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Background: Cerebrospinal fluid (CSF) pathogen culture suffers from the drawbacks of prolonged cycle time and a low positivity 
rate in diagnosing intracranial infections in children. This study aims to investigate the diagnostic potential of targeted next-generation 
sequencing (tNGS) in pediatric neurosurgery for central nervous system (CNS) infections.
Methods: A retrospective study was conducted on children under 14 with suspected intracranial infections following craniocerebral 
trauma or surgery between November 2018 and August 2020. Routine, biochemical, smear, and pathogen culture tests were performed 
on CSF during treatment. The main parameters of CSF analysis encompassed white blood cells (WBC, ×106/L) count, percentage of 
multinucleated cells (%), protein levels (g/L), glucose concentration (GLU, mmol/L), chloride levels (mmol/L), and pressure 
(mmH2O). The outcomes of tNGS were assessed through the Receiver Operating Characteristic (ROC) curve and pertinent diagnostic 
parameters.
Results: Among the 35 included pediatric patients, 22 were clinically diagnosed with CNS infection in neurosurgery, tNGS was 
confirmed in 18 cases. The sensitivity and specificity of tNGS were 81.8% and 76.9%, respectively, while the traditional method of 
CSF cultures and smears exhibited a sensitivity of 13.6% and a specificity of 100%. ROC curve analysis indicated an area under the 
curve (AUC) of 0.794 for tNGS and 0.568 for the CSF cultures and smears. CSF analysis indicated that the two groups exhibited 
statistically significant differences in terms of WBC count [330.0 (110.00–2639.75) vs 14.00 (4.50–26.50), P<0.001] and percentage of 
multinuclear cells (%) [87.50 (39.75–90.00) vs 0 (0–10.00), P<0.001]. However, the remaining parameters did not statistically 
significant differences between the groups (all P>0.05).
Conclusion: tNGS demonstrates a high degree of diagnostic accuracy when detecting infections within the CNS of pediatric 
neurosurgery patients. tNGS can effectively establish for diagnosing CNS infections by detecting pathogenic microorganisms and 
their corresponding virulence and/or resistance genes within the test samples.
Keywords: targeted next-generation sequencing, neurosurgery, central nervous system infections, cerebrospinal fluid, diagnostic

Introduction
Neurosurgical infections affecting the central nervous system (CNS) encompass post-operative epidural abscesses, 
subdural pus, meningitis, brain abscesses, intracranial infections resulting from craniocerebral trauma, extraventricular 
and lumbar pool drainage, shunts, and meningitis associated with implants.1,2 In children, CNS infections can have 
a profound impact on neurological development. Acute symptoms may include fever, headache, vomiting and signs of 
cerebral edema. Altered mental and conscious states can lead to intracranial hemorrhage, seizures, and permanent 
neurological complications like deafness, ataxia, hemiparesis, paralysis, epilepsy, inattention, memory impairment, 
speech disorders, and cerebral edema.3–5
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Studies have revealed a wide range of 1–30% for the prevalence of post-craniotomy infections in children,6–10 potentially 
attributed to distinct etiologies causing diverse modes of craniotomy in children and varying inclusion criteria. Moreover, the 
incidence of post-traumatic meningitis alone is 0.38%, which is significantly elevated in the presence of CSF leakage.11 

A positive pathogen diagnosis is confirmed when the patient’s specimen smear, drainage tube, and CSF pathogen culture all 
indicate the presence of pathogens. Nevertheless, this diagnostic approach has limitations, such as a long cycle time, a low 
positivity rate, and reduced accuracy if patients have received prior antibiotic treatment.12,13 In the same vein, detecting 
Mycobacterium tuberculosis, viruses, and fungi in CSF cultures presents a more significant challenge.14,15 However, next 
generation sequencing (NGS) technology offers a swift and precise means of obtaining microbial genomic data, making it 
a formidable tool in microbial molecular ecology research.16 Macrogenomic Next Generation Sequencing (mNGS) enables 
high-throughput sequencing of a specimen’s biological genome. However, targeted NGS (tNGS) offers the benefits of simplicity 
and expediency in comparison.17 By employing ultra-multiplex polymerase chain reaction (PCR) amplification and high- 
throughput sequencing technology, tNGS has proven helpful in identifying tens to hundreds of known pathogenic microorgan-
isms, along with their virulence and/or resistance genes in the samples being analyzed. TNGS is increasingly garnering attention 
in clinical testing due to its lower sequencing cost and clear pathogenic spectrum range, in contrast to mNGS.14,18 Prof. Peng 
Hu’s team’s research has demonstrated that tNGS can achieve comparable efficacy to mNGS in identifying pneumonia 
pathogens.19 Nevertheless, there need to be more studies examining the use of tNGS in critically ill pediatric children.20–22 

Furthermore, there currently needs to be more research focused on the pathogens responsible for CNS infections in children 
undergoing neurosurgery, making it difficult to understand the range of infections affecting this population entirely. By 
leveraging the increased sensitivity of NGS over traditional diagnostic methods like CSF culture, it is possible to obtain 
valuable pathogenic information for children with suspected intracranial infections. While the use of tNGS may initially entail 
higher costs and require additional steps for primer or probe synthesis, it can substantially enhance the sensitivity of identifying 
known pathogens in comparison to mNGS. Additionally, tNGS offers the advantage of integrating both DNA and RNA 
processes, which not only reduces detection time but also provides a cost-effective and highly customizable solution.

The primary aim of this study was to assess the diagnostic efficacy of tNGS in detecting pathogens responsible for 
intracranial infections related to neurosurgical procedures, specifically in pediatric patients undergoing craniotomy or 
experiencing head trauma.

Materials and Methods
Study Subjects
Data were collected on children with suspected intracranial infection after craniocerebral trauma or surgical operations 
and aged <14 years old who were admitted to the pediatric intensive care unit of the Second Hospital of Hebei Medical 
University between November 2018 and August 2020. The data gathered for this study encompassed various parameters 
such as gender, age, underlying medical condition, type of surgery, antibiotic usage, clinical manifestations, treatment 
regimen, and therapeutic outcomes. Both traditional and tNGS-based diagnostic test results were tabulated to determine 
their respective positivity rates. Before conducting the study, ethical clearance was obtained from the Ethics Committee 
of the Second Hospital of Hebei Medical University under the approval number 2019-R280, and the ethical principles 
conformed to the current Declaration of Helsinki. Furthermore, written informed consent was obtained from the legal 
guardians of the children after explaining the study’s objective and ensuring complete comprehension.

The eligibility criteria for participation in this study comprised of two main aspects: (1) the presence of clinical 
symptoms indicative of CNS infection, such as fever, altered mental status, and meningeal irritation signs; (2) the 
absence of conclusive evidence for or against intracranial infection, necessitating further investigation. Conversely, 
exclusion criteria consisted of (1) children who did not undergo craniocerebral trauma or surgical interventions; (2) 
children with insufficient CSF samples for analysis.

Diagnostic Gold Standard
The Chinese Expert Consensus on the Diagnosis and Management of Neurosurgical CNS Infections is the definitive 
standard for diagnosing intracranial infections related to neurosurgical procedures (Version 2021).23 Including, (1) 
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Clinical manifestations: systemic inflammatory reaction, altered consciousness and mental status, signs and symptoms of 
increased intracranial pressure, signs of meningeal irritation and other complications such as electrolyte disorders; (2) 
Routine blood leukocytes >10.0×109/L, neutrophil ratio >0.8; (3) Intracranial pressure and CSF-related tests: CSF 
pressure >200 mmH2O, CSF properties such as turbid or yellow, total white blood cell count >100*106/L, neutrophil 
ratio >0.7, CSF glucose <2.2 mmol/L, etc.; (4) Imaging manifestations: cranial CT or MRI of meningitis is not specific, 
and cerebral abscess can appear with typical circumferential enhancement; (5) Positive bacterial cultures of specimen 
smears, drainage tips, implants and CSF, subject to the exclusion of bacterial contamination and colonization. In the 
above inclusion criteria, the clinical diagnosis of CNS infection can be made if (1)-(4) are met. When a child has a fever, 
intracranial hypertension, turbid or purulent cerebrospinal fluid, increased white blood cells, glucose <2.2mmol/L, and 
cerebrospinal fluid glucose content/serum glucose content ≤0.4, the clinical diagnosis of intracranial infection in children 
can be established. All children in the positive clinical diagnosis group have symptoms such as fever, intracranial 
hypertension, turbid or purulent cerebrospinal fluid, and increased white blood cells. However, not all children have 
decreased cerebrospinal fluid glucose.

Collection, Preservation and Testing of Specimens
In suspected cases of intracranial infection following surgery or trauma in children, prompt lumbar puncture should be 
performed under sterile conditions to obtain CSF specimens. For children with lumbar cistern drainage, lumbar puncture 
is no longer necessary, and the CSF in the lumen is discarded while ensuring a sterile technique. The collected CSF 
specimens underwent routine biochemical, smear, and culture tests and were preserved for tNGS analysis. Put the 
cerebrospinal fluid into the centrifuge and centrifuge at 3000rpm for 15 minutes. Inoculate the centrifuged material on 
Columbia agar, Chocolate agar, MacConkey agar, and Sabouraud (SDA) agar. Then, observe the results and place the 
agar plates in a cultural environment of 35 degrees Celsius and 5% carbon dioxide for 18–24 hours. All of the agar plates 
were purchased from Oxoid (Japan). Subsequently, the specimens were stored at −80°C until further testing. The 
microbiological assessment was conducted using the Curetis Unyvero™ system. The samples were automatically 
processed following a predefined protocol using the Lysator, which liquefies each sample within 30 minutes through 
lysis buffer and Proteinase K, thereby inactivating any infectious pathogens. The nucleic acids were then automatically 
extracted using the Biotek extractor and quantified by the Unyvero system before being amplified by polymerase chain 
reaction (PCR) using a multiplex primer set and internal process control primers. Target capture and library creation were 
accomplished via purification using magnetic beads, and the qualified DNA libraries were sequenced on the Illumina 
high-throughput sequencing platform.

Library Preparation Protocol and Pipeline for Bioinformatics Analysis
The Biological Information Analysis™ system was used to detect microbial genes rapidly. In the detection system, 
200µL of the cerebrospinal fluid sample was added, and the sample tubes were processed completely automatically 
according to a pre-selected protocol. Sample tubes are uniformly sealed with a cap and contain proteinase K, lysozyme, 
Staphylococcus lysate, snail enzyme, and an internal control gene as part of the quality control workflow for each sample. 
When combined with lysis buffer and proteinase K, each sample was liquefied within 30 minutes, and all potential 
infectious pathogens were inactivated. After lysis, a Biotek extractor was applied for automated nucleic acid extraction. 
The nucleic acid is quantified using the Unyvero system, then amplified by polymerase chain reaction (PCR). The PCR 
detection method includes multiplex primer sets and internal process controls for the primer combinations. The product 
has established target capture and sequencing libraries using magnetic bead-based methods. Qualified DNA libraries 
were sequenced on the Illumina high-throughput sequencing platform. The sequencing data is automatically normalized 
based on the amplification calibration coefficient. A total of 10,000 sequencing reads are analyzed for each sample.

Statistical Analysis
The data were organized and analyzed using SPSS 25.0 and MedCalc software. Categorical variables were presented as 
frequencies and percentages. In contrast, continuous variables that followed a normal distribution were expressed as 
mean ± standard deviation. Those not following normal distribution were presented as the median and interquartile range 
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(25%, 75%). Diagnostic efficacy measures, such as sensitivity, specificity, positive predictive value, negative predictive 
value, and the Youden index, were calculated by comparing tNGS and traditional methods against the clinical diagnosis 
of CNS infection as the standard. The receiver operating characteristic (ROC) curve was plotted to determine the area 
under the curve (AUC). A P-value of less than 0.05 was considered statistically significant. Two continuous data sets 
were compared using the t-test (normal distribution) or the nonparametric Mann–Whitney (non-normal distribution) test.

Results
Clinical Data of the Children
A total of 40 patients were included in this study according to the inclusion and exclusion criteria. Subsequently, we 
performed tNGS testing of CSF on them. Out of them, five cases were excluded due to incomplete data, resulting in 
a final valid specimen volume of 35 cases. There were 22 children with intracranial infections and 13 with non- 
intracranial infections, according to the Chinese Expert Consensus on diagnosing and treating CNS infections in 
neurosurgery (version 2021). The basic information of the two groups is shown in Table 1. A total of fifteen males 
and seven females were in the intracranial infection group; the age quartile was 76.5 months (30.0–115.33). Six males 
and seven females were in the non-intracranial infection group, with a mean age of 77.4 months. The frequency of 
symptoms such as fever, nausea, vomiting, dizziness, headache, signs of meningeal irritation, pathological signs, and 
neurological impairment (including hypotonia of the extremities, dull pupil-to-light reflex, blurred vision, and poor 
swallowing) was found to be higher in children with intracranial infections compared to the non-infection group. 
Conversely, seizures and changes in mental consciousness were lower in the intracranial infection group than in the non- 
infection group (Table 1). Of all pediatric patients, 34 (97.1%) experienced intracranial hypertension. Further imaging 
revealed five patients developed postoperative or traumatic cerebral edema, including 4 cases in the infection group and 1 
in the non-infection group (Figure 1).

Among the 35 included pediatric patients, 28 cases underwent neurosurgery due to causes such as tumors, vascular 
malformations, arteriovenous malformations, or transparent septum cysts that resulted in infection, six cases were due to 
head trauma, and one case involved a child with head trauma and a tumor. Among the six children with superficial 
traumatic brain injury, three underwent emergency surgery, two did not, and one underwent subdural puncture. One child 
with traumatic brain injury, intracranial hemorrhage, and tumor underwent craniotomy. Among the 22 children, a total of 

Table 1 Baseline Characteristics of the Children

Children Intracranial 
Infection (n=22)

Non-Intracranial 
Infection (n=13)

t/Z/χ2 P

Male (%) 15 (68.2) 6 (46.2) 1.652 0.199
Age (months) 76.50 (30.0–115.3) 77.4±47.8 0.102 0.933

Symptoms and Signs
Fever and T>38.0°C (%) 21 (95.5) 9 (69.2) – 0.052
Nausea, vomiting (%) 13 (59.1) 2 (15.4) 6.374 0.012

Headache, dizziness (%) 5 (22.7) 2 (15.4) – 0.689

Meningeal irritation (%) 6 (27.3) 1 (7.7) – 0.220
Pathological characteristics (%) 6 (27.3) 3 (23.1) 0.076 0.783

Nerve damage (%) 16 (72.7) 6 (46.2) 2.453 0.117

Resembling seizures (%) 2 (9.1) 3 (23.1) – 0.337
Altered consciousness, mental state (%) 13 (59.1) 10 (76.9) – 0.463

Intracranial hypertension (%) 22 (100) 12 (92.3) – 0.371

Hospitalization time (day) 34.95±11.58 28.00 (19.00–42.50) −1.025 0.305
PICU Time (day) 18.00 (11.75–31.25) 12.00 (8.00–30.00) −1.111 0.267

Notes: PICU time: refers to the specific number of days a pediatric patient stays in the PICU during hospitalization and treatment. Nerve damage: 
include limb weakness, sluggish pupillary light reflex, blurred vision, and swallowing difficulties in pediatric patients. The chi-square test was used for 
statistical analysis of the count data. T-tests were used to compare continuous data (mean ± SD) that conforms to a normal distribution. In contrast, 
the Mann–Whitney U-test was used to compare continuous data [median (25%, 75%)] that do not conform to normal distribution. 
Abbreviation: PICU, Pediatric Intensive Care Unit.
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3 cases had head injury, tNGS was performed in a child with basal fracture, sinus fracture and CSF tinnitus. The results 
showed that this child was infected with pathogens, including Staphylococcus haemolyticus, Staphylococcus epidermidis, 
and Human herpesvirus type 6. Among the two children who tested negative for tNGS, one had frontal bone fractures, 
and the other had left temporoparietal fractures. All except one child received antibiotic prophylaxis before craniotomy 
with drugs such as cefuroxime sodium, cefamandole sodium, ceftriaxone sodium, and tazobactam sodium. After surgery, 
14 children in the infected group and 10 in the non-infected group received external drainage, and 4 children in the 
infected group received V-P shunts after the infection had improved. The total length of stay and pediatric ICU stays did 
not differ significantly between the two groups (P>0.05, respectively) (Table 1). Children with intracranial infection had 
more symptoms, such as fever, nausea and vomiting, dizziness, headache, and signs of meningeal irritation, along with 
neurological impairment. The proportion of seizures and changes in mental consciousness was lower compared to the 
non-infected group.

Pathogenic Test
The pathogenic diagnosis of 22 children with intracranial infection was clarified by conventional pathogenic testing 
methods such as CSF smear or culture in 3 cases, accounting for 13.63% of the children with intracranial infection; 
among them, 2 cases of CSF smear were Gram-negative bacilli, and 1 case of CSF culture was Enterococcus faecalis. 
tNGS tested twenty-two specimens of CSF, and among all the detected microorganisms, Gram-negative bacilli had the 
highest detection rate (48.6%), with Stenotrophomonas maltophilia (3 cases), Legionella (3 cases), and Pseudomonas 
aeruginosa (2 cases) being the most common; followed by Gram-positive bacteria (31.4%), with Staphylococcus in 4 
cases, and Streptococcus crista in 2 cases; viruses had the lowest composition ratio (20%), with Cytomegalovirus being 
the most common (3 cases), and mixed infections with bacteria (Table 2).

Evaluation of the Diagnostic Efficacy of tNGS and Traditional Methods
The detailed test results of the traditional method and tNGS are shown in Table 3. Twenty-two children with intracranial 
infection were clinically diagnosed, and 3 cases had positive results of the traditional method, among which one case had 
the same smear result and tNGS result, both were gram-negative bacilli; 1 case had gram-negative bacilli in smear and 
negative tNGS result; 1 case had Enterococcus faecalis in culture and maltophilic narrow-feeding monococcus in tNGS 
result. The tNGS test results showed a total of 18 positive cases. The diagnosis of 16 cases was positive by tNGS and 
negative by traditional methods, among which 10 cases were mixed infections; 3 cases were negative by both tNGS and 

Figure 1 Imaging of children presenting with cerebral edema (red arrows represent edema sites).
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traditional methods. The AUC of tNGS was 0.794 (95% CI: 0.629–0.958), sensitivity 81.8%, specificity 76.9%, positive 
predictive value 85.7%, negative predictive value 71.4%, and Youden index is 0.587; the conventional method had an 
AUC of 0.568 (95% CI: 0.375–0.761), the sensitivity of 13.6%, specificity of 100%, the positive predictive value of 
100%, the negative predictive value of 59.1%, and Youden index is 0.136 (Figure 2).

CSF Characteristics
We conducted a statistical analysis of protein, glucose, and other parameters in the CSF of children in both groups. The 
median values of CSF leukocytes were 330.0×10^6/L and 14.0×10^6/L in the intracranial infected and non-infected 
groups, respectively, with a statistically significant difference between the two groups (P<0.001). The infected group 
showed a higher percentage of polynuclear cells in the CSF than the non-infected group, with a statistically significant 

Table 2 Pathogenetic Test Results of tNGS

Gram-Positive Bacteria 
(31.4%)

Gram-Negative Bacteria 
(48.6%)

Virus (20.0%)

Staphylococcus epidermidis Stenotrophomonas maltophilia Cytomegalovirus
Staphylococcus haemolyticus Pseudomonas aeruginosa Human parvovirus
Staphylococcus hominis Porphyromonas gingivalis Human herpesvirus type 7
Streptococcus cristatus Hemophilus parainfluenzae Human herpesvirus type 6
Actinomyces naeslundii Moraxella catarrhalis Adenovirus
Streptococcus pneumoniae Legionella pneumophila
Enterococcus faecalis Aeromonas hydrophila
Actinomyces odontolyticus Bacillus coagulans

Escherichia coli
Enterobacter cloacae
Aeromonas salmonicida

Table 3 Comparison of Clinical, Targeted NGS, and Conventional 
Methods for Diagnosing CNS Infections (N=35)

Diagnostic Methods Clinical Diagnosis of CNS Infection

Yes (n=22) No (n=13)

tNGS Testing
Positive 18 3

Negative 4 10

AUC 0.794 (0.629, 0.958)
Sensitivity (%) 81.8

Specificity (%) 76.9

PPV (%) 85.7
NPV (%) 71.4

Youden index 0.587

Traditional Testing
Positive 3 0

Negative 19 13
AUC 0.568 (0.375, 0.761)

Sensitivity (%) 13.6

Specificity (%) 100.0
PPV (%) 100.0

NPV (%) 59.1

Youden index 0.136

Abbreviations: CNS, central nervous system; AUC, Area Under Curve; PPV, Positive 
predictive value; NPV, Negative predictive value.
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difference (P<0.001). However, the two groups had no statistically significant differences in CSF pressure, protein, 
glucose, and chloride (P=0.300, 0.0932, 0.116, and 0.054, respectively) (Table 4).

Discussion
Surgical procedures such as craniotomy and craniocerebral trauma can weaken the blood-brain barrier in children, 
making them susceptible to intracranial infections. Prophylactic antibiotics are commonly administered in clinical 
practice to reduce the incidence of postoperative CNS infections; however, this approach limits the ability to identify 
bacterial or viral species through culture-based methods. There needs to be more literature on the pathogenic diversity of 
surgically relevant intracranial infections in children. A study by Dong et al on the analysis of the diagnosis and 
management of multi-drug resistant bacteria in intracranial infections after craniotomy in children showed that Gram- 
positive cocci (including Staphylococcus epidermidis, Staphylococcus intermedius, and Staphylococcus haemolyticus) 
accounted for 70% of the CSF cultures in children with intracranial infections after neurosurgery. Gram-negative bacilli 

Figure 2 Area under the ROC curve for tNGS and conventional diagnostic methods.

Table 4 The Value of CSF Between the Infection Group and Non-Infection Group

CSF Groups Numerical Value Z/t P

WBC (×106/L) Infection group 330.00 (110.00–2639.75) −4.183 <0.001
Non-infection group 14.00 (4.50–26.50)

Percentage of multinuclear cells (%) Infection group 87.50 (39.75–90.00) −4.115 <0.001

Non-infection group 0.00 (0.00–10.00)
Protein (g/L) Infection group 1.16 (0.27–2.50) −0.085 0.093

Non-infection group 0.60 (0.40–1.70)

GLU (mmol/L) Infection group 2.87 (2.26–3.79) −1.570 0.116
Non-infection group 3.48±0.71

Chloride (mmol/L) Infection group 117.95±7.96 −2.001 0.054

Non-infection group 122.99±5.65
Pressure (mmH2O) Infection group 295.00 (233.75–320.00) −1.037 0.300

Non-infection group 253.80±55.67

Notes: T-tests were used to compare continuous data (mean ± SD) that conforms to a normal distribution. In contrast, the Mann–Whitney U-test was used to 
compare continuous data [median (25%, 75%)] that do not conform to normal distribution. 
Abbreviations: CSF, Cerebrospinal fluid; WBC, White blood cells; GLU, Glucose.
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(including Klebsiella pneumonia, Klebsiella acidophilus, and Escherichia coli) accounted for only about 30% of the 
cases, and there are complex infections.24 A study of CNS infections in neurosurgical patients, including adults and 
children, found that Gram-positive organisms remain the most common pathogens. However, there has been a yearly 
increase in the incidence of Gram-negative pathogens.25,26 Lau et al11 reported a study of post-traumatic meningitis. 
Their study had six cases of post-traumatic meningitis in children; four were pneumococci, one was a group 
A Streptococcus spp., and one was E. coli. This study showed a 0.38% incidence of post-traumatic meningitis. Post- 
traumatic meningitis was significantly higher in patients with CSF leaks.

Rapid and accurate pathogenic diagnosis of intracranial infections is crucial for effective antimicrobial treatment and 
improving patient outcomes. Second-generation sequencing technology, such as tNGS, offers a unique reference tool for 
the pathogenic diagnosis of infectious diseases in clinical settings. By combining ultra-multiplex PCR amplification and 
high-throughput sequencing, tNGS can detect dozens to hundreds of known pathogenic microorganisms, including their 
virulence and/or resistance genes, with a high positive rate and fast detection speed. Unlike CSF culture, tNGS can 
simultaneously detect pathogenic bacteria, colonizing bacteria, rare bacteria, viruses, fungi, parasites, and other micro-
organisms, providing a comprehensive pathogen spectrum for clinicians. Compared to pathogen metagenomic next- 
generation sequencing (mNGS), tNGS has a clear pathogen spectrum range and lower sequencing costs. In this study, 
tNGS identified pathogenic infections in 18 out of 22 children with intracranial infections, yielding a positive rate of 
81.82%. Among all infected children, Gram-negative bacteria were detected most frequently, followed by Gram-positive 
bacteria, while viruses had the lowest proportion. The diagnostic efficacy of tNGS was higher than that of conventional 
assays, as shown by its AUC of 0.794, which was significantly better than traditional assays. Overall, this study 
demonstrated that tNGS is a valuable tool for rapid and accurate diagnosis of intracranial infections, with a high 
agreement with the standard gold diagnosis.

The mechanism behind oral colonization of the CNS still needs to be precise. Previous studies have shown that 
infections involving the head and neck region can present symptoms such as fever, headache, and hypothermia in CNS 
infections.27,28 The mechanism by which oral colonizing bacteria cause intracranial infections in the CNS is currently 
unknown. Previous studies on intracranial bacterial infections of oral origin have shown that dental diseases such as 
gingivitis, periodontitis, and oral and other surgeries can cause intracranial infections. Hematogenous transmission is 
typically the primary mode of infection, although blood cultures were negative in 88.9% of reported studies. The 
diversity and complexity of odontogenic microorganisms make them challenging to culture. When intracranial infections 
of oral origin are suspected, they are usually treated empirically with broad-spectrum antibiotics, which can impact 
pathogen cultures.29 Unfortunately, we cannot elaborate on their correlation due to the limited number of cases involving 
CSF leakage in our study and the fact that the NGS test results did not reveal any oral colonizing infections. However, 
diagnosing oral pathogens using tNGS may provide an essential reference for treating children with neurosurgical CNS 
infections. tNGS testing can identify oral bacteria, including Streptococcus crests, Porphyromonas gingivalis, 
Actinomyces caries, and Bacillus coagulans. Among the patients in this study, 6 children, who had all undergone 
craniotomy, developed infections caused by oral colonizing bacteria. One case was treated with neuroendoscopic 
transsphenoidal saddle area mass excision, and the NGS test result showed Actinomyces caries. The other five patients 
underwent quadruple ventriculotomy to excise occupying lesions and tumors in the right jugular foramen area. 
Actinomyces caries is considered part of the normal oropharyngeal flora and is a conditional pathogen.

tNGS can also be crucial in diagnosing children with non-intracranial infections, especially when CSF leukocyte 
count is not significantly elevated, for instance, a child with head trauma presented with fever, lethargy, and marked 
cerebral edema. Although their CSF was yellow and turbid with a higher than normal CSF protein, the leukocyte count 
was below 100x10^6/L. The patient’s condition improved after anti-infective treatment with ceftriaxone sodium, 
tazobactam sodium, desmethyl vancomycin, and meropenem, highlighting the importance of using tNGS to identify 
potential pathogens in such cases. CSF tNGS testing suggested that the patient’s intracranial infections were 
Actinobacillus carcinogens, human staphylococcus, and Enterococcus faecalis infections. One child developed post-
operative fever, vomiting, poor mental health, and neck resistance. The patient had elevated CSF pressure, a leukocyte 
count of 20×106/L in the CSF, and a slightly higher protein concentration. The patient improved after being given his 
ceftriaxone tazobactam sodium anti-infective treatment. The CSF tNGS showed Haemophilus influenzae infection. This 
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suggests that when intracranial infection occurs in children, the type of infecting agent, clinical presentation and 
indicators such as leukocytes in the CSF may not be entirely consistent.

tNGS technology also has some limitations. For example, the test may have false negative results. In this study, one 
child was diagnosed with Cytomegalovirus by tNGS. However, this diagnosis was inconsistent with his clinical 
symptoms. One child was diagnosed with Enterococcus faecalis by CSF culture, but the diagnosis of 
Stenotrophomonas maltophilia by tNGS. The inconsistency of the above diagnosis may be related to the prolonged 
delivery time of the tNGS test and the quality of the retained specimen. False-positive results in tNGS can arise from 
specimen collection, reagent contamination during testing, and the influence of host-derived gene sequences, especially 
in neurosurgical children with intracranial bleeding or disruption of the blood-brain barrier that leads to the mixing of 
blood cells into the CSF. Furthermore, there is currently no standardized approach for interpreting tNGS results. 
Experienced clinicians must interpret the findings in the context of the child’s clinical symptoms and other ancillary 
tests, introducing an element of subjectivity.

The tNGS test provides a more comprehensive pathogen spectrum for intracranial infections in neurosurgical children 
than CSF cultures. It has a high positive rate and is faster, able to detect pathogenic, colonizing, rare, and causative 
bacteria, viruses, fungi, and parasites simultaneously. Compared with mNGS, tNGS sequencing is more sensitive to 
genotyping, with fewer read segments, and offers the advantages of high sensitivity, efficiency, and economy. This study 
evaluated the value of tNGS multi-pathogen results in diagnosing central neurosurgical infections based on the 
therapeutic diagnosis. The results demonstrate that CSF NGS is a powerful supplement for diagnosing neurosurgical 
intracranial infections and can compensate for the low positive rate of CSF culture. However, tNGS test results cannot be 
the gold standard for diagnosing intracranial infections but can be used with other indicators for a synergistic diagnosis. 
Further sample studies, detailed and comprehensive detection procedures, and standardized interpretation criteria are 
necessary to optimize its use in clinical practice.

Conclusion
The incidence of post-craniotomy infection in children may be grossly underestimated because of the impaired blood- 
brain barrier. This study shows that tNGS can compensate for the low positive detection rate of traditional CSF 
pathogenic microorganism culture and can be used as an excellent auxiliary diagnostic method in diagnosing intracranial 
infections in clinical practice. The tNGS technology can effectively help clinical doctors identify the pathogen types that 
cause intracranial infections, which is crucial for the subsequent treatment of patients.
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