; however, MTB culture is associated
with a long lead time of approximately
2-4 weeks, which is not conducive to early
diagnosis. Numerous studies have reported
that the positivity rate ranges from 36% to
81.8% based on the quality and timing of
the CSF sample obtained.”™ Therefore, the
low sensitivity and time-consuming nature
of the classical microbiology screening
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process do not meet clinical expectations, and faster
molecular and microbiological diagnostic techniques
are warranted.

Xpert MTB/rifampicin (RIF) (Cepheid, Sunnyvale,
California, USA) is a rapid, fully automated, encapsulated
nucleic acid amplification PCR assay system that provides
results in 2hours. In 2010, the WHO recommended the
use of this method for detecting tuberculosis in regions
with high MTB burden. In 2018, this test was used to
diagnose TBM in adults infected with HIV. Its sensi-
tivity is approximately 43% and rapid report of bacte-
rial susceptibility to RIF,10 which is vastly superior to that
of traditional AFB smear and culture testing methods.
Scientists from various countries have reported sensi-
tivities of 45%-86% for the estimation of TBM in HIV-
negative patients. The diagnostic accuracy of this test may
vary with specimen volume, and volume of 26 mL CSF is
associated with frequent detection of MTB."" Conversely,
the aforementioned reports have suggested that negative
results obtained using Xpert MTB/RIF do not sufficiently
confirm the absence of TBM.

Recently, next-generation sequencing (NGS) has
partially replaced numerous traditional biochemical or
molecular detection technologies because it can provide
comprehensive data with unmatched accuracy.'® It is
an emerging method for the identification of patho-
genic micro-organisms based on nucleic acid detection
sequences.'” " It is imperative to exclude environmental
micro-organisms and human commensal bacteria while
interpreting results.”” Non-respiratory samples, such as
CSF, have fewer bacteria and may, therefore, result in less
contamination during the test. Therefore, it is valuable
for the diagnosis of CNS infections.'® Notably, the whole
genome provided by the Oxford Nanopore MinlON
platform has developed a third-generation portable
nanopore sequencing device. This device can generate
long sequencing reads with an average yield of 10-30 Gb
per 48hours of runtime, which is comparable to that
of the Illumina MiSeq platform. Moreover, this device
can clarify complex microbial genome structures after
analysing the data from multiple perspectives; therefore,
it can be advantageous to obtain a comprehensive collec-
tion of sequence information and increase pathogen
classification accuracy. Furthermore, long reads and the
availability of analysis software have renewed the interest
in its clinical application. Fast and accurate test results
are particularly suitable for detecting infectious diseases
such as severe respiratory infections, bloodstream infec-
tions and unexplained fever.'” " However, the high diag-
nostic efficacy of this emerging technology for suspected
TBM is unclear. Therefore, we conducted a retrospective
study to evaluate the accuracy of nanopore sequencing
technology in the early diagnosis of presumptive TBM
patients and compare its results with those of AFB smear,
culture and Xpert MTB/RIF assay.

MATERIALS AND METHODS

Study design

We retrospectively screened patients with clinically
presumptive TBM admitted to the Tuberculosis Diag-
nosis and Treatment Center of Zhejiang Chinese and
Western Medicine Integrated Hospital from August 2021
to August 2023. The inclusion criteria were as follows: (1)
patients aged 18-80 years; (2) those presenting with the
symptoms of presumptive TBM (such as headache, high
fever, nausea and vomiting or altered consciousness) or
signs of neurological disease; (3) those who completed
lumbar puncture and (4) those whose CSF samples were
used for all four tests (AFB smear, culture, Xpert MTB/
RIF and nanopore sequencing). Patients whose CSF
samples were not obtained for relevant testing and those
lost to follow-up were excluded.

Our final clinical diagnosis of TBM was based on the
patient’s clinical symptoms and neurological signs, lumbar
puncture findings, cranial MRI and the presence of MTB
infection elsewhere.'” *” In accordance with the TBM
international standard,” TBM cases in our study were
classified into four groups: definite, probable, possible
and non-TBM. Definite TBM with positive CSF pathoge-
nicity is defined by a positive result obtained using CSF
AFB smear, culture or one or more molecular diagnostic
methods such as Xpert MTB/RIF. Patients with probable
TBM develop symptoms and signs of one or more types
of meningitis, have abnormal lumbar puncture and cere-
bral imaging results and have confirmed tuberculosis
infection at other sites. Possible TBM manifests symp-
toms and signs of meningitis, but lumbar puncture or
cerebral imaging results remain normal. Non-TBM cases
are identified using an alternative diagnosis method or
their response to therapy, in which their disease status
improves after anti-infective treatment but not after ATT.

Patient and public involvement

This study was patient-centred and the research questions
and outcome measures took into account the patients’
priorities, experiences and preferences. The steps were as
follows: patients were informed by their doctors about the
treatment programmes, precautions, and possible bene-
fits and disadvantages of the different screening methods
and treatment options, and they voluntarily chose the
screening methods and options.

Patients will be informed face to face by their doctor
during stay in the hospital about how they will be recruited
for this study and it is up to the patient to decide. The
doctor informed the patient in detail about the four tests
and the final clinical diagnostic criteria and explained the
results to the patients. The patients were also informed of
the additional cost of choosing the nanopore sequencing
technique.

Clinical sample collection and handling

In this study, all patients underwent a lumbar puncture
performed by the supervising physician before ATT.
The asepsis principle was followed during the lumbar
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puncture procedure. Fresh clinical CSF samples were
collected from the patients, which were directly dropped
into sterile test tubes and then sealed. Next, fresh samples
were equally distributed for AFB smear, culture, Xpert
MTB/RIF and nanopore sequencing tests.

AFB smear

Overall, I mL. CSF was centrifuged, and the precipitate
was used for acid-fast staining. After performing fluores-
cent staining, the samples were observed under a micro-
scope at 400xmagnification; the results were clarified by
performing ZN staining.

Culture

BACTEC mycobacterial growth indicator tube (MGIT)
960 culture test was performed following the manufac-
turer’s (Becton Dickinson Life Sciences, USA) instruc-
tions. Briefly, 0.5 mL of the treated sample and 0.8 mL of
MGIT additive were simultaneously inoculated into the
MGIT culture tube. Subsequently, the culture tube was
placed into the fully automated Bactec 960 system instru-
ment, which automatically and continuously monitors the
changes in fluorescence intensity displayed in the growth
indicator tube medium at regular intervals to detect the
growth of MTB.

Xpert MTB/RIF

The CSF sample (1 mL) and sample processing solution
(2mL) were mixed, incubated for 15min at 16-30 centi-
grade and vortexed for 8min. Then, a 2mL of liquid was
transferred to a plastic kit and placed into the GeneX-
pert full containment test apparatus. After DNA release,
it was mixed with PCR reaction reagents and subjected
to seminested real-time amplification and fluorescence
signal detection. The results were obtained automatically
after 2hours.

Nanopore sequencing

CSF sample processing

First, sterile CSF samples were centrifuged at 12000 rpm.
Subsequently, protease, lysozyme and zirconium oxide
were added to the precipitate to obtain a ground homoge-
nate. An equal amount of anhydrous ethanol solution was
added, 400 pL. of each CSF sample was liquefied, centri-
fuged and the supernatant was discarded. Subsequently, a
20 1L of magnetic beads was added, which were left undis-
turbed and then centrifuged; following this, the superna-
tant was discarded. Further, 600 pL. of 1xWB solution and
800mL of 80% ethanol were successively added, mixed
and centrifuged. The liquid precipitated at the bottom
was completely aspirated using a pipette. Finally, 80 mL
of eluent was added, thoroughly mixed and cultured at
room temperature for 5min. It was then transferred to a
new sterile test tube for nucleic acid extraction.”

DNA extraction and PCR

We extracted MTB genomic DNA (gDNA) directly from
CSF samples using a previously reported method.” A
Qubit V.4.0 fluorometer (Life Technologies, USA) was

used for quality control and a Nanodrop spectropho-
tometer (Thermo Fisher Scientific, USA) was used to
assess the purity of nucleic acid. Based on the instruc-
tions provided by ShengTing Bioinformatics Institute,
we prepared PCR mixtures comprising 20ng of gDNA
extract, 5pL forward and 10 pL reverse primers and 15 pL
LongAmp Taq 2xMastermix. The mixture was added to
the PCR instrument for cycling, and the temperature and
time were maintained according to the PCR operation
procedure. After finishing the purification and quality
control, 100ng of the final prepared library was used for
sequencing.

Nanopore sequencing and data analysis

The prepared DNA library was placed into an R V.9.4
flow cell (ONT) instrument. After the completion of
sequencing, we used MinKnow V.3.6.5 software for data
analysis. All raw data were quality filtered using an in-house
programme to remove sequenced fragments <200 bp and
host DNA, and the remaining reads were compared with
reference values obtained from the National Center for
Biotechnology Information (NCBI) database (ftp://
ftp.ncbi.nlm.nih.gov/genomes/). The NCBI reference
sequence number of MTB is NC_00962.3. Owing to the
intracellular nature of MTB and low likelihood of CSF
contamination, a positive result is considered when at
least one read is detected for either species or genus,
confirming the diagnosis of TBM.

Statistical analysis

The Statistical Package for the Social Sciences V.25.0
software (IBM) was used for statistical analysis. To assess
diagnostic accuracy, the sensitivity, specificity, positive
predictive value (PPV) and negative predictive value
(NPV) of different methods were calculated using
MedCalc Statistical V.15.2.2 software (MedCalc Software
Bvba, Ostend, Belgium; http://www.medcalc.org). The
final clinical diagnosis was considered as the reference
diagnostic criteria. McNemar and y* tests were used to
evaluate and compare the diagnostic performance of
nanopore sequencing for TBM with that of culture and
MTB/RIF Xpert assay. Venn diagrams were drawn to
show the internal connection between the three methods

(http://www.xiantaozi.com/literatures). P values of <0.05

were considered statistically significant.

RESULTS

Clinical characteristics of the participants

After screening 73 patients, 9 with incomplete data were
excluded and 64 patients with complete clinical data
were enrolled. The average age of the participants was
47+19 years, and 39 (60.94%) were male. All patients
tested negative for blood HIV antibody tests, whereas 53
(82.81%) patients tested positive for T-SPOT.TB assay.
Based on the international stamdards,21 45 patients were
diagnosed with TBM, including 18 definite and 27 prob-
able cases. The remaining 19 patients were not diagnosed
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‘ 64 clinical suspected TBM

‘ Clinical evaluation based on TBM criteria ‘

45 cases clinically diagnosed as TBM:
18 cases were definite TBM
27 cases were probable TBM

0 AFB smear positive

5 MTB culture positive

6 Xpert MTB/RIF paositive

35 Nanopore sequencing positive

Figure 1

19 cases clinically diagnosed as non-
TBM:

8 cases were possible TBM

11 cases were non-TBM

0 AFB smear positive

0 MTB culture positive

0 Xpert MTB/RIF paositive

0 Nanopore seguencing positive

Flow diagram presenting the classification of patients in the present study. AFB, acid-fast bacillus; MTB,

Mycobacterium tuberculosis; RIF, rifampicin; TBM, tuberculous meningitis.

with TBM, including 8 possible and 11 non-TBM cases
(figure 1). The reads of nanopore sequencing samples in
patients with and without TBM diagnosis were 0-24 509
(mean, 1594) and 0, respectively.

Diagnostic accuracy of nanopore sequencing, AFB smear,
culture and Xpert MTB/RIF assays for the detection of TBM
The CSF AFB smear test was negative for all patients. Using
the clinical diagnosis as the reference standard, the sensi-
tivity, specificity, PPV and NPV for nanopore sequencing
were 77.78% (95% CI 62.91% to 88.80%), 100% (95% CI
82.35% to 100.0%), 100% (95% CI 90.00% to 100.0%)
and 65.52% (95% CI145.67% to 82.06%), respectively. The
corresponding values for culture were 11.11% (95% CI
3.71% to 24.05%), 100% (95% CI 82.35%% to 100.0%),
100% (95% CI 47.82% to 100.0%) and 32.20% (95% CI
20.62% to 45.64%), respectively. Further, corresponding
values for Xpert MTB/RIF were 13.33% (95% CI 5.05%
to 26.79%), 100% (95% CI 82.35%% to 100.0%), 100%
(95% CI 54.07% to 100%) and 32.76% (95% CI 21.01%
to 46.34%), respectively. Table 1 summarises the diag-
nostic accuracy of the three tests. Figure 2 shows the Venn
diagram of positive tests compared with the composite
reference standard.

Our data suggested that the nanopore sequencing
method exhibited the highest sensitivity and NPV for
presumptive TBM cases among the tested approaches
(p<0.05). Among these tests, the accuracy of culture was

similar to that of Xpert MTB/RIF and the AFB smear was
the least sensitive approach for the detection of presump-
tive TBM (p>0.05).

DISCUSSION

TBM is caused by the invasion of the CNS by MTB. TBM
is recognised as the most devastating form of extrapul-
monary TB, accounting for deaths and disabilities in
approximately half of the TBM cases owing to the diffi-
culties in its early diagnosis.** *> As CSF is a sterile body
fluid, conventional testing methods yield a relatively low
detection rate for pathogenic micro-organisms.*’ 77 In
this study, no positive result was observed in the CSF AFB
smear, and the sensitivity of culture was only 11.11%.
A previous study reported that AFB smear and culture
have approximately 10% positivity rate in patients with
TBM, which is in accordance with our findings.”® The
low positive test result rate may be attributed to the
low absolute MTB numbers in CSF, limited volume of
samples for testing, and influence of sample preparation
and interpretation methods on smear test results. This
considerably impacts the diagnosis of patients’ infection
and delays the provision of early and effective ATT. AFB
smear, the most widely used clinical test, is ineffective in
diagnosing patients with presumptive TBM. The major
disadvantage of culture is its low bacterial detection rate

Table 1 Accuracy of MTB culture, Xpert MTB/RIF and nanopore sequencing for TBM diagnosis

Test Sensitivity% (95% CI)

Specificity% (95% Cl)

PPV% (95% ClI) NPV% (95% ClI)

MTB culture 11.11 (3.71 to 24.05)
Xpert MTB/RIF 13.33 (5.05 to 26.79)
Nanopore sequencing 77.78 (62.91 to 88.80)

100 (82.35 to 100.00)
100 (82.35 to 100.00)
100 (82.35 to 100.00)

100 (47.82 to 100.00)
100 (54.07 to 100.00)
100 (90.00 to 100.00)

32.20 (20.62 to 45.64)
32.76 (21.01 to 46.34)
65.52 (45.67 to 82.06)

AFB, acid-fast bacillus; MTB, Mycobacterium tuberculosis; NPV, negative predictive value; PPV, positive predictive value; RIF, rifampicin.
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Xpert MTB/RIF Nanopore sequencing
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Figure 2 Venn diagram of positive tests compared with
the composite reference standard. MTB, Mycobacterium
tuberculosis; RIF, rifampicin.

and approximately 2-week waiting period before results
are obtained. This delay in acquiring results can be fatal
for patients with this dangerous and serious disease,
especially in cases of the CNS MTB infection. Owing
to these issues, both AFB smear and culture testing are
not conducive to the early diagnosis and treatment of
patients with TBM.

With the introduction of Xpert MTB/RIF in 2010,
WHO approved its use for the clinical detection of TBM
in countries where TB is endemic. This test is a fully
automated assay and can provide results within 2hours,
improving the time-consuming nature of culture, is the
fastest detection method. In this study, the sensitivity and
NPV of Xpert MTB/RIF assay were 13.33% and 32.76%,
respectively. These values are much higher than those
of the AFB smear and culture test. Previous studies® *
have reported that the sensitivity of this assay for sputum
samples is approximately 60%, whereas for CSF samples,
positivity rates vary from 14.2% to 78.6%, and this value
is influenced by CSF volume, CSF glucose level and deci-
sion to perform centrifugation.”™ The detection values
reported in this study are lower than those reported in
other studies. This may be attributed to the fact that after
CSF samples were simultaneously sent for several other
tests, only 1-2mL sample remained for performing Xpert
MTB/RIF assay; therefore, an additional centrifugation
step was not performed. We found that the diagnostic
efficiency of both Xpert MTB/RIF and culture was low,
and they did not significantly predict MTB infection
(0.5<AUC<0.7). Therefore, the use of a new detection
method is warranted.

Over the lastdecade, metagenomic NGS (mNGS) tech-
nology has been introduced to detect pathogens with
complete DNA content as a highly sensitive technology
using various types of specimens such as blood, urine,
CSF and sputum.'®*** This technique is not dependent

on clinical culture strains and can provide results within
1day after sending the specimen, although the detec-
tion time is longer than Xpert assay, but it can detect all
pathogenic micro-organisms contained in the sample,
which is of better diagnostic value for patient with mixed
intracranial infection. The third-generation genetic
testing technology (nanopore sequencing) has been
widely used in clinical practice, owing to its advantage
of real-time analysis alongside long sequencing reads,
low error rates, high detection rates, leading to fast
and effective diagnosis and provision of timely targeted
treatment.”® The study by Yu et al evaluated the diag-
nostic accuracy of nanopore sequencing for pulmonary
tuberculosis (PTB) using respiratory specimens, the
sensitivity and specificity were 94.8% and 97.9%, respec-
tively, which proved that this assay was useful for early
diagnosis of PTB.*> When the nanopore sequencing was
applied to CSF samples for the diagnosis of CNS infec-
tions, 76% were positive and the sensitivity was obvi-
ously higher than that of microbial culture.’” Our study
using fresh CSF samples showed that the sensitivity
and NPV values were 77.78% and 65.52%, respectively,
which were higher than those of mNGS technology
for presumptive TBM.* ** Meanwhile, nanopore
sequencing had better diagnostic performance than
other traditional test methods (p<0.001), indicating its
potential for use as an effective diagnostic technique
for the early diagnosis of TBM. The specificity and PPV
of nanopore sequencing were 100.0%; therefore, it can
help prevent the improper use of TB drugs. Nanopore
sequencing technology yielded MTB-positive results for
29 CSF samples, whereas other tests produced negative
results for all samples. It is pertinent to note that all
patients enrolled in the study were eventually diagnosed
with TBM. Therefore, nanopore technology can greatly
increase the positive rate, improve early diagnosis, and
aid in providing timely and effective treatment for TBM.

We observed that the nanopore sequencing method
can effectively identify infectious species in samples
obtained from patients with CNS infectious diseases,
especially when other tests fail to detect the causative
bacteria.” For rare or new pathogenic bacteria, this tech-
nology can help in providing anti-infection therapy.*'
We found that two patients enrolled in our study were
infected with Enterobacteriaceae and two with Crypto-
coccus in the non-TBM group. After the administration
of anti-infective treatment, these four patients did not
have any sequelae.

CONCLUSION

The nanopore sequencing test had the highest diag-
nostic efficacy for the diagnosis of early-stage TBM
among AFB smear, culture and Xpert MTB/RIF. We
speculate that CSF nanopore sequencing should be
recommended in clinical practice as a highly effec-
tive diagnostic approach for differential diagnosis of
encephalitis and/or meningitis.
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