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Abstract

Objective: Nosocomial bacterial meningitis is one of the major complications

after neurosurgery. We performed nanopore 16S amplicon sequencing from

cerebrospinal fluid (CSF) to evaluate bacterial meningitis in patients who

underwent neurosurgery. Methods: Among the patients who visited the neuro-

surgery department of Seoul National University Hospital between July 2017

and June 2020, those with clinically suspected bacterial meningitis were

included. 16S rDNA PCR was performed from the CSF, and nanopore sequenc-

ing was performed for up to 3 h. The reads were aligned to the BLAST data-

base. In each case, the culture and the 16S rRNA gene amplicon analysis were

simultaneously performed and compared with each other, and we retrospec-

tively reviewed the medical records. Genuine infection was determined by the

identical results between conventional culture study and the sequencing, or

clinically determined in cases with inconsistent results between the two meth-

ods. Results: Of the 285 samples obtained from 178 patients who had 16S

rDNA PCR, 41 samples (14.4%) were diagnosed with genuine infection. A total

of 56.1% (23/41) of the samples with genuine infection showed a false-negative

culture test. In particular, 16S amplicon sequencing was useful in evaluating

patients at the initial tests who had infection with intraventricular hemorrhage

(Culture false-negative rate = 100%), subarachnoid hemorrhage (Culture false-

negative rate = 77.8%), and systemic cancer (Culture false-negative

rate = 100%), which are risk factors for central fever. Moreover, 16S amplicon

sequencing could suggest the possibility of persistent bacterial meningitis in

empirical antibiotic use. Conclusion: CSF nanopore 16S sequencing was more

effective than conventional CSF culture studies in postoperative bacterial

meningitis and may contribute to evidence-based decisions for antibiotic main-

tenance and discontinuation.
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Introduction

Nosocomial bacterial meningitis is one of the dangerous

complications after neurosurgery.1,2 Fever, an important

sign of infection, is common in patients in neurocritical

care units and, in addition to infection, is caused by a

variety of factors, such as postoperative atelectasis, central

origin, and drug side effects.3–5 Moreover, prophylactic

antibiotics, generally administered to patients before neu-

rosurgery,6–8 could make it particularly difficult to iden-

tify the cause of the fever because the antibiotics can

affect culture yield or cause drug fever. Therefore, when

postoperative fever appears, clinicians are challenged to

determine maintenance or discontinuation of empirical

antibiotics due to uncertainty of the cause. Notably,

culture-negative infections are often diagnosed in

patients,9 but no objective criteria exist to confirm the

infection.

Nanopore 16S amplicon sequencing is characterized by

high sensitivity and specificity and an effective method to

detect a pathogen in metagenomics research.10–12 In fact,

16S amplicon sequencing has demonstrated its capability

in various clinical cases,13–17 and we also demonstrated its

usefulness for bacterial meningitis in cerebrospinal fluid

(CSF) by showing that 16S amplicon sequencing has

advantages in the rapid detection of pathogens and the

sensitivity after the prior use of antibiotics.18,19 Thus,

nanopore 16S amplicon sequencing has the potential to

be practical in cases of suspected infection after neuro-

surgery as the hastening and sensitive detection of patho-

gens in central nervous system (CNS) would be helpful in

the decision of antibiotics maintenance and stewardship.

Here, we aimed to study the utility of nanopore 16S

amplicon sequencing when bacterial meningitis was sus-

pected in patients who underwent neurosurgery. More-

over, we investigated risk factors associated with bacterial

meningitis and the situations in which nanopore 16S

amplicon sequencing is particularly useful.

Methods

Patient enrollment and sample collection

We included patients who were admitted to the neuro-

surgery department of Seoul National University Hospital

from December 2017 to July 2020. Clinicians suspected a

patient’s bacterial meningitis in the situations, such as

fever, CSF leakage, wound problems, neurologic changes,

and change of CSF profile. Samples of CSF were collected

and placed in sterile tubes for culture and sequencing.

The bottles for the culture study were immediately trans-

ported to the microbiology laboratory. The sequencing

test was performed only during working hours on

weekdays; therefore, the bottles for sequencing were

stored at 4°C before the experimental procedures. The

conventional culture study and 16S PCR were performed

simultaneously in each case.

Medical records review

All the analyses in this study were conducted in a retro-

spective, case–control, and single-center trial. The

patients’ medical records were retrospectively reviewed by

three neurologists (Y.J., S.K., and J.M.) and included the

neurologic diagnosis, the type of neurosurgery a patient

underwent, risk factors, patients’ symptoms or signs, and

CSF profile. Foreign bodies applied to the CNS included

a ventriculoperitoneal (VP) shunt, ommaya insertion, and

intracranial pressure monitor, which could have been a

source of bacterial meningitis. External ventricular drai-

nage (EVD) was not included as a CNS foreign body

because it was thought to have been applied after bacte-

rial meningitis had occurred. Heavy alcohol consumption

was defined according to the guidelines of the substance

abuse and mental health services administration

(SAMHSA).20 This study was approved by the Seoul

National University Hospital Institutional Review Board

(No. 1903-060-1016 and 1801-135-918). Written

informed consent was provided by all patients and/or

legal guardians.

16S amplicon analysis and determination of
genuine infection

16S rDNA polymerase chain reaction (PCR) and 16S

amplicon analysis were performed as described previ-

ously.11 Detailed methods are described in Data S1.

Clinicians in the neurosurgery department requested

16S amplicon analysis when bacterial meningitis was

suspected, and the results were used as one of the indi-

cators of CNS infection. Genuine infection was deter-

mined when the pathogens identified by the

conventional culture study and the sequencing were

identical. In cases with inconsistent results between the

two methods, genuine infection was determined

prospectively by field clinicians (E.J.H., J.H.P., C-K.P.,

J.E.K., S-K.K., and W-S.C.) and again, retrospectively

reviewed by three neurologists (Y.J., S.K., and J.M.)

according to the criteria, which consist of vital sign

changes, the laboratory results of blood and CSF, and

the patients’ clinical course. If there was a discordant

among the reviewers’ opinions, the three reviewers dis-

cussed the cases together, and if required, the reviewers

asked again the field clinicians (co-authors, H.S., E.J.H.,

E. J. K., J.H.P., C-K.P., J.E.K., S-K. K, and W-S. C.)

their opinions to make a consensus.
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Statistical analysis

Clinical data were summarized as percentages or

means � standard deviation. In the analysis of clinical

data, we utilized the chi-square or Fisher’s exact test for

categorical variables and the Student’s t-test for continu-

ous variables. Multivariable logistic regression analysis

was performed with parameters showing a p-value <0.10
on univariable analysis. In logistic multiple comparison,

multiple test correction was performed through the

multi-step correction method, Bonferroni correction. All

analyses were performed using R version 4.0.2 (R Foun-

dation for Statistical Computing, Vienna, Austria). A p-

value <0.05 was considered statistically significant.

Results

The characteristics of the collected samples

A total of 178 patients were tested via 16S rDNA PCR after

neurosurgery (Fig. 1). The mean age of the patients was

52.7 years (range 1 to 88 years), and 99 patients (55.6%)

were male. From the 178 patients, 285 samples were

obtained, and among them, 40 samples and 22 samples

were tested positive on 16S PCR and the conventional cul-

ture study, respectively. In the case of PCR positivity, we

performed nanopore 16S amplicon sequencing. We thor-

oughly reviewed the medical records of each case, and we

concluded that 41 samples (14.4%) were genuine infection

(Fig. 1). All the positive test samples were monomicrobial

infections. Staphylococcus was the most common species

(n = 20, S.aureus = 5, S.caprai = 5, S.epidermis = 5, S.ho-

minis = 3, S.capitis = 2), followed by Klebsiella (n = 6,

K.pneumoniae = 3, K.aerogenes = 3). The detailed profile

of the isolated bacteria is shown in the Table S1. Among

the 41 cases, 40 samples (97.6%) were PCR positive, and

only one sample (2.4%) had a false-negative PCR result

with microbial culture positivity of Pseudomonas aerugi-

nosa. More than half (23/40, 56.1%) of the PCR-positive

samples showed a false-negative microbial culture test.

Meanwhile, four samples that showed positive culture tests

and negative results on 16S sequencing were confirmed to

be false-positive results after re-examinations. As the bacte-

ria detected in the culture tests were common skin flora

(P.aeuroginosa, S.aureus, Unidentified Gram (+) rod, S.epi-

dermidis), we suspect that the samples were contaminated

during the sample extraction or transport. Of the PCR-

positive samples, 75% (n = 30) of the samples were col-

lected at the initial test when the patients had symptoms

or signs, and 25% (n = 10) of the samples were collected

at the follow-up test. The false-negativity ratio of the

microbial culture was higher in the follow-up samples (8/

10, 80%) than in the initial samples (15/30, 50%).

Risk factors associated with postoperative
bacterial meningitis based on nanopore 16S
amplicon sequencing

Next, we analyzed the risk factors associated with genuine

postoperative infection, which was determined in combina-

tion with culture studies and 16S sequencing results. The

mean age of the patients who were diagnosed with bacterial

meningitis was 50.4 years (range 2 to 80 years), and 17

patients (63.0%) were males (Table 1). For the multivari-

able analysis, age, sex, the presence of CNS foreign bodies,

heavy alcohol consumption, postoperative fever, and aggra-

vation in the neurologic examination such as altered men-

tality and muscle weakness were included. Among them,

the presence of CNS foreign bodies (p = 0.003, OR 3.311,

95% CI 1.509–7.246), heavy alcohol consumption

(p = 0.022, OR 3.422, 95% CI 1.191–9.868), and postopera-

tive fever (p = 0.004, OR 4.880, CI 1.815–16.091) were sig-

nificantly associated with postoperative bacterial meningitis.

Situations in which nanopore 16S amplicon
sequencing was particularly useful

To evaluate the situations in which nanopore 16S amplicon

sequencing was particularly useful, we analyzed the 30

samples obtained from 30 patients who were diagnosed

with genuine infection at the initial test by nanopore 16S

amplicon sequencing (Table 2). Of the 30 samples, 15 cases

(15/30, 50%) had false-negative microbial culture results.

Most of the cases were accompanied by postoperative fever

(12/15, 80%), and 16S amplicon sequencing was the only

diagnostic tool that detected the pathogens in almost half

of the cases with postoperative fever (12/25, 48%).

In the cases of intraventricular hemorrhage (IVH) (7/

15 [46.7%] vs. 0, p = 0.006) and systemic cancer (3/15

[20%] vs. 0, p = 0.224), all bacterial meningitis was

detected only by 16S amplicon sequencing. While statisti-

cal significance was not achieved, the probability of

obtaining false-negative results on culture studies was

more than 70% in the diagnosis of subarachnoid hemor-

rhage (SAH) and the patients’ neurologic aggravation.

Meanwhile, the cases with CNS foreign bodies, shunt

malfunction, and CSF leakage showed less than 30% of

probability of obtaining inconsistent results between cul-

ture studies and 16S amplicon sequencing.

Analysis of individual patients who showed
false-negative culture results

We further investigated each case of the 17 patients who

showed false-negative culture results in which nanopore

16S amplicon sequencing confirmed bacterial meningitis

(Table 3). The patients were categorized into three
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groups: (A) patients diagnosed with CNS infection

accompanied by systemic infection, (B) patients diag-

nosed with isolated CNS infection without systemic infec-

tion, and (C) patients who showed false-negative results

on culture studies at follow-up samples. The 16S ampli-

con sequencing results helped in clinical decisions such as

antibiotic changes, antibiotic maintenance, wound revi-

sion, or foreign body removal. We described representa-

tive cases from each group below.

Group A: CNS infection accompanied by
systemic infection, confirmed by nanopore
16S amplicon sequencing

All six patients in Group A had negative microbial culture

tests in the CSF samples, but nanopore 16S amplicon

sequencing revealed the causative bacteria, consistent with

culture test results in systemic samples such as blood,

urine, sputum, skin, or catheters. Due to nanopore 16S

amplicon sequencing, CNS involvement by systemic infec-

tion or vice versa was confirmed, and the use of antibi-

otics could be modulated according to the susceptibility

test results of the systemic culture tests.

Representative case in group A: Klebsiella
pneumoniae meningoencephalitis (patient
A#1)

A 75-year-old male with a history of pancreatic cancer and

chemotherapy visited our emergency room because of a

fever (Fig. 2A). It was determined that the fever was

related to a liver abscess. Empirical ceftriaxone was

Figure 1. Study cohort profiles. Two hundred eighty-five samples for nanopore 16S amplicon sequencing were obtained from 178 patients who

underwent neurosurgery. Among them, 40 samples were sequencing positive, and 23 samples were culture positive. While all 40 sequencing-

positive samples were genuine infection, 18 culture-positive samples were identified as genuine infection, and five were suspected of being

contaminated. The final number of samples that were genuine infection was 41. Among the 40 sequencing-positive samples, only 17 samples

showed consistent results with the culture study, and 23 samples showed false-negative results of the culture study. These were also divided into

groups of initial samples (n = 30) and follow-up samples (n = 10) depending on when the samples were collected. In each group, the numbers of

false-negative results of the culture study were 15 and 8, respectively.
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administered, and the systemic culture results reported

Klebsiella pneumoniae susceptibility to ceftriaxone. How-

ever, the fever was refractory, and the clinicians escalated

the antibiotics to piperacillin and tazobactam. On day

three after fever onset, the patient’s mental status worsened

with a Glasgow Coma Scale (GCS) score of E3VtM2. Brain

CT revealed signs of ventriculitis. Therefore, extracranial

ventricular drainage (EVD) was implemented on day five,

and the clinicians empirically administered vancomycin,

cefotaxime, and metronidazole. While the conventional

culture of the intraoperative CSF sample could not prove

the pathogen of CNS infection, 16S amplicon sequencing

reported that K. pneumoniae matched the pathogen of the

systemic samples. Therefore, the antibiotics were adjusted

to ceftriaxone according to the susceptibility result of the

systemic cultures. After antibiotics for 8 weeks, the

patient’s CRP level normalized, and his mental status fully

returned to normal (GCS E4VtM6).

Group B: isolated CNS infection, only
confirmed by nanopore 16S amplicon
sequencing

All six patients in group B showed isolated CNS infection.

Neither CSF nor blood samples showed positive culture

results, but 16S amplicon sequencing in CSF confirmed

bacterial meningitis. In this group, the detection of patho-

gens that would not have been possible with conventional

culture tests alone was achieved through nanopore 16S

amplicon sequencing, and it was especially useful for the

discrimination of genuine infection from central fever.

Representative case in group B:
Staphylococcus caprae meningitis (patient B#3)

A 71-year-old female was transferred to our hospital with

severe headache (Fig. 2B). She had aneurysm clipping

Table 1. Characteristics of samples from neurosurgery and association with risk factors.

Total None (n = 244) Genuine Infection

(n = 41)

p-value Univariable analysis Multivariable analysis

OR (95% CI) p value OR (95% CI) p value

Patients n = 153 n = 27

Age (yrs) 49.9 � 21.7 50.4 � 23.8 0.756 1.002 (0.989–1.016) 0.741 1.002 (0.985–1.019) 0.819

Sex (Male) 81 (52.9%) 17 (63.0%) 0.230 1.60 (0.805–3.331) 0.191 0.845 (0.334–2.133) 0.720

Risk factors

CNS Foreign Body 52 (21.3%) 17 (41.5%) 0.009* 2.615 (1.294–5.211) 0.00653* 3.311 (1.509–7.246) 0.003*

Alcoholics 25 (10.3%) 10 (24.4%) 0.018* 2.826 (1.197–6.316) 0.0135* 3.422 (1.191–9.868) 0.022*

Systemic cancer 15 (6.1%) 5 (12.2%) 0.182 2.120 (0.657–5.857) 0.169

HTN 88 (36.1%) 16 (39.0%) 0.728 1.135 (0.566–2.222) 0.716

DM 32 (13.1%) 6 (14.6%) 0.804 1.136 (0.405–2.749) 0.791

Insulin 5 (2.1%) 0 1 NA

Craniotomy 87 (35.6%) 11 (26.8%) 0.293 0.662 (0.3040–1.350) 0.273

Diagnosis

Brain tumor 80 (32.8%) 12 (29.3%) 0.721 0.848 (0.398–1.713) 0.656

EDH 6 (2.5%) 1 (2.4%) 1 0.992 (0.052–6.018) 0.994

SDH 25 (10.3%) 3 (7.3%) 0.778 0.692 (0.159–2.099) 0.562

SAH 73 (29.9%) 12 (29.3%) 1 0.969 (0.454–1.963) 0.933

IPH 57 (23.4%) 8 (19.5%) 0.690 0.795 (0.326–1.743) 0.587

IVH 70 (28.7%) 8 (19.5%) 0.260 0.603 (0.249–1.310) 0.226

Vascular occlusion 4 (1.6%) 1 (2.4%) 0.543 1.500 (0.076–10.463) 0.72

Aneurysm 4 (1.6%) 0 1 NA

Congenital defect 6 (2.5%) 2 (4.9%) 0.323 2.034 (0.291–9.198) 0.395

Hydrocephalus 17 (7.0%) 6 (14.6%) 0.117 2.289 (0.783–5.936) 0.103

Shunt malfunction 41 (16.8%) 15 (36.6%) 0.005* 2.856 (1.370–5.818) 0.0042*

Hemifacial spasm 3 (1.2%) 0 1 NA

Other diagnosis 2 (0.8%) 0 1 NA

Symptom or sign

postOP fever 175 (71.7%) 36 (87.8%) 0.033* 2.839 (1.163–8.524) 0.0361* 4.880 (1.815–16.091) 0.004*

CSF leakage 14 (5.7%) 4 (9.8%) 0.305 1.776 (0.483–5.269) 0.334

Wound problem 25 (10.3%) 2 (4.9%) 0.392 0.449 (0.071–1.593) 0.289

Neurologic change 21 (8.6%) 8 (19.5%) 0.047* 2.574 (1.003–6.106) 0.0379* 2.618 (0.904–7.241) 0.067

Other reasons 24 (9.8%) 3 (7.3%) 0.778 0.724 (0.166–2.204) 0.612

CI, confidence interval, yrs., years, CNS, central nervous system, HTN, hypertension, DM, diabetes mellitus, EDH, epidural hemorrhage, SDH, sub-

dural hemorrhage, SAH, subarachnoid hemorrhage, IPH, intraparenchymal hemorrhage, IVH, intraventricular hemorrhage, postOP, postoperative

*p < 0.05.
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surgery due to SAH. Before the surgery, prophylactic

antibiotic, cefazolin, administered until postoperative day

four. A fever occurred on postoperative day five, and the

CSF profile revealed a high density of cells with elevated

protein, showing an RBC count of 80,000 cells/m2, WBC

count of 2890 cells/m2 [91% neutrophil (N), 5% lympho-

cyte (L), 4% others (O)], protein of 268 (15–445 mg/m2),

and CSF/serum glucose ratio of 38.5%. Thus, under sus-

picion of CNS infection, the clinicians empirically admin-

istered vancomycin and ceftazidime 4 h after the CSF

sample extraction. Whereas the conventional culture stud-

ies were all negative in systemic and CSF samples which

were obtained 48 h after the administration of prophylac-

tic antibiotics, 16S amplicon sequencing was positive in

the CSF, showing Staphylococcus caprae. On day five after

fever onset, a follow-up CSF 16S sequencing was consis-

tent with the previous result. Follow-up brain CT revealed

soft tissue swelling and fluid collection at the operative

site. Therefore, the operative site was suspected as the ori-

gin of infection, and the patient underwent wound revi-

sion surgery on day six from fever onset. With the

maintenance of antibiotics, the patient gradually recov-

ered with no focal neurologic deficit.

Group C: follow-up sample culture false-
negative results confirmed by nanopore 16S
amplicon sequencing

Group C included five patients. The conventional culture

test was positive in the initial samples; however, after

antibiotic use, although the patients’ clinical conditions

did not fully recover, the results were negative in the

follow-up samples, which still showed positive results in

16S amplicon sequencing. Therefore, even under a low

Table 2. Analysis of initial samples with nanopore 16S sequencing positive and the culture test false-negative rate.

Total Culture negative (n = 15) Culture positive (n = 15)

Culture test

false-negative rate p-value

Patients n = 15 n = 15

Age (yrs) 47.5 (sd 7.4) 49.6 (sd 6.4) 0.833

Sex (Male) 10 (66.7%) 10 (66.7%) 1

Risk factors

CNS Foreign Body 3 (20%) 9 (60%) 25% 0.06

Alcoholics 4 (26.7%) 4 (26.7%) 50% 1

Systemic cancer 3 (20%) 0 100% 0.224

HTN 7 (46.7%) 5 (33. 3%) 58.3% 0.71

DM 3 (20%) 2 (13.3%) 60% 1

Insulin 0 0 NA NA

Craniotomy 4 (26.7%) 5 (33.3%) 44.4% 1

Diagnosis

Brain tumor 5 (33.3%) 4 (26.7%) 55.6% 1

EDH 0 0 NA

SDH 1 (6.7%) 1 (6.7%) 50% 1

IPH 4 (26.7%%) 2 (13.3%) 66.7% 0.651

SAH 7 (46.7%) 2 (13.3%) 77.8% 0.109

IVH 7 (46.7%) 0 100% 0.006*

Vascular occlusion 0 1 (6.7%) 0 1

Aneurysm 0 0 NA NA

Congenital defect 0 1 (6.7%) 0 1

Hydrocephalus 3 (20%) 2 (13.3%) 60% 1

Shunt malfunction 3 (20%) 8 (53.3%) 27.3% 0.128

Hemifacial spasm 0 0 NA NA

Other diagnosis 0 0 NA NA

Symptom or sign

postOP fever 12 (80%) 13 (86.7%) 48% 1

CSF leakage 1 (6.7%) 3 (20%) 25% 0.598

Wound problem 0 2 (13.3%) 0 0.483

Neurologic change 4 (26.7%) 1 (6.7%) 80% 0.33

Other reasons 1 (6.7%) 1 (6.7%) 50% 1

yrs, years, sd, standard deviation, CNS, central nervous system, HTN, hypertension, DM, diabetes mellitus, EDH, epidural hemorrhage, SDH, subdu-

ral hemorrhage, IPH, intraparenchymal hemorrhage, SAH, subarachnoid hemorrhage, IVH, intraventricular hemorrhage, postOP, postoperative.

*p < 0.05.
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bacterial load, nanopore 16S amplicon sequencing was

able to more sensitively detect pathogens that might not

have been fully resolved.

Representative case in group C:
Staphylococcus aureus meningoencephalitis
(patient C#3)

A 3-year-old boy was transferred to our intensive care

unit because of progressively decreased responsiveness

over 2 weeks. He had congenital hydrocephalus and a his-

tory of VP shunt. A CSF test was within normal limits,

but under suspicion of VP shunt infection, empirical

antibiotics were administered. In the initial (day 0) and

follow-up (day 18) samples, Staphylococcus aureus was

grown with an aggravating course of the CSF profile

showing mild pleocytosis (WBC 15 cells/m2, protein

12 mg/m2, and CSF/serum glucose ratio of 70%). After

adding antibiotics, while the additional follow-up culture

study (day 27) was negative and the CSF profile revealed

a normal WBC count (WBC 4 cells/m2 and protein

124 mg/m2), the patient’s fever and altered mentality

were not recovered. However, 16S amplicon sequencing

revealed S. aureus, which was consistent with previous

culture results. Therefore, the clinicians could not rule

out bacterial meningitis and decided to remove the VP

shunt, which was a possible origin of the infection. In

fact, S. aureus was detected in the culture study with a

VP shunt tip, confirming the result of 16S sequencing.

Antibiotics were maintained until the final follow-up

study result (day 35), which was negative, and the

patient’s consciousness gradually recovered.

Discussion

In our analysis with CSF nanopore 16S amplicon

sequencing and the conventional CSF culture study, the

cases after neurosurgery showed 14.4% genuine bacterial

meningitis when the infection was suspected. Nanopore

16S amplicon sequencing was highly sensitive, detecting

more than half of genuine infection cases alone. In partic-

ular, nanopore 16S amplicon sequencing was useful for

evaluating the presence of pathogens in ambiguous situa-

tions, such as postoperative fever or follow-up samples

after antibiotic treatment. Therefore, 16S amplicon

sequencing was instrumental in clinical decisions for post-

operative care.

Nanopore 16S rRNA amplicon sequencing is a promis-

ing technology in the metagenomic sequencing field,

alternating conventional culture study. 16S rRNA gene

exists in every bacteria and can be used to study bacterial

phylogeny and taxonomy. Therefore, by 16S rRNA gene

amplicon sequencing, bacterial identification is availableT
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without culture.14 Compared to the shotgun metage-

nomics sequencing, which is randomly sequencing the

whole microbial genome, 16S rRNA amplicon sequencing

has demonstrated its higher sensitivity and lower error

rate for bacterial identification.21 Previously, Illumina or

Ion Torrent technology has been applied for 16S rRNA

gene amplicon sequencing.22,23 In contrast, we used nano-

pore sequencing in our study. Nanopore has several

advantages over previous methods. First, the whole 16S

rRNA (V1-9 region) can be analyzed through long-read

sequencing, compared to previous technology such as

Illumina or Ion Torrent, which could sequence only the

partial region (V3-4) of the 16S rRNA gene.24–26 More-

over, the library preparation is simple and fast and real-

time analysis is available, which can be helpful in making

rapid clinical decisions.27

Our research could be a reference for the clinical valid-

ity of nanopore 16S amplicon sequencing with postopera-

tive CSF samples. In our previous study,19 we confirmed

16S amplicon sequencing was comparable to culture study

of bacterial meningitis CSF sample. Specifically, the

pathogen detection time was shortened from several days

(culture) to a half-day (16S amplicon sequencing), and a

small amount (200 lg) of the sample did not attenuate

the sensitivity of 16S amplicon sequencing. Moreover, the

prospective application was successful in two patients.19

Based on these previous results, we could conduct the

current research, which supports the utility of 16S ampli-

con sequencing in real-time clinical decisions from larger

cases.

Nanopore 16S amplicon sequencing showed higher sen-

sitivity than conventional culture studies in the detection

of pathogens after neurosurgery. A total of 56.1% (23/41)

of our results were confirmed by 16S sequencing alone,

and only one case was detected by culture study alone.

Once again, this result confirmed the superiority of 16S

amplicon sequencing over the conventional culture test,

even in CSF samples.18,19,28 Therefore, there is a possibil-

ity that the postoperative CNS infection rate might actu-

ally be higher than the results of previous studies, which

showed 0.3%�8.9% based on culture studies.29–31 In

addition, a CNS foreign body, heavy alcohol consump-

tion, and postoperative fever that we analyzed as risk fac-

tors for postoperative bacterial meningitis were partly

consistent with the known factors for nosocomial bacte-

rial meningitis.29,32 We expect the result to more accu-

rately reflect the actual clinical situation because the

detection of pathogens by 16S amplicon sequencing is less

affected by the use of prophylactic antibiotics.13,16,17,19

Due to its high sensitivity, nanopore 16S amplicon

sequencing could help clinicians in ambiguous cases

where the bacterial load is lowered. Prophylactic antibi-

otics are generally administered to patients before and

during neurosurgery.6,7,33 Furthermore, patients in neuro-

critical care units are vulnerable to systemic infections

such as pneumonia, urinary tract infection, and catheter-

related bloodstream infection, thus empirical antibiotics

are frequently administered before the infection is con-

firmed.34 In this situation, nanopore 16S amplicon

sequencing could more accurately detect pathogens at a

far lower titer than the culture study. As analyzed, the

presence of CNS foreign bodies and CSF leakage that gen-

erally increase the bacterial load resulted in a higher

culture-positive rate, whereas follow-up samples after

empirical antibiotic use tended to have more frequent

culture-negative infections. In Group A, we showed the

usefulness of 16S amplicon sequencing for detecting

pathogens when conventional culture studies had false-

negative results after antibiotic use for systemic infection.

In particular, 16S amplicon sequencing was useful for

detecting pathogens in postoperative fever cases with

abnormal CSF profiles. Fever occurs in more than 70% of

patients in the neurocritical intensive care unit,35,36 and

to manage the patients, it is important to differentiate the

infection from central fever.34 A CSF analysis could be a

reference to suspect bacterial meningitis, but an abnormal

CSF profile is common for postoperative cases.37,38 There-

fore, clinicians cannot help but depend on the conven-

tional CSF culture test alone for infection diagnosis,

although it has a low diagnostic yield due to empirical

antibiotic use.39 Meanwhile, as our results showed, 16S

amplicon sequencing further detected 48% (12/25) of the

genuine infections in the cases with postoperative fever at

the initial tests. Especially in cases with some risk factors

for central fever (SAH, IVH, or systemic cancer),3,5,40 16S

amplicon sequencing was useful in diagnosing the infec-

tion, showing a false-negative rate of more than 70% of

the culture. Indeed, in Group B, we presented examples

of how 16S amplicon sequencing could identify bacterial

meningitis in patients, which could have been confused

with central fever. Therefore, nanopore 16S amplicon

sequencing could be an effective tool to evaluate postop-

erative fever.

Taken together, nanopore 16S amplicon sequencing

could be one of the references for antibiotic maintenance

and discontinuation in patients after neurosurgery. Deter-

mining the duration of use of antibiotics is one of the

most difficult and important challenges in the clinical

setting of postoperative care.31 In this situation, clini-

cians’ decisions are the most important, and nanopore

16S amplicon sequencing can help their empirical judg-

ment whether to continue or discontinue antibiotics

with high sensitivity for bacterial detection. In Group C,

despite the negative results from repeated culture stud-

ies, clinicians were uncertain regarding discontinuation

of antibiotics because the patients’ conditions had not
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Figure 2. Representative Cases of 16S Sequencing Culture Mismatching. (A) A representative case of Group A. A 75-year-old man developed fever,

and a systemic study revealed liver abscess (A-1), complicated urinary tract infection, and sepsis. He showed altered mentality, and brain computed

tomography (CT) revealed signs of ventriculitis (day 3) (A-2). Thus, extraventricular drainage (EVD) was inserted (day 5). While the systemic culture study

isolated 2nd generation cephalosporin susceptible Klebsiella pneumoniae, a negative result was shown in the culture study of cerebrospinal fluid (CSF)

obtained from EVD. However, nanopore 16S amplicon sequencing detected K. pneumoniae (red-filled triangle), which was a consistent result with that

of the systemic culture study (day 9). Based on the susceptibility results of the systemic culture study, the empirical antibiotics were narrowed down to

ceftriaxone monotherapy. (B) A representative case of Group B. A 71-year-old female had severe headache and was diagnosed with subarachnoid

hemorrhage (SAH) due to aneurysmal rupture (B-1). She underwent craniotomy and cerebral aneurysm clipping surgery. Postoperative fever occurred

after 5 days (day 0). All conventional culture studies showed negative results, but only nanopore 16S amplicon sequencing of CSF detected

Staphylococcus caprae (day 1). Brain CT supported the possibility of surgical site infection (B-2). Therefore, wound revision and bone flap removal

surgery were performed (day 6). (C) A representative case of Group C. A 3-year-old boy with a history of congenital hydrocephalus was diagnosed

with ventriculoperitoneal (VP) shunt infection. An initial (day 0, not shown) and the first follow-up (day 18) culture study of CSF samples isolated

Staphylococcus aureus. While the additional follow-up culture study showed a negative result, nanopore 16S amplicon sequencing detected S. aureus

(day 27). The clinicians decided to remove the VP shunt (day 33), and the culture study with the removed shunt revealed S. aureus, the consistent

pathogen with 16S amplicon sequencing. Therefore, antibiotic treatment was maintained until the final follow-up study result (day 35), which was

negative. PCD, percutaneous catheter drainage; IntraOP, intraoperation; CSF, cerebrospinal fluid; FU, follow-up; FB, foreign body.
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sufficiently recovered. In these situations, the positive

results of 16S amplicon sequencing provided informa-

tion about the possibility of unresolved infections, and

furthermore, the turnover of the sequencing results from

positive to negative could suggest evidence of improved

status.

Our study for nanopore 16S amplicon sequencing has

several limitations. 16S amplicon sequencing itself does

not yet determine complete resolution of bacterial

infection because it can also detect DNA from dead

bacteria.41 In addition, the negative PCR determination

might not have been accurate because it is dependent

on the inspector’s visual view of the electrophoresis

band. This study was conducted in a single tertiary

institution, Seoul National University Hospital, so bias

could have been present in the selection of patients and

the identified pathogens. Therefore, 16S amplicon

sequencing is not yet a definite tool for bacterial detec-

tion, and a clinician’s impression on a patient with vari-

ous evidence, such as clinical history, vital signs,

neurologic examination, and CSF profile, should pre-

cede clinical decisions.

Nevertheless, the accurate identification of pathogens

by superior sensitivity of 16S amplicon sequencing over

conventional culture tests could help clinicians manage

patients after neurosurgery. Accurate detection of

pathogens, even at low bacterial titers, would serve as a

guide for antibiotic maintenance and discontinuation.

Therefore, nanopore 16S amplicon sequencing is

expected to contribute to evidence-based medicine of

neurocritical care in the near future, as additional stud-

ies with larger numbers of patients are validated by

multiple centers.
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Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Data S1 This file includes the details of 16S rDNA PCR,

nanopore sequencing, cloud-based data analysis, and

determination of genuine infection.

Table S1 Demonstrates a list of pathogens observed by

16S rDNA sequencing and culture, respectively. The

pathogens were grouped by genus and subgrouped by

species. The number next to genus and species of bacteria

is the number of samples in which the bacteria were iso-

lated. The number in parentheses means the number of

false-positive results.
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Table S2. Showed false-positive cases of culture.

Table S3. Exhibited the time interval between 16S rDNA

sequencing and culture among 17 patients who had posi-

tive results both in the two different methods. 16S

sequencing was faster than culture study in 16 patients

(94.1%). In only one case (5.9%), the culture report was

followed by the sequencing report due to the weekend.
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