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Background. Central nervous system (CNS) infections pose a significant public health challenge in resource-limited settings.
Traditional culture-based and targeted molecular diagnostic methods have limitations in sensitivity and speed. This study
retrospectively analyzed the data and cerebrospinal fluid (CSF) samples from our previous study to assess the diagnostic efficacy
of untargeted 16S Oxford Nanopore Technology (ONT) sequencing compared to conventional CSF culture methods, with the
goal of improving diagnostic accuracy, reducing time to treatment, and enhancing patient outcomes.

Methods. A total of 329 patients from 4 hospitals were enrolled in the study. CSF samples were collected and processed for both
CSF culture and 16S ONT sequencing. DNA were extracted from CSF and amplified for 16S rRNA sequencing using the MinION
platform. Descriptive analyses were conducted to assess pathogen detection rates and the potential impact of sequencing on
antimicrobial stewardship.

Results.  Of the 329 samples, 40 (12%) were positive for bacterial or fungal pathogens. 16S ONT detected pathogens in 28
samples (9%), while CSF culture identified pathogens in 23 samples (7%). 16S ONT sequencing identified 17 pathogens not
detected by CSF culture, including Streptococcus suis and Acinetobacter baumannii. Based on 16S ONT findings, 61% of patients
were found to have received inappropriate empirical antibiotic therapy and could have benefited from improved antimicrobial
management, including de-escalation in 11, escalation in 5, and adjustments in 2 cases.

Conclusions. 16S ONT sequencing showed higher sensitivity and diagnostic yield than CSF culture, providing clinical insights
for managing CNS infections through targeted antibiotic use and enhanced antimicrobial stewardship in resource-limited settings.
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Infections of the central nervous system (CNS), such as menin-
gitis, encephalitis, and meningoencephalitis, can lead to severe
and potentially life-threatening illnesses [1]. Timely diagnosis
and prompt treatment are crucial for reducing complications,
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preventing irreversible damage, and improving survival rates
in patients with CNS infections [2, 3]. While cerebrospinal fluid
(CSF) culture remains the gold standard for diagnosing bacte-
rial meningitis, it is time consuming with turnaround time up
to 2 days, which can delay early intervention and worsen pa-
tient outcomes, especially in cases where patients have been
pretreated with antibiotics [4].

CSF Gram staining is a widely used rapid diagnostic method
that proves valuable in culture-negative cases. However, its sen-
sitivity varies depending on the pathogens detected, and it is
significantly reduced in patients who have received antibiotics
prior to sampling, which may also contribute to underdiagnosis
of antibiotic-resistant pathogens [4]. Studies comparing bacte-
rial cultures with polymerase chain reaction (PCR)-based
methods have demonstrated that molecular techniques, such
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as PCR, can detect pathogens in 30%-50% of culture-negative
CSF samples, offering a valuable alternative when traditional
cultures fail [5]. However, our previous study assessing the
use of a targeted FilmArray Meningitis/Encephalitis panel to
improve the diagnosis of meningoencephalitis in Vietnam
found only a marginal improvement in diagnostic value in
terms of sensitivity, and this is likely due to the specific local ep-
idemiology [6].

The introduction of next-generation sequencing, particularly
Oxford Nanopore Technology (ONT), has transformed patho-
gen diagnostics by offering faster turnaround times, lower costs,
and the ability to simultaneously detect a wide range of patho-
gens from a single sample while avoiding the bias of targeted mo-
lecular diagnostic panels [7]. The 16S ribosomal RNA (rRNA)
gene, a highly conserved marker found in nearly all bacteria, is
a key target for sequencing. Its broad conservation across bacte-
rial species enables the identification of a wide variety of bacterial
pathogens, including fastidious organisms that may be difficult
to detect with conventional culture [8]. Previous studies have
shown that 16S ONT sequencing offers superiority compared
to conventional microbiological cultures, with results that are
valuable for both diagnostics and antimicrobial stewardship
[9-12]. Moreover, the rapid and user-friendly library prepara-
tion process of ONT sequencing allows for timely pathogen
identification, which can expedite clinical decision-making and
improve patient management [13].

In Vietnam, a low- and middle-income country with limited
diagnostic resources, CNS infections are caused by a diverse
range of pathogens, which complicates diagnostic accuracy
and increases the risk of undiagnosed cases. Studies have indi-
cated that up to 75% of these cases remain undiagnosed, con-
tributing to significant morbidity, mortality, and long-term
sequelae [14]. This diagnostic gap places a significant burden
on healthcare systems, leading to prolonged hospital stays,
higher treatment costs, and reduced workforce productivity,
all of which contribute to a considerable socioeconomic burden
on the community [15, 16].

This study aims to assess the diagnostic efficacy of untar-
geted 16S ONT sequencing compared to traditional CSF cul-
ture methods, using CSF samples with the goal to improve
diagnostic accuracy, reduce time to optimal antibiotic treat-
ment, and ultimately enhance patient outcomes, especially in
resource-limited settings.

MATERIALS AND METHODS

Study Cohort

This retrospective, multicenter, hospital-based cohort study
was conducted between 1 July 2022 and 30 April 2023 across
4 hospitals in Vietnam: 108 Military Central Hospital, the
National Hospital for Tropical Diseases, 103 Military Hospital,
and Viet Tiep Friendship Hospital. The study cohort was from

a previously published study [6]. Patients were eligible for the
study if they had clinical signs of suspected CNS infections,
based on the World Health Organization case definition modi-
fied by Dubot-Péres et al [17]. Inclusion criteria were hospital-
ized patients with suspected meningitis or encephalitis (based
on CNS infection symptoms such as fever, headache, nausea/
vomiting, neck stiffness, focal neurological symptoms, seizures,
and altered mental status) who underwent a lumbar puncture
[18]. Exclusion criteria were (i) patients with contraindications
to lumbar puncture, such as an intracranial space-occupying le-
sion with mass effect, a mass in the posterior fossa, abnormal in-
tracranial pressure, or a local skin infection at the lumbar
puncture site; (if) patients with an incomplete clinical history;
and (iii) patients who did not consent to the study.

Patient Classification and Outcome Evaluation

The level of consciousness was assessed using the Glasgow
Coma Scale (GCS), with a GCS score of <14 indicating altered
mental status [19]. Clinical outcomes were evaluated using the
Glasgow Outcome Scale (GOS), ranging from 1 (death) to 5
(mild or no disability/recovery). A favorable outcome was de-
fined as a GOS score of 5, while unfavorable outcomes included
death, vegetative state, and varying degrees of disability (GOS
score 1-4) [20]. CSF pleocytosis refers to an increased number
of white blood cells (WBCs) in the CSF indicating inflamma-
tion or infection in the CNS. Two thresholds based on the cor-
rected WBC count were used to define pleocytosis: (i) >5 cells/
pL, a lower threshold commonly used in clinical practice, espe-
cially in adults, to detect even mild inflammation; and (i)
>10 cells/uL, a higher threshold that can be used to increase
specificity to reduce the likelihood of false-positive results. In
CSF analysis, the corrected WBC count refers to the adjustment
of the measured WBC count to account for peripheral blood
contamination often caused by traumatic lumbar puncture
[21]. Abnormal CSF glucose and protein levels were defined
for all patients as values of <2.8 mmol/L or >4.2 mmol/L and
<0.10 g/L and >0.25 g/L, respectively.

Specimen Collection and Laboratory Tests

CSF sampling procedures were standardized across all centers
to ensure consistency and reliability. CSF cultures were per-
formed using the BACTEC Plus Aerobic/F System (Becton-
Dickinson, Franklin Lakes, New Jersey, USA). In the event of
bacterial growth, colonies were identified using the VITEK
matrix-assisted laser desorption/ionization-time of flight
mass spectrometry system, an automated microbial identifica-
tion platform. Antimicrobial susceptibility testing was con-
ducted with the VITEK 2 Compact System (bioMérieux,
Lyon, France) to determine resistance profiles. Five hundred
microliters of CSF was stored at —80°C and transported to
Germany for 16S ONT sequencing, with strict cold chain pro-
tocols maintained throughout the process.
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CSF Sample Preparation and Nucleic Acid Extraction

DNA was extracted from 200 pL of CSF from each patient sam-
ple using the Quick-DNA HMW MagBead Kit (Zymo
Research, Irvine, California, USA) for high-molecular-weight
DNA extraction. DNA quality and quantity were assessed using
the Qubit 4 fluorometer and the Qubit dsSDNA HS Assay Kit
(Thermo Fisher Scientific, Waltham, Massachusetts).

16S rRNA Sequencing With Oxford Nanopore’s MinlON Device

For multiplex sequencing, the 16S rRNA gene was PCR-
amplified from CSF DNA using the 16S Barcoding Kit 24 V14
(SQK-165114.24) (Oxford Nanopore Technologies, Oxford,
United Kingdom), following the manufacturer’s instructions.
The PCR was carried out for 35 cycles at an annealing tempera-
ture of 55°C, using 10 ng of genomic DNA per reaction, with a
nuclease-free water as negative control. Amplicons were purified
using AMPure XP beads and quantified using the Qubit 4
fluorometer with the Qubit dsSDNA HS Assay Kit. Bar-coded
amplicons were pooled in equimolar ratios and sequenced
on the MinION Mk1B (R10.4.1 flowcell) sequencer for
6 hours, using super-accurate base calling by MinKNOW
software (v.24.11.10). After sequencing, the flow cell was
cleaned using the Flow Cell Wash Kit (EXP-WSHO004;
Oxford Nanopore Technologies). To evaluate the validation
parameters of our 16S rRNA sequencing method, we used
the ZymoBIOMICS Microbial Community DNA Standard
(Zymo Research Europe, Freiburg, Germany) as a positive
control, which served as both an extraction control and a ref-
erence for sequencing performance. The resulting taxonomic
profiles were compared to the manufacturer’s theoretical
composition to evaluate the accuracy and taxonomic resolu-
tion of our analysis pipeline.

Data Analysis

Descriptive analyses were performed using R version 4.4.0 soft-
ware (http://www.r-project.org). Sequencing data generated by
MinKNOW were analyzed on the Nanopore EPI2ME cloud
platform. Low-quality reads (Q score <10) and reads outside
the 1400-1700 bp length range were discarded. Each read was
classified at the species level based on a 90% coverage and a
97% identity threshold. The species with the highest number
of aligned reads was considered the causative pathogen, unless
identified in the negative control, in which case it was excluded
from further analysis.

RESULTS

Overview of the Study Cohort and Clinical Characteristics

A total of 329 patients aged >18 years with suspected CNS in-
fections were recruited from 4 hospitals around Hanoi,
Vietnam, based on presenting symptoms such as fever, head-
ache, and altered mental status. The patients were distributed

among the hospitals as follows: 136 from the National
Hospital for Tropical Diseases, 52 from 108 Military Central
Hospital, 101 from Viet Tiep Friendship Hospital, and 40
from 103 Military Hospital. The main clinical characteristics
are summarized in Table 1. In this study, only samples from
329 patients were available for sequencing. The mean age of
the cohort was 54 years, and 68% were male. Underlying con-
ditions included hypertension (27%), diabetes (19%), and car-
diac disease (6%). Common clinical features included fever,
headache, neck stiffness, and altered mental status. WBC count,
protein, and glucose levels in CSF were significantly associated
with positive CSF culture and 16S ONT sequencing results
(Table 1).

Pathogens Detected by 16S ONT and CSF Culture

A total of 40 of 329 (12%) samples tested positive for bacterial or
fungal pathogens, using either or both methods. Of these, 16S
ONT sequencing identified pathogens in 28 (9%) samples, while
CSF culture identified pathogens in 23 (7%)
(Supplementary Figure 1). 16S ONT sequencing yielded a higher

samples

positivity rate than CSF culture in detecting Streptococcus suis
(8 cases vs 4), Acinetobacter baumannii (5 vs 2), Streptococcus
pneumoniae (4 vs 4), Neisseria meningitidis (3 vs 1), and
Klebsiella pneumoniae (2 vs 6). 165 ONT sequencing detected
17 pathogens in 17 samples that were negative by CSF culture.
This included S suis (n = 4), A baumannii (n = 4), S pneumoniae
(n=1), and N meningitidis (n = 2) as well as 5 pathogens detect-
ed exclusively by 16S ONT: Escherichia marmotae (n=2),
Staphylococcus epidermidis (n = 1), Streptococcus oralis (n=1),
Klebsiella aerogenes (n=1), and Citrobacter freundii (n=1)
(Figure 1). The case descriptions for patients with positive 16S
sequencing but negative CSF cultures, including relevant clinical
information such as CSF parameters, documented diagnoses,
and risk factors (eg, head trauma, recent neurosurgery, presence
of shunts) supporting the likelihood of true infection, are listed
in Supplementary Table 1.

In contrast, CSF culture detected 12 pathogens in 12 samples
not identified by 16S ONT, including A baumannii (n=1), K
pneumoniae (n =4), S pneumoniae (n= 1), Cryptococcus neo-
formans (n = 3), Trichosporon asahii (n=1), Listeria monocy-
togenes (n=1), and Escherichia coli (n=1) (Figure 1).
Nanopore-negative results were anticipated in 4 patients
(IDs: 7, 9, 10, and 11), as C neoformans and T asahii are fungi
not detectable by 16S rRNA sequencing (Supplementary
Table 2). Moreover, the number of species-specific reads ob-
tained from 16S rRNA ONT sequencing was higher in both
CSF culture-positive and culture-negative specimens, further
supporting our findings (Figure 2; Supplementary Table 3).

Implications for Antimicrobial Stewardship
A retrospective analysis of clinical and laboratory data revealed
that 61% (17/28) of patients with 16S ONT-positive results
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Table 1. Demographic and Clinical Characteristics of Patients With Central Nervous System Infections

CNS Infections  16S ONT Positive 16S ONT Negative CSF Culture CSF Culture
Characteristic (n = 329) (n=28) (n=2301) PValue Positive (n=23)  Negative (n =306) P Value
Demographics
Age, y, mean + SD 54 +19 52+ 18 55+ 19 .386 49+18 55+ 19 174
Male sex 224 (68) 21 (75) 203 (67) .643 17 (74) 207 (68) .697
Underlying conditions
Hypertension 89 (27) 5(18) 84 (28) .356 3(13) 86 (28) 185
Diabetes 62 (19) 0(0) 62 (21) .016 1(4) 61 (20) .093
Cardiac disease 19 (6) 2(7) 7 (6) .670 1(4) 18 (6) 1
Alcoholism 17 (5) 1(4) 16 (5) 1 2(9) 5 (5) .337
Chronic liver disease 18 (6) 0(0) 8 (6) .382 2 (9) 16 (5) .364
Chronic lung disease 17 (5) 2(7) 15 (5) .646 1(4) 16 (5) 1
Kidney disease 15 (5) 01(0) 15 (5) 626 0(0) 15 (5) 611
Immunosuppressive drugs 13 (4) 01(0) 13 (4) 613 0(0) 13 (4) 611
Cancer 13 (4) 01(0) 13 (4) 613 0(0) 13 (4) 611
HIV 11@Q) 01(0) 11 (4) .608 0(0) 11 (4) 1
Risk factors
Post-neurosurgery 29 (9) 5(18) 24 (8) .086 5(22) 24 (8) .041
Head trauma 31 (9) 3(11) 28 (9) 737 2(9) 29 (9) 1
CSF shunt 5 (2) 0(0) 5 (2) 1 0(0) 5 (2) 1
Clinical features
Fever (>37.5°C) 272 (83) 23 (82) 249 (83) 1 22 (96) 250 (82) 147
Headache 220 (67) 18 (64) 202 (67) .925 19 (83) 201 (66) 152
Neck stiffness 207 (63) 19 (68) 188 (63) 718 20 (87) 187 (61) .024
Nausea/vomiting 98 (30) 12 (43) 86 (29) 172 12 (52) 86 (28) .028
Seizure 29 (9) 2(7) 27 (9) 1 01(0) 29 (9) .243
Focal neurologic deficits 20 (6) 0(0) 20 (7) .396 0(0) 20 (7) .38
GCS score, mean + SD 13+2 12+3 13+2 .004 1M+3 13+2 .001
Altered mental status 142 (43) 20 (71) 122 (41) .003 19 (83) 123 (40) <.001
At least 2 of 4 symptoms recorded 272 (83) 24 (86) 248 (82) 798 22 (96) 250 (82) 147
(headache, fever, stiff neck,
altered mental status)
GOS score
1: Death 32 (10) 2(7) 30 (10) .076 3(13) 29 (9) .004
2: Vegetative state 29 (9) 5(18) 24 (8) 7 (30) 22 (7)
3: Severe disability 64 (19) 5(18) 59 (20) 1(4) 63 (21)
4: Moderate disability 62 (19) 1(4) 61 (20) 2(9) 60 (20)
5: Mild or no disability 143 (43) 15 (53) 127 (42) 10 (44) 132 (43)
CSF parameters
WBC count, Mean +SD 1030 £ 5910 3392 + 5072 804 + 5937 .016 9601 +19724 371 +1687 .035
cells/ul® Pleocytosis of 224 (69) 24 (86) 200 (68) .080 23 (100) 201 (67) .002
5 cells/uL
Pleocytosis of 10 174 (54) 22 (79) 152 (52) 011 22 (96) 152 (51) <.001
cells/uL
Protein, g/Lb Mean + SD 1.56+2.79 3.85+4.82 1.35+2.43 .013 5.36 +4.92 1.27+2.32 .001
Abnormal protein 311 (96) 24 (89) 287 (96) .100 21(91) 290 (96) .26
Glucose, Mean + SD 416+2.97 2.61+2.22 4.30+2.99 .001 1.01+1.66 4.38+2.91 <.001
mmol/L® Abnormal glucose 187 (57) 19 (73) 168 (57) 159 21 (96) 166 (55) .001

Data are presented as No. (%) unless otherwise indicated. Significant P values are highlighted in bold.

Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale; HIV, human immunodeficiency virus; ONT, Oxford
Nanopore Technology; SD, standard deviation; WBC, white blood cell.

#The CSF leukocyte count was determined in 323 patients; CSF specimens from 6 patients had too many leukocytes for an exact count to be performed (missing values, n = 6 for both 16S ONT
negative and CSF culture negative).

The protein and glucose levels in the CSF were measured in 325 patients. For 165 ONT sequencing, 4 CSF samples were not analyzed (missing values: n = 3 for 16S ONT negative, n =1 for
16S ONT positive). For CSF culture, the missing values were as follows: protein (n =4 for CSF culture negative) and glucose (n =3 for CSF culture negative, n =1 for CSF culture positive).

were initially prescribed unsuitable empirical antibiotics. If 16S from this additional diagnostic method. This would have in-
ONT sequencing results had been available to guide therapy de- cluded de-escalation of antibiotic therapy for 11 patients, esca-
cisions alongside CSF culture, 18 patients would have benefited ~ lation for 5, and a change in antibiotics for 2 patients (Table 2).
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sequencing reads. Abbreviation: CSF, cerebrospinal fluid.

DISCUSSION

This multicenter study aimed to evaluate the diagnostic utility
of 16S ONT sequencing for bacterial CNS infections across 4
hospitals in Hanoi, Vietnam, with a focus on improving diag-
nostic accuracy and antimicrobial stewardship in a region
with a unique pathogen landscape. Our findings highlight the
significant potential of 16S ONT sequencing to enhance
pathogen detection, improve antibiotic therapy, and combat

antimicrobial resistance (AMR), particularly in resource-
limited settings.

Diagnostic Performance of 16S ONT Sequencing

In this study, 16S ONT sequencing demonstrated a higher sen-
sitivity when compared to traditional culture-based methods,
as shown earlier [12, 22-24]. These findings indicate that 16S
ONT sequencing can serve as a reliable complementary tool
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to CSF culture for the detection of bacterial pathogens in CNS
infections, as documented from other studies [9, 11]. The se-
quencing method identified 28 pathogens in 28 CSF samples,
with 23 pathogens also being detected by CSF culture.
Notably, 16S ONT sequencing was able to detect 9 distinct
pathogens in 17 culture-negative CSF samples, including key
bacteria such as S suis, A baumannii, N meningitidis, E marmo-
tae, K pneumoniae, K aerogenes, S oralis, C freundii, and S epi-
dermidis. It is noteworthy that 9 of the 17 patients had received
antibiotics prior to sampling, which may affect the viability
of the causative pathogens and, thus, the overall sensitivity of
culture-based methods. This highlights the superiority of
sequencing-based methods, particularly in detecting fastidious
or difficult-to-culture organisms. Another challenge for
Vietnam is the atypical epidemiology of causative pathogens
for community-acquired CNS. While N meningitis and S pneu-
monide are common causes of meningitis worldwide, S suis is
the leading bacterial pathogen of CNS infections in Vietnam
and is associated with occupational exposure to pigs or con-
sumption of raw pig products [25-27].

Impact on Clinical Management

Vietnam is facing a major public health challenge as AMR con-
tinues to rise [28, 29]. This growing threat results from the in-
appropriate and excessive use of antibiotics, imposing a
substantial financial burden on healthcare systems and society
at large [30]. In clinical practice, when bacterial meningitis is
suspected, empirical antibiotic therapy should be initiated as
soon as possible. Given that microbiological results are typical-
ly unavailable at the time of initial treatment, clinicians must
rely on local epidemiological data to guide their decisions.
Once microbiological results are available, antimicrobial thera-
py should be reassessed and adjusted as necessary [31].
However, if microbiological results are negative, empirical
broad-spectrum antibiotic therapy should be continued to ad-
dress the possibility of antibiotic resistance [32].

The use of 16S ONT sequencing in our study sites would
have a significant impact on the therapy decision and clinical
management of the patients with CNS infections. In 18 of 28
cases, the sequencing results would have led to adjustments
of the antibiotic therapy. Specifically, 11 patients would have
benefited from antibiotic de-escalation, 5 would have required
an escalation to broader-spectrum antibiotics, and 2 could have
their treatment regimen tailored to match the identified patho-
gen. These findings underscore the value of rapid molecular di-
agnostics in guiding more precise and timely antimicrobial
therapy in the sense of antimicrobial stewardship, which can re-
duce unnecessary antibiotic use and improve clinical outcomes.
Moreover, by minimizing antibiotic overuse, the overall selec-
tion pressure on pathogens may be reduced, contributing to ef-
forts to mitigate AMR in Vietnam, where the burden of
infections with drug-resistant pathogens is high.

False-Negative Results

Despite the overall good performance of 16S ONT sequencing,
we observed some limitations in pathogen detection. For in-
stance, K pneumoniae and S pneumoniae were identified
more frequently by CSF culture than by ONT sequencing.
Potential explanations for these discrepancies could be low bac-
terial load in CSF samples or challenges with the DNA extrac-
tion process. Improving the DNA vyield by optimizing
extraction protocols to better capture bacterial DNA from
low-bacterial-load samples could help minimize false-negative
results.

This study has a few limitations. First, the lack of a universal-
ly accepted gold standard for diagnosing bacterial meningitis
complicates the assessment of diagnostic tools such as 16S
ONT sequencing. Second, due to the retrospective nature of
the study, not all patients underwent uniform testing.
Notably, simultaneous serum glucose measurements were of-
ten unavailable, preventing calculation of the CSF/serum-
glucose ratio, a key diagnostic marker, particularly in patients
with diabetes or suspected hyperglycemia. Nonetheless, our
study could show that 16S ONT sequencing could detect path-
ogens missed by conventional culture. Although 16S ONT se-
quencing demonstrated greater sensitivity than targeted
molecular diagnostic panels, it should be viewed as a comple-
mentary tool rather than a replacement for culture-based diag-
nostics, serving to enhance overall pathogen detection.

In conclusion, 16S ONT sequencing is a promising tool for
the diagnosis of bacterial CNS infections, offering significant
advantages over traditional culture methods in terms of diag-
nostic yield, speed, and impact on clinical decision-making.
By improving pathogen identification, guiding more accurate
antibiotic therapy, and contributing to antimicrobial steward-
ship, 16S ONT sequencing has the potential to improve patient
outcomes and combat AMR, particularly in resource-limited
settings.
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