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Objective

This work aims to study the clinical features and risk factors of children with bacterial meningitis (BM) in southern China.





Methods

Clinical data of children with BM between 2012 and 2018 from one national center were analyzed retrospectively.





Results

A total of 838 patients (male/female = 1.8:1) were enrolled, with 90.6% under 1 year old. Common symptoms included fever, seizure, lethargy, vomiting, anorexia, poor feeding, and irritability. Most patients initially exhibited typical cerebrospinal fluid (CSF) changes of BM, including elevated white blood cell count, increased protein levels, and decreased glucose concentration. Some initially atypical cases showed typical changes after about 1 week. Furthermore, 38.7% of the patients had positive bacterial cultures of blood or CSF, with Streptococcus agalactiae, Escherichia coli, and Streptococcus pneumoniae commonly seen. Moreover, 92.0% of the patients were graded five Glasgow outcome scale (GOS) points at discharge. Differences in symptoms, pathogens, CSF results, brain MRI, and GOS points were observed across age groups (neonate [29 days, 12 months) and aged ≥12 months). Fatality rate was 1.9%, and 10.7% of survivors had neurological sequelae. Recurrent BM was rare (1.6%) but notable in patients with CSF fistula or immunodeficiency. Risk factors for intensive care unit admission, brain parenchymal involvement, subdural effusion, and hearing impairment were identified.





Conclusion

Most pediatric BM patients in southern China were under 1 year old, with more distribution in male patients and some age-related differences in clinical features and outcomes. Recurrent BM is rare but more likely in patients with conditions such as CSF fistula or immunodeficiency. Most patients have favorable outcomes, with a low fatality rate and around 10% of the survivors experiencing neurological sequelae. Several clinical risk factors were identified.
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1 Introduction

Bacterial meningitis (BM) is a severe infectious disease, especially for neonates and children, resulting in high mortality and morbidity associated with diagnosis and treatment delay (Li et al., 2014; Lucas et al., 2016; van de Beek et al., 2016b; Zainel et al., 2021). Therefore, early diagnosis and appropriate antibiotic treatment are important for patients with BM. Although the incidence of BM caused by Streptococcus pneumoniae, Neisseria meningitidis, and Haemophilus influenzae has decreased significantly worldwide in the past two decades with the use of vaccines for these three pathogens, BM remains a common and acute, devastating infection in neonate and children (McIntyre et al., 2012). In addition, the sometimes inappropriate use of antibiotics leads to atypical changes in the cerebrospinal fluid (CSF) of partial BM patients, complicating timely diagnosis (Subspecialty Group of Neurology tSoPCMA, 2019). In this study, we reported the clinical features of 838 children diagnosed with BM, and we also explored the risk factors of admission to the intensive care unit (ICU), brain parenchymal involvement, subdural effusion, and hearing impairment in a national, regional tertiary medical center from southern China in the past 6 years (from 2012 to 2018).




2 Subjects and methods



2.1 Subjects

Children diagnosed with BM from October 2012 to September 2018 in the department of neurology of Guangzhou Women and Children’s Medical Center were included. The clinical features of patients, including demographic data, prodromal factors, clinical manifestations, laboratory investigations, neuroimaging examination, neuroelectrophysiological data [electroencephalogram (EEG) and audiological assessment], comorbidity, complications, treatment, outcomes, and prognosis were retrospectively reviewed. The patients were grouped according to their age at onset: neonate, [29 days, 12 months), and ≥12 months. The closing parenthesis (“)”) indicates “less than”, and the square bracket (“[“) indicates “greater than or equal to”. Clinical outcome was defined as clinical status on the day of discharge, and the outcome was graded with the Glasgow outcome scale (GOS) (1): death (1 point), (2) persistent vegetative state (2 points), (3) severe disability (3 points), (4) moderate disability (4 points); and (5) good recovery (5 points). A good outcome was defined as a GOS score of 5, and a poor outcome was a GOS score of 1 to 4 (Guo et al., 2016). This study was approved by the Ethics Committee of Guangzhou Women and Children’s Medical Center (approval no.: 2019052419364384). Written and signed consent was obtained from the patient’s parents or guardians, who also explicitly consented to publish their details, clinical data, and images that could identify them. A total of 70 patients with bacterial meningitis caused by Streptococcus agalactiae, Streptococcus pneumoniae, or Escherichia coli from 2015 to 2018 in the neurology department in one of our branch hospitals has been reported in a previous study (Chen et al., 2022).




2.2 Methods



2.2.1 Inclusion criteria

Patients aged ≤14 years, including newborns, diagnosed with BM with proven bacteria, BM with negative bacterial culture, probable BM, or suspected BM were involved (per diagnosis criterion seen below).




2.2.2 Exclusion criteria

The exclusion criteria were (1) encephalitis or meningitis caused by pathogens other than bacteria or (2) autoimmune neurological disorders.




2.2.3 Diagnosis criteria

Diagnosis of BM: BM with proven bacteria was defined as positive bacteria in the CSF or blood culture with compatible symptoms and signs of meningitis (Guo et al., 2016). BM with negative bacterial culture was defined as (1) both CSF and blood bacterial cultures were negative and (2) symptoms and signs compatible with BM with at least three of the following four criteria: (a) CSF WBC >1,000 × 10⁶/L; (b) CSF glucose level <2.2 mmol/L; (c) CSF protein concentration >0.45 g/L); and (d) serum CRP >40 mg/L (Peltola et al., 2010). The diagnostic definitions of “probable BM” and “suspected BM” used in our study are based on the criteria set by the World Health Organization (WHO), as outlined in previous studies, including Zhu et al. (Guo et al., 2016). Probable BM was defined as (1) not meeting the criteria of BM with positive or negative bacterial culture and (2) symptoms and signs compatible with BM with at least one of the following three criteria: (a) cloudy CSF appearance; (b) CSF WBC >100 × 10⁶/L; (c) CSF WBC of 10 to 100 × 10⁶/L with either an elevated protein level (>0.45 g/L) or (d) CSF glucose level < 2.2 mmol/L (Guo et al., 2016). The suspected BM was defined as (1) sudden onset of fever (>38.5°C rectal or >38.0°C), (2) neck stiffness, altered consciousness, or other meningeal symptoms (Guo et al., 2016). Recurrent BM was defined as two or more episodes of meningitis caused by a different bacterial organism or a second or further episode caused by the same organism with a greater-than-3-week interval after the completion of therapy for the initial episode (Tebruegge and Curtis, 2008).

Diagnosis of immunodeficiency: Patients with BM in combination with immunodeficiency disease, primary immunodeficiency disease, and X-linked agammaglobulinemia were diagnosed according to the European Society for Immunodeficiencies criteria (Diagnostic criteria for PID, 2018).




2.2.4 Classification of hearing impairment

Hearing impairment was classified according to the threshold of brainstem auditory evoked potential (BAEP) as mild [26–40 dB], moderate (40–60 dB], severe (60 dB–80 dB], or profound (>80 dB) according to the International Classification of Impairments, Activities, and Participation (Lucas et al., 2016).

Neonate hearing screening was evaluated by transient-evoked otoacoustic emissions (TEOAE) test performed using Bio-logic®AuDX® (Natus Medical Incorporated, Middleton, WI, USA). TEOAE pass was considered as normal; otherwise, it was considered abnormal. TEOAE pass criteria included ≥70% whole wave reproducibility and signal-to-noise ratio ≥6 dB in the center frequencies from 1,236 to 3,536 Hz.




2.2.5 Treatment

Empiric antibiotic treatment was given to all patients before the causative bacterial was identified, and the antimicrobial agent was adjusted according to the susceptibility results if the pathogen was identified. Dexamethasone (0.15 mg/kg day per 6 h for 4 days or 0.4 mg/kg day per 12 h for 2 days) was used among patients at an early acute stage. Neurosurgical intervention was given to patients with subdural effusion, subdural empyema, brain abscess, hydrocephalus, or structural abnormalities of the brain or spine when needed after consultation with neurosurgical doctors.




2.2.6 Follow-up

All patients were followed up either by a neurologist in the neurological clinic or by a neurologist via telephone contact.




2.2.7 Statistical analysis

Statistical analysis was performed using SPSS IBM 20.0. Quantitative data with normal distribution was described by mean ± SD; otherwise, it was median with the interquartile range (IQR). The qualitative data was described by frequency and percentage. Pearson chi-square, likelihood ratio, or Fisher’s exact test was used to compare the qualitative data. The quantitative data with normal distribution were compared using independent t-test or analysis of variance with post hoc by Student–Newman–Keuls q test; otherwise, Mann–Whitney U or Kruskal–Wallis H test with post hoc by Nemenyi test was used. Univariate logistic regression (LR) analysis was conducted to determine the ability of significant risk factors. Missing data were handled using multiple imputation techniques. A follow-up forward stepwise LR was then performed that included risk factors with a cutoff of p <0.1 in the univariate LR analysis. A p-value <0.05 (two-sided) was considered significant. Figures were graphed using GraphPad Prism 7.01 (GraphPad Software Inc., USA).






3 Results



3.1 Demographics

A total of 838 patients (male/female = 1.8:1) were enrolled, and all patients were Chinese except for two African patients. There were 572 patients who were initially diagnosed with BM in our hospital, and the other 266 patients were initially diagnosed with BM in other hospitals and then transferred to our hospital. The median onset age was 1 month (IQR 18 days–3 months, ranging from 1 day to 13 years). Most patients were under 1 year old, accounting for 90.6% (759/838), especially newborns and infants under 3 months, accounting for 72.9% (611/838). The age distribution of the patients was as follows: ≤28 days (40.0%, 335/838), [29 days, 3 months) (32.9%, 276/838), [3 months, 12 months) (17.7%, 148/838), [12 months, 3 years) (3.4%, 28/838), [3 years, 5 years) (2.5%, 21/838), and ≥5 years (17.7%, 30/838), respectively. The high-occurrence season was summer (37.0%, 310/838), followed by spring (22.4%, 188/838), autumn (20.1%, 168/838), and winter (20.5%, 172/838) respectively. Moreover, 64.2% (538/838) of patients were vaccinated on time, and 66.7% (559/838) of patients received antimicrobial therapy within 3 days before admission.




3.2 Clinical features



3.2.1 Prodromal factors

Among the patients, 30.2% (253/838) had prodromal factors, with infectious prodromal factors being the most common (n = 176), followed by perinatal prodromal factors (n = 71) and trauma (n = 6). Respiratory infectious symptoms were the most common infectious prodromal factors seen in 116 patients (65.9%, 116/176), followed by infectious digestion symptoms (25.0%, 44/176), acute tympanitis (n = 8), urinary tract infection (n = 7), and renal abscess (n = 1). For patients aged <2 months, 13.8% (71/513) of them had perinatal prodromal factors before onset, with maternal premature rupture of membrane being most commonly seen (62.0%, 44/71), followed by moderate to severe turbid amniotic fluid (32.4%, 23/71), and maternal vaginal and perianal swabs that tested positive for Streptococcus agalactiae (5.6%, 4/71). Six patients had trauma before onset, including head trauma (n = 4, respectively occurring at 2 months, 3 months, 6 months, and 3 years before onset) and nasal trauma (n = 2, 2 to 3 days before onset).




3.2.2 Clinical manifestation

Clinical symptoms and sign: The common symptoms included fever (92.0%), seizure (32.2%), lethargy (18.3%), vomiting (14.3%), anorexia and poor feeding (12.1%), and irritability (11.8%). The less common symptoms included tachypnea (8.6%), startled (6.1%), impaired consciousness (5.5%), groaning (5.4%), headache (3.8%), cyanosis (2.9%), apnea (2.1%), skin mottling and cold extremities (1.9%), and movement disorders (paralysis and/or dystonia, 1.8%). The common signs included bulging anterior fontanel (16.1%) and stiff neck (7.6%).

Clinical manifestation in patients of different age groups: The common and less common symptoms in patients of different age groups are shown in Figure 1. Fever was the most common symptom in all patients of different age groups. The second most common symptom in patients aged <3 years was seizure, while in patients aged ≥3 years it was vomiting. The frequency of vomiting increased with age. Dyspnea was more commonly seen in neonate than non-neonate patients (26.1% vs. 7.0%, chi-square test, χ2 = 59.873, P < 0.0001).




Figure 1 | Common and less common symptoms and clinical signs in patients of different ages. (A) Common and less common symptoms in patients of different ages. (B) The common and less common clinical signs in patients of different ages.







3.3 Ancillary test results



3.3.1 Peripheral blood test results

All patients underwent routine blood and C-reactive protein (CRP) tests when first admitted to our hospital. The median blood white blood cell (WBC) count was 11.7 × 109/L (IQR 8.3 × 109/L–16.8 × 109/L, ranging from 1.3 × 109/L to 42.6 × 109/L) (normal reference range: 4.0 × 109/L–12.0 × 109/L). Blood WBC higher than the upper limit of normal values (ULN) was most commonly seen in 49.5% (415/838) of patients, including blood WBC in the range of 12.0 × 109/L to 20.0 × 109/L (34.4%) and ≥20.0 × 109/L (15.2%), followed by within normal reference range (45.0%, 377/838), and lower than the lower limit of normal values (LLN) (5.5%, 46/838). The median CRP was 36.49 mg/L (IQR 3.44–117.4 mg/L, ranging from 1.00 to 329.06 mg/L) (normal reference value: ≤8.2 mg/L). CRP higher than ULN was seen in 69.2% (580/838), with CRP >100 mg/L most commonly seen in 28.9%, followed by CRP belonging to (8.2 mg/L, 50.0 mg/L) (26.0%) and [50.0 mg/L, 100.0 mg/L] (14.3%). There were no significant differences in blood WBC and CRP in patients of different age groups (more details are shown in Table 1).


Table 1 | Clinical features of children with bacterial meningitis.






3.3.2 Initial CSF test results

Initial CSF WBC: For all patients, the median CSF WBC was 150 × 106/L (IQR 40 × 106/L, 650 × 106/L) (normal reference range: 0–15 × 106/L). Furthermore, 88.1% (738/838) of patients had CSF WBC higher than ULN, among which 52.6% (388/738) had neutrophils predominating, and CSF WBC belonged to (15 × 106/L, 100 × 106/L] in 30.1% (252/738), (100 × 106/L, 500 × 106/L] in 29.2% (245/738), (500 × 106/L, 1,000 × 106/L] in 8.8% (74/738), and >1,000 × 106/L in 19.9% (167/738). The CSF WBC in neonate patients and patients aged ≥12 months was significantly higher than in patients aged [29 days, 3 months), and there was no significant difference of the CSF WBC between neonate patients and patients aged ≥12 months (more details are shown in Table 1).

A total of 100 patients (11.9%) showed normal CSF WBC in combination with CSF protein increase and/or glucose decrease, while 63.0% of them received antibiotic treatment before the first CSF test and 84% were younger than 3 months with common symptoms like fever, lethargy, irritability, anorexia, and poor feeding. In brain MRI, 70% (70/100) showed leptomeningeal gadolinium enhancement, 14% (14/100) showed subdural effusion, and 3% (3/100) showed brain parenchymal involvement. Among the patients, 29.0% (29/100) were positive in bacterial culture, including a positive result in blood culture (n = 22) for Streptococcus agalactiae (n = 9), Klebsiella pneumoniae (n = 5), and Staphylococcus (n = 5) that was commonly seen and a positive result in CSF culture (n = 11) for Staphylococcus (n = 4), Streptococcus agalactiae (n = 2), and Enterococcus faecalis (n = 2) that was commonly revealed. Moreover, 42% (42/100) of the patients showed CSF WBC higher than ULN in subsequent CSF examinations, with a median CSF WBC which was 34 × 106/L (IQR 23 × 106/L-50 × 106/L), among which CSF WBC higher than ULN at 1 week after the initial CSF test was most commonly seen in 83.3% (35/42), followed by 2 and 3 weeks after the initial CSF test, seen in 9.5% (4/42) and 7.1% (3/42), respectively. The CSF WBC in 58 patients was always within normal range, among which 33 patients showed leptomeningeal gadolinium enhancement in brain MRI and 14 patients had positive bacterial culture, including 10 patients positive for blood culture with Streptococcus agalactiae as the most commonly seen, followed by Staphylococcus and four patients for CSF culture with Staphylococcus as the most commonly found.

Initial CSF glucose: For all patients, the initial CSF glucose was 1.76 ± 1.11 mmol/L (normal reference range: 2.8–4.2 mmol/L), and the CSF glucose was lower than LLN in 86.8% (727/838) and lower than 2.2 mmol/L in 57.8% (484/838). The CSF glucose in neonate patients was significantly lower than in patients aged [29 days, 12 months) and patients aged ≥12 months. There was no significant difference in the CSF glucose between patients aged [29 days, 12 months) and patients aged ≥12 months (more details are shown in Table 1).

The initial CSF glucose ≥2.8 mmol/L was seen in 111 patients (13.2%) accompanied by CSF protein increase and/or WBC increase, among which 15.3% (7/111) had the ratio of CSF glucose to peripheral blood glucose ≤0.4. Moreover, 78.4% (87/111) of these patients received antibiotic treatment before the first CSF test, and 85.6% (95/111) of these patients were younger than 1 year old. In brain MRI, 60.4% (67/111) showed leptomeningeal gadolinium enhancement, 16.2% (18/111) showed subdural effusion, and 5.4%% (6/111) showed brain parenchymal involvement. Among the patients, 29.7% (33/111) were positive in bacterial culture, including a positive result in blood culture (n = 24) for Streptococcus agalactiae (n = 7), Escherichia coli (n = 4), and Streptococcus pneumoniae (n = 3) as the most commonly seen and a positive result in CSF culture (n = 29) for Streptococcus agalactiae (n = 8) and Streptococcus pneumoniae (n = 6) as the most commonly revealed.

CSF glucose was lower than LLN in subsequent CSF examinations as seen in 88.3% (98/111) of patients and lower than 2.2 mmol/L in 28.8% (32/111), among which CSF glucose lower than LLN within 1 week after the initial CSF test was most commonly seen in 82.7% (81/98) and 1 week after the initial CSF test as seen in 17.3% (17/98). The CSF glucose in 13 patients was always within the normal range. Among these 13 patients, six patients (46.2%, 6/13) showed leptomeningeal gadolinium enhancement, two patients (15.4%, 2/13) showed subdural effusion in brain MRI, and four patients showed positive in bacterial culture, including Escherichia coli (n = 1) in bacterial blood culture and Streptococcus pneumoniae (n = 2) and Haemophilus influenzae (n = 1) in CSF bacterial culture.

Initial CSF protein: For all patients, the initial CSF protein was 2.03 ± 2.08 g/L (normal reference range: 0.15–0.45 g/L), and 96.9% (812/838) of patients had CSF protein higher than ULN, including CSF protein (0.45 g/L, ≤1.0 g/L] in 30.4% (255/838), (1.0 g/L, ≤2.0 g/L] in 41.3% (355/838), and >2.0 g/L in 27.3% (222/838). The CSF protein in neonate patients was significantly higher than in patients aged [29 days, 12 months) and patients ≥12 months (more details are shown in Table 1).

The initial CSF protein ≤0.45 g/L was seen in 26 patients (3.1%) accompanied by CSF WBC increase and/or CSF glucose decrease. Among these 26 patients, 80.8% (21/26) received antibiotic treatment before the first CSF test, 73.1% (19/26) were younger than 1 year old, and 26.9% (7/26) were positive for bacterial culture, including Streptococcus pneumoniae (n = 3), Streptococcus agalactiae (n = 2), Escherichia coli (n = 1), and Haemophilus influenzae (n = 1). At about 7 to 12 days after the first CSF test, 30.8% (8/26) of patients showed CSF protein higher than ULN, among which three patients were positive for bacterial culture including Escherichia coli (n = 2) and Streptococcus agalactiae (n = 1).




3.3.3 Bacterial culture results

Among the patients, 38.7% (324/838) were positive in bacterial culture, including positive blood bacterial culture in 21.8% (183/838) and positive CSF bacterial culture in 29.6% (248/838). A total of 107 patients (32.9%, 107/324) were positive in both blood and CSF bacterial culture, among which 103 patients (96.3%, 103/107) had the same bacteria in blood culture and CSF culture. The blood culture and CSF culture were different for bacteria in four patients (0.5%, 4/107), of which three patients were neonates, and the results of the blood cultures in the other hospital before their admission to our hospital revealed Streptococcus agalactiae, Escherichia coli, and Staphylococcus epidermidis respectively, and the CSF culture results in our hospital revealed Staphylococcus epidermidis and Staphylococcus epidermidis and Escherichia coli, respectively. The remaining patient was a 4-month-old infant, and our hospital’s blood culture and CSF culture results revealed Staphylococcus epidermidis and Salmonella agona, respectively.

CSF bacterial culture: Among the patients, 21.8% (183/838) were positive in CSF bacterial culture, including positive results from the other hospital before admission to our hospital (n = 34) and from our hospital (n = 149). The pathogenic bacteria of the 183 children with positive CSF bacterial culture were mainly Streptococcus agalactiae (27.3%, 50/183), Escherichia coli (26.8%, 49/183), and Streptococcus pneumoniae (23.0%, 42/183) (more details are shown in Supplementary Table S1). Another 42 patients were positive for CSF bacterial culture with less common pathogenic bacteria (shown in Supplementary Table S1). The CSF bacterial culture positive rate in patients receiving antibiotic treatment before CSF examination was significantly lower than in patients who were not (14.1% vs. 25.1%, P < 0.0001). The CSF bacterial culture positive rate in patients aged ≥12 months was significantly higher than that in patients aged [29 days, 12 months) but was not different from that in neonates. Furthermore, the CSF bacterial culture positive rate in neonate patients was also not different from that in patients aged [29 days, 12 months) (more details are shown in Table 1).

CSF bacterial culture results in patients of different ages: In neonates and patients aged [29 days, 3 months), the most common pathogenic bacterium was Streptococcus agalactiae, followed by Escherichia coli; in patients aged [3 months, 12 months), it was Streptococcus pneumoniae that was most commonly seen, followed by Escherichia coli; in patients ≥12 months, Streptococcus pneumoniae accounts for the vast majority (details are shown in Figure 2A).




Figure 2 | Bacterial culture results in patients of different ages. (A) Cerebrospinal fluid bacterial culture results in patients of different ages. “Other” bacteria in neonate including Streptococcus pasteurianus (n = 1), Staphylococcus epidermidis (n = 3), Enterobacter aerogenes (n = 1), Acinetobacter baumannii (n = 1), Klebsiella pneumoniae (n = 2), Enterococcus faecalis (n = 1), Staphylococcus aureus (n = 1), Achromobacter xylosoxidans (n = 1), Elizabethkingia meningosepticum (n = 4), Staphylococcus haemolyticus (n = 2), Enterococcus faecium (n = 1), Pseudomonas aeruginosa (n = 1), Serratia marcescens (n = 1). “Other” bacteria in patients aged [29 days, 3 months) including Salmonella agona (n = 1), Staphylococcus epidermidis (n = 1), Klebsiella pneumoniae (n = 1), Streptococcus pneumoniae (n = 1), Enterococcus faecalis (n = 1), Streptococcus gallolyticus (n = 1), Staphylococcus aureus (n = 2), Elizabethkingia meningosepticum (n = 1), coagulase-negative Staphylococcus (n = 1), Staphylococcus haemolyticus (n = 1), Enterococcus faecium (n = 2), Staphylococcus cohnii (n = 1). “Other” bacteria in patients aged [3 months, 12 months) including Salmonella agona (n = 1), Haemophilus influenzae(n = 1), Staphylococcus haemolyticus (n = 1), Pseudomonas aeruginosa (n = 1), Salmonella paratyphi B (n = 1). “Other” bacteria in patients ≥1 year old including Listeria monocytogenes (n = 1), Haemophilus influenzae (n = 1), Streptococcus milleri (n = 1), Sphingomonas paucimobilis (n = 1). (B) Blood bacterial culture results in patients of different ages. “Other” bacteria in neonate including Staphylococcus epidermidis (n = 3), Enterobacter aerogenes (n = 1), Listeria monocytogenes (n = 1), Klebsiella pneumoniae (n = 6), Staphylococcus aureus (n = 1), Elizabethkingia meningosepticum (n = 5), Proteus mirabilis (n = 1), Staphylococcus hominis (n = 1), Staphylococcus haemolyticus (n = 1), Staphylococcus schleiferi (n = 2), Enterobacter cloacae (n = 1), Serratia marcescens (n = 2). “Other” bacteria in patients aged [29 days, 3 months) including Staphylococcus epidermidis (n = 2), Klebsiella pneumoniae (n = 5), Enterococcus faecalis (n = 1), Staphylococcus aureus (n = 4), Elizabethkingia meningosepticum (n = 1), coagulase-negative Staphylococcus (n = 2), Proteus mirabilis (n = 1), Staphylococcus hominis (n = 2), Staphylococcus haemolyticus (n = 3), Enterococcus faecium (n = 1), Staphylococcus Warneri (n = 1), Serratia marcescens (n = 1). “Other” bacteria in patients aged [3 months, 12 months) including Staphylococcus hominis (n = 1). “Other” bacteria in patients ≥1 year old including Haemophilus influenzae (n = 1), Staphylococcus hominis (n = 1).



Blood bacterial culture: Among the patients, 29.6% (248/838) were positive in blood bacterial culture, including positive results from the other hospital before admission to our hospital (n = 96) and from our hospital (n = 152). The pathogenic bacteria of the 248 children with positive blood bacterial culture were mainly Streptococcus agalactiae (41.5%, 103/248), Escherichia coli (25.8%, 64/248), Streptococcus pneumoniae (11.7%, 29/248), and Staphylococcus (10.5%, 24/248) (more details are shown in Supplementary Table S1). Another 57 patients were positive for blood bacterial culture with less common pathogenic bacteria (shown in Supplementary Table S1). The blood bacteria culture positive rate in patients receiving antibiotic treatment before blood examination was significantly lower than that in patients who were not (11.3% vs. 31.9%, P < 0.0001). The blood bacterial culture positive rate in neonate patients was significantly higher than in patients aged [29 days, 12 months) but was not different from that in patients ≥12 months. Furthermore, there was no significant difference in the blood bacterial culture positive rate in patients aged [29 days, 12 months) and patients ≥12 months (more details are shown in Table 1).

Blood bacterial culture results in patients of different ages: In neonates and patients aged [29 days, 3 months), the most common pathogenic bacterium was Streptococcus agalactiae, followed by Escherichia coli; in patients aged [3 months, 12 months), Streptococcus pneumoniae was most commonly seen, followed by Escherichia coli; in patients ≥1 year old, Streptococcus pneumoniae accounts for the vast majority (details are shown in Figure 2B).





3.4 Neuroimaging examination

Among the patients, 96.0% (804/838) underwent brain MRI examination, and 80.1% (644/804) of the patients had abnormal brain MRI, with leptomeningeal gadolinium enhancement most commonly seen in 64.6% (519/804), followed by subdural effusion in 19.8% (159/804), brain parenchymal involvement in 11.9% (96/804), and ventriculomegaly in 9.3% (75/804). The frequency of leptomeningeal gadolinium enhancement, subdural effusion, and brain parenchymal involvement in patients aged [29 days, 12 months) was higher than that in neonate patients and patients ≥12 months, but there were no differences between neonate patients and patients ≥12 months (more details are shown in Table 1). The frequency of sequela in patients with brain parenchymal involvement was significantly higher in patients without brain parenchymal involvement (28.1% vs. 10.0%, P < 0.001). Only eight patients underwent brain CT examination, and abnormal brain CT results included cerebral edema (n = 3), hydrocephalus (n = 3), leptomeningeal enhancement (n = 3), and brain parenchymal involvement (n = 2). A total of 34 patients did not undergo brain MRI examination, among which four patients could not undergo it for death, three patients had severe conditions and unstable vital signs, 13 patients had poor compliance and discharge, and in the remaining 14 neonate patients it was for unknown reasons.




3.5 Neuroelectrophysiological examination

Among the patients, 73.7% (618/838) underwent EEG examination, and the EEG results showed abnormalities in 38.3% (237/618) of patients, with slow wave (18.6%,115/618) and epileptic discharge (16.8%,104/618) being commonly seen. In addition, clinical seizures were detected in 4.0% (25/618) of patients, electrical seizures in 3.4% (21/618), and low voltage in 2.4% (15/618). The frequency of slow wave and epileptic discharge in patients aged ≥12 months was significantly higher than in neonate patients and patients aged [29 days, 12 months), but there were no differences between neonate patients and patients aged ≥12 months (more details are shown in Table 1).

Among the patients, 87.4% (732/838) underwent audiological assessment, including otoacoustic emissions in 175 patients (20.9%,175/838), of which they were all neonate, and the results were all normal and BAEP in 557 patients (66.7%, 557/838). Moreover, 52.2% (385/737) of patients had abnormal BAEP, with threshold increase most commonly seen in 99.5% (383/385) of patients, followed by latency prolonged in 10.1% (39/385), threshold increase accompanied by latency prolonged in 9.6% (37/385), and only latency prolonged in two patients. According to the hearing impairment classification, 52.0% (383/737) of the patients had hearing impairment, and mild and moderate hearing impairment were mainly found in 24.7% (182/737) and 22.4% (165/737) of the patients, respectively. Besides that, severe and profound hearing impairment was seen in 4.9% (36/737). The ratio of patients with severe and profound hearing impairment in neonates and patients aged ≥12 months was significantly higher than in patients aged [29 days, 12 months), but there was no difference in neonates and patients aged ≥12 months (more details are shown in Table 1). Latency prolonged was most commonly seen in III wave together with the V wave (46.2%,18/39), followed by only the I wave (23.1%,9/39) and only the III wave (17.9%,7/39).




3.6 Diagnosis

Among all 838 patients, 38.7% (324/838) of the patients were diagnosed with BM with proven bacteria, 14.9% (125/838) of the patients were diagnosed with BM with negative bacterial culture, 34.8% (290/838) of the patients were diagnosed as probable BM, and 11.8% (99/838) of the patients were diagnosed as suspected BM.




3.7 Comorbidity

Ten patients (1.2%, 10/838) had CSF fistula, including CSF rhinorrhea (n = 9) and CSF otorrhea (n = 1). Furthermore, 70.0% (7/10) of these 10 patients experienced recurrent BM (more details are shown in Supplementary Data S1).

Three patients had immunodeficiency disease, among which one patient was diagnosed with severe immunodeficiency disease (T and B lymphocyte deficiency) and died during hospitalization, one patient was diagnosed as probable with primary immunodeficiency disease and was followed for 6.5 years with one recurrence at the 4th year of follow-up, and another patient was diagnosed as X-linked agammaglobulinemia and was followed for 2.5 years without recurrence, which was reported in our previous study (more details are shown in Supplementary Data S2) (Zhang et al., 2019).

Upon combining physical examination and MRI, the results showed that one patient had a cranial structural abnormality of occipital meningocele (n = 1), and four patients had spinal structural abnormalities, including sacrococcygeal latent hairy sinus (n = 2) and meningomyomyelocele (n = 2). Of these five patients with cranial or spinal structural abnormalities, three patients were positive for bacterial culture, including two patients for Escherichia coli and one patient for Pseudomonas aeruginosa with multidrug resistance.




3.8 Complications

Subdural effusion was found in 19.8% (159/804) of patients, most of which (73.9%, 117/159) were improved with conservative medical therapy, while the others (26.4%, 42/159) needed surgical intervention. Ependymitis was found in 0.7% (6/804) of patients, among which five were neonates and one was 3 months old. Besides that, ventriculomegaly was found in 9.3% (75/804) of patients, among which 42.7% (32/75) received ventricular shunt treatment. On examination upon admission, hyponatremia was found in 34.6% (290/838) of the patients. The frequency of subdural effusion in patients aged [29 days, 12 months) was significantly higher than in neonate patients and patients aged ≥12 months, but there was no difference in neonate patients and patients ≥12 months. There was no difference in ependymitis, ventriculomegaly, and hyponatremia between patients of different ages (more details are shown in Table 1).




3.9 Treatment



3.9.1 Antibiotic treatment

Empiric antibiotic treatment was given to all patients before the causative bacteria were identified, and the antimicrobial agent was adjusted according to the susceptibility results if the pathogen was identified. The antibiotic treatment for patients of different ages is shown in Figures 3 and 4. For patients of different age groups, antibiotic combination treatment was more common than single antibiotic treatment, and meropenem in combination with another antibiotic was the most commonly used, especially meropenem in combination with vancomycin. Moreover, meropenem was also the most commonly used in single antibiotic treatment. Besides that, in non-neonate patients, the third-generation cephalosporin used alone is also common.




Figure 3 | Percent of patients of different ages receiving antibiotic combination or alone treatment. (A) For neonate patients, 37.0% received one antibiotic alone, and the other 63.0% received antibiotic combination treatment. Among patients receiving only a single antibiotic, meropenem was the most commonly used, and the remaining antibiotics included the third generation of cephalosporin, vancomycin and linezolid. (B) For patients aged [29 days, 12 months], 18.8% received one antibiotic alone, and the other 76.4% received antibiotic combination treatment. Among patients receiving only a single antibiotic, meropenem was the most commonly used, followed by the third generation of cephalosporin, and the remaining antibiotics included vancomycin and linezolid. (C) For patients aged ≥3 months, 13.7% received one antibiotic alone, and the other 86.3% received antibiotic combination treatment. Among patients receiving only a single antibiotic, meropenem was the most commonly used, followed by the third generation of cephalosporin, and the remaining antibiotics included vancomycin (n = 4), linezolid, and cefepime.






Figure 4 | Antibiotic combination treatment in patients of different ages. (A) For neonate patients receiving antibiotic combination treatment, meropenem combination with another antibiotic was the most commonly used, followed by penicillin, and the remaining antibiotics included vancomycin, the third generation of cephalosporin, linezolid, and cefepime, and meropenem combination with vancomycin treatment was used mostly. (B) For patients aged [29 days, 12 months) who received antibiotic combination treatment, meropenem combination with another antibiotic was the most commonly used, followed by vancomycin, and the remaining antibiotics included penicillin, the third generation of cephalosporin, linezolid, and cefepime, and meropenem combination with vancomycin treatment was used mostly. (C) For patients aged ≥3 months receiving antibiotic combination treatment, meropenem combination with another antibiotic was the most commonly used, followed by vancomycin, and the remaining antibiotics included penicillin, the third generation of cephalosporin, linezolid, and cefepime, and meropenem combination with vancomycin treatment was used mostly.



For all patients, the median duration of antibiotic treatment was 36 days (IQR: 25–36 days); for pathogen-bacteria-negative, it was 33 days (IQR: 23–54 days); for Streptococcus agalactiae, it was 58 days (IQR: 48.0–94.5 days), for Escherichia coli, it was 46 days (IQR: 34.75–64.5 days), and for Streptococcus pneumoniae, it was 36 days (IQR: 24.0–44.0 days).




3.9.2 Other treatments

Dexamethasone (0.15 mg/kg day per 6 h for 4 days or 0.4 mg/kg day per 12 h for 2 days) was used in 12.3% (103/838) of the patients at the early acute stage. In addition, 9.5% (80/838) of the patients were admitted to ICU for advanced life support. Moreover, 9.9% (83/838) of the patients received surgical treatment, including subdural effusion drainage (n = 25), subdural effusion dissection (n = 17), excision of brain abscess (n = 3), ventriculoperitoneal shunting (n = 10), external ventricular drainage (n = 20), intracerebral hematoma evacuation (n = 6), myelomeningocele repair with release of tethered spinal cord (n = 2), and resection of pilose sinus in sacrococcygeal region (n = 1). For hearing impairment patients, two patients needed hearing aid installation treatment, among which one patient has already received hearing aid installation treatment, and six patients needed cochlear implantation, among which five patients received cochlear implantation and one was unable to have a cochlear implant installed due to severe cochlear polarization.





3.10 Outcome

For GOS at discharge, most of the patients (92.0%, 771/838) got 5 points, and between 2 and 4 points was seen in 1.2% (10/838) and 6.8% (57/838), respectively. The frequency of patients with GOS of 5 points was most commonly seen in patients aged [29 days, 12 months), which was 95.8%, followed by neonate patients with 90.4%, but in patients ≥12 months it was 78.5% (more details are shown in Table 1). Ten patients (1.2%, 10/838) died during hospitalization, among which six patients were positive for bacterial culture with Streptococcus pneumoniae (n = 2), and Streptococcus agalactiae (n = 2) was the most common bacterial pathogen, followed by Escherichia coli (n = 1) and Staphylococcus aureus (n = 1). The median time to death was 9 days (IQR: 5–16.5 days) after onset, and sepsis (n = 7) was the most common cause of death. The fatality rate during hospitalization in patients <1 year old was not different from patients >1 year old (1.2% vs. 1.3%, P = 0.611).




3.11 Follow-up

Of 828 patients who survived at discharge, 8% (66/828) of the patients were lost to follow-up. For 762 patients (92%) who were followed up, the median duration of follow-up was 52 months (IQR: 35–71 months, ranging from 10 to 95 months), and six patients gave up continuous treatment for poor compliance, and all of them died. Subsequently, the total fatality rate was 1.9% (16/838), and 10.7% (81/756) of the surviving patients at follow-up had sequela. The common sequela included delayed motor development (42.0%, 34/81), paralysis and/or dystonia (17.3%, 14/81), poor cognitive or intellectual disability (17.3%, 14/81), epilepsy (14.8%, 12/81), hearing impairment (14.8%, 12/81), with seven patients positive for Streptococcus pneumoniae, and speech disturbance (12.4%, 10/81). The less common sequela included epileptic attack only once (6.2%, 5/81), hyperactivity disorder (4.9%, 4/81), autism spectrum disorder (1.2%, 1/81), and visual disorder (1.2%, 1/81). There was no significant difference in the rate of sequela in patients of different ages (more details are shown in Table 1). Furthermore, 1.6% (12/756) of the surviving patients at follow-up experienced recurrent BM, with a total of 29 episodes of BM, including 19 BM episodes with proven bacteria, eight BM episodes with negative bacterial culture, and two BM episodes in a transferred patient without bacterial culture results of the first two episodes of BM in another hospital. Among 19 BM episodes with proven bacteria, Streptococcus pneumoniae was the most commonly seen in 68.4% (13/19), followed by Escherichia coli (n = 2) and Staphylococcus epidermidis (n = 1). The median onset age of patients experiencing recurrent BM was 6 years old (IQR: 2–7 years old). Moreover, 75.0% (8/12) of the patients experiencing recurrent BM had predisposing conditions, including seven patients with CSF fistula and one patient with X-linked agammaglobulinemia. Nine patients experienced one recurrence of BM, while the other three patients experienced two recurrences of BM, and all of them had CSF fistula. The median interval between the completion of therapy for the initial episode of BM to the second episode of BM was 1 month (IQR: 10–26 months, ranging from 0.75 to 36 months). Furthermore, 41.7% (5/12) of the patients experiencing recurrent BM had sequela.




3.12 Risk factors of ICU admission in the first hospitalization

A total of 80 patients (9.5%, 80/838) were admitted to ICU. On univariate analysis, the risk factors associated with admission to ICU were having been born prematurely, seizure, impaired consciousness, positive for Streptococcus pneumoniae in blood culture, blood WBC <4 × 109/L, blood CRP >50 mg/L, initial CSF WBC >1,000 × 106/L, initial CSF protein >2.0 g/L, and initial CSF glucose <1.0 mmol/L. On multivariate analysis, having been born prematurely, seizure, impaired consciousness, blood WBC <4 × 109/L, blood CRP >50 mg/L, and initial CSF protein >2.0 g/L were independent risk factors of ICU admission (more details are shown in Table 2).


Table 2 | Risk factors of ICU admission in the first hospitalization.






3.13 Risk factors of brain parenchymal involvement

Brain MRI found brain parenchymal involvement in 11.9% (96/804) of patients. On univariate analysis, the risk factors associated with brain parenchymal involvement were Streptococcus pneumoniae or Streptococcus agalactiae in blood bacterial culture, Streptococcus pneumoniae, Escherichia coli, or Streptococcus agalactiae in CSF bacterial culture, blood WBC <4 × 109/L or ≥20 × 109/L, blood CRP >50 mg/L, initial CSF WBC ≥500 × 106/L, initial CSF protein >2.0 g/L, and initial CSF glucose <2.0 mmol/L. On multivariate analysis, blood WBC <4 × 109/L, blood CRP >50 mg/L, initial CSF WBC >1,000 × 106/L, and initial CSF protein >2.0 g/L were independent risk factors of brain parenchymal involvement (more details are shown in Table 3).


Table 3 | Risk factors of brain parenchymal involvement.






3.14 Risk factors of subdural effusion

Brain MRI found subdural effusion in 19.8% (159/804) of the patients. On univariate analysis, the risk factors associated with subdural effusion were as follows: patients aged [29 days, 1 year old), seizure, Escherichia coli in blood bacterial culture, Escherichia coli in CSF bacterial culture, and blood CRP >50 mg/L. On multivariate analysis, patients aged [29 days, 1 year old), seizure, Escherichia coli in blood bacterial culture, and blood CRP >50 mg/L were independent risk factors of subdural effusion (more details are shown in Table 4).


Table 4 | Risk factors of subdural effusion.






3.15 Risk factors of severe and profound hearing impairment

Severe and profound hearing impairment was seen in 36 patients (6.5%, 36/557). On univariate analysis, the risk factors associated with severe and profound hearing impairment were as follows: patients aged ≥1 year old, impaired consciousness, movement disorder (paralysis and/or dystonia), vomiting, blood WBC >20 × 109/L, initial CSF WBC >1000 × 106/L, initial CSF glucose <1.0 mmol/L, initial CSF protein >2.0 g/L, Streptococcus pneumoniae or Escherichia coli in blood bacterial culture, and Escherichia coli in CSF bacterial culture. On multivariate analysis, movement disorder and Streptococcus pneumoniae or Escherichia coli in blood bacterial culture were independent risk factors of severe and profound hearing impairment (more details are shown in Table 5).


Table 5 | Risk factors of severe and profound hearing impairment.







4 Discussion

We found that pediatric BM was more common in patients under 1 year old, accounting for 90.6%, especially newborns and infants under 3 months, accounting for 72.9%. The age of onset was similar to that of a previous study (Shinjoh et al., 2017). We also found that the high-occurrence season was summer (37.0%), which was similar to the study of Li et al. about adult and pediatric BM from four provinces in China, where the high-occurrence period was from July to August (Li et al., 2014). The high-occurrence period in our study was different from studies in other countries. BM peaks during the dry season in Africa (about from May to October in the south of the equator, October to May in the north of the equator), May to October in Brazil, and December to March in the USA, France, and the UK (Paireau et al., 2016). The differences in the high-occurrence periods across countries may be attributed to varying climate conditions. Studying the high-occurrence period is beneficial to develop prevention and control strategies for BM, but regional differences must be considered. CSF fistula and immunodeficiency are risk factors for BM (Brouwer et al., 2010; Zhang et al., 2019). In our study, 1.2% of the patients had CSF fistula, among which most (70.0%) had recurrent BM and 0.4% of the patients had immunodeficiency, in which both the recurrence and the fatality rate were as high as 33.3%.

In our study, fever was the most common symptom in patients of all ages. The second most common symptom in patients <3 years old was a seizure, while in patients ≥3 years old it was vomiting. However, in previous studies, fever was the most common symptom in BM patients, except for neonate patients, whose ratio of patients with fever was 6% to 39% (van de Beek et al., 2016b). In our study, fever was also the most common symptom in neonate patients, accounting for 86.0%. The high proportion of neonates with fever in our study may be associated with transferred patients in our study and our clinical practice in dealing with neonates with fever. In our study, 266 patients (27.0%, 226/838) were initially diagnosed with BM in other hospitals and then transferred to our hospital for poor treatment response, and some of them still had fever. For neonate patients with fever in our hospital, suggesting the CSF examination was determined by the risk of infection in the perinatal period, such as the duration of premature rupture of membranes before birth, testing for group B Streptococcus, and fever in pregnant mothers, as well as the presence of classic or atypical symptoms of BM, including dyspnea in neonate patients. Besides that, the frequency of vomiting increasing with age in our study was similar to that of another study (van de Beek et al., 2016b). A total of 70 patients with bacterial meningitis caused by Streptococcus agalactiae, Streptococcus pneumoniae, or Escherichia coli from 2015 to 2018 have been reported in a previous study which showed similar clinical features with the patients in this study (Chen et al., 2022).

The typical CSF change in BM are WBC and protein increase accompanied by glucose decrease. The CSF WBC often increases to 1,000–5,000 × 106/L and can also be lower than <100 × 106/L or higher than >10,000 × 106/L, with neutrophils predominating and about 10% of the patients with lymphocyte predominating (Tunkel et al., 2004). In our study, the median CSF WBC was 150 × 106/L (IQR: 40 × 106/L,650 × 106/L). Moreover, 88.1% of the patients had CSF WBC higher than ULN, among which 52.6% had neutrophils predominating. The majority of the patients in our study had typical CSF WBC increase, but only 52.6% of their WBC was neutrophils predominating. The early stage of BM or antibiotic treatment before CSF examination can cause lymphocyte predomination in CSF WBC classification (Visintin et al., 2010). In addition, 31.7% of the patients were transferred to our hospital and received antibiotic treatment before CSF examination, which may cause the related lower ratio of patients in our study to show neutrophils predominating in CSF WBC. Besides that, we found that 11.9% of the patients showed normal CSF WBC accompanied by CSF protein increase and/or CSF glucose decrease. Moreover, 42.0% of these patients showed a CSF WBC increase, among which 1 week after the initial CSF test was the most commonly seen in 83.3%. In previous studies, a normal or slight increase of CSF WBC was also found in BM patients with positive CSF bacterial culture, especially in patients with septic shock, which may be associated with the initial CSF sample taken before inflammation in brain initiation or the immune response suppressed under severe infection (Georget-Bouquinet et al., 2008; Heckenberg et al., 2008; van de Beek et al., 2016a). In our study, majority of the patients (84%) with normal initial CSF WBC were younger than 3 months, and their immune systems were immature. Additionally, antibiotic treatment prior to CSF examination may prevent a significant increase in CSF WBC in BM patients. It is worth noting that 63.0% of these 100 patients received antibiotic treatment. Therefore, BM should not be excluded based solely on normal CSF WBC for patients suspected of BM, especially for patients younger than 3 months. Comprehensive judgment should be made by combining factors of antibiotic treatment before lumbar puncture, other CSF examination results like protein and glucose, bacterial culture results, and brain MRI. Re-examination of CSF 1 week after the initial examination sometimes is often necessary.

The CSF glucose decrease in BM is related to both the bacterial consumption and inflammatory cells in the CSF as well as the reduced glucose transport capacity of the blood–brain barrier on the other (Viola, 2010; Baud et al., 2018). In our patients, the initial CSF glucose was 1.76 ± 1.11 mmol/L. The CSF glucose in neonate patients was significantly lower than in patients aged [29 days, 12 months) and patients aged ≥12 months. Moreover, the CSF WBC and protein in neonate patients were also significantly higher than in patients aged [29 days, 12 months). The CSF protein in neonate patients was also significantly higher than in patients aged ≥12 months. These findings suggest that the inflammatory response in neonate patients is more severe than in non-neonate patients, leading to lower CSF glucose in neonate patients. CSF glucose not lower than LLN was found in 13.2% of the patients, and CSF glucose lower than LLN in subsequent CSF examinations was seen in 88.3% of the patients, among which CSF glucose lower than LLN within 1 week after the initial CSF test was most commonly seen. Previous studies found normal CSF glucose in BM patients with positive CSF bacterial cultures (Garges et al., 2006; Georget-Bouquinet et al., 2008; Heckenberg et al., 2008). The initial CSF glucose within the normal range may be associated with the ability of the body to maintain glucose homeostasis in the early stage of the disease. In addition, we found that the initial CSF protein was 2.03 ± 2.08 g/L, and CSF protein increase was seen in most patients (96.9%), which was consistent with the typical CSF protein change in BM. Atypical CSF change can complicate the diagnosis of BM, and when interpreting the CSF examination, the patient’s age and antibiotic treatment should be considered. Typical CSF change may also be observed 1 week after the initial CSF examination for some patients.

Bacterial cultures in blood and CSF are important evidence for diagnosing BM. The positive rate of bacterial culture in our study was 38.7%, similar to the study of Guo et al., a retrospective study of pediatric BM from Beijing in China, which was 43.3% (Guo et al., 2016). Dalton et al. and Allison et al. found that antibiotic treatment before bacterial culture can reduce a positive bacterial culture significantly (Dalton and Allison, 1968). We also found that the CSF bacterial culture positive rate in patients receiving antibiotic treatment before CSF examination was significantly lower than in patients not receiving antibiotic treatment as well as in blood bacterial culture. Besides that, we found that the CSF bacterial culture positive rate in patients aged ≥12 months was significantly higher than that in patients aged [29 days, 12 months). The CSF WBC was positively related to the bacterial load (Puccioni-Sohler and Brandão, 2007). We found that the initial CSF WBC of the patients aged ≥12 months was significantly higher than in patients aged [29 days, 12 months). These suggested a higher positive CSF bacterial culture in patients ≥1 year old than in patients aged [29 days, 12 months), which may associate with a higher bacteria load in patients ≥1 year old.

The pathogen bacteria of pediatric BM varied by region, patient’s age, and immune status (van de Beek et al., 2016b). It was also affected by the meningitis vaccines used after the end of the 20th century (Parikh et al., 2020). We found that the pathogenic bacteria in CSF and blood were mainly Streptococcus agalactiae, Escherichia coli, and Streptococcus pneumoniae. The common pathogenic bacteria in our study were similar to that of a multicenter retrospective study of pediatric bacterial meningitis in Japan, in which the main pathogenic bacteria were also Streptococcus agalactiae, Streptococcus pneumoniae, and Escherichia coli (Shinjoh et al., 2020). For patients of different ages, we found that the common pathogenic bacteria in CSF and blood bacterial culture was the same: in neonates and patients aged [29 days, 3 months), the most common pathogenic bacteria were Streptococcus agalactiae, followed by Escherichia coli; in patients aged [3 months, 12 months), Streptococcus pneumoniae was most commonly seen, followed by Escherichia coli; in patients ≥1 year old, Streptococcus pneumoniae accounts for the vast majority. The main pathogenic bacteria in patients of different ages in our study was consistent with that of a multicenter retrospective study of pediatric bacterial meningitis in China (Li et al., 2018). In Europe, the USA, Canada, and other developed countries, the common pathogenic bacteria in newborns are Streptococcus agalactiae, Escherichia coli, and Listeria monocytogenes and in patients ≥1 month are Streptococcus pneumoniae, Neisseria meningitidis, and Haemophilus influenzae (Thigpen et al., 2011; Le Saux, 2014; van de Beek et al., 2016b). In contrast, we found only two patients positive for Listeria monocytogenes and three for Haemophilus influenzae and none for Neisseria meningitis (Supplementary Table S1). Listeria monocytogenes, Haemophilus influenzae, and Neisseria meningitis were also rare in BM patients in another study from China (Li et al., 2018). The different results of common pathogenic bacteria in patients of different ages that varied in our study against those in Europe, the USA, Canada, and other developed countries may be due to regional differences.

BM is an acute and devastating infection that can lead to severe sequela and mortality if diagnosis and treatment are delayed (Zainel et al., 2021). Therefore, timely and appropriate empiric antibiotic treatment before the causative bacteria were identified is important. The choice of empiric antibiotic treatment varied depending on region, antimicrobial resistance, and age of the patient (Sakata et al., 2010; Le Saux, 2014; Subspecialty Group of Neurology tSoPCMA, 2019). The BM treatment guidelines in China recommend that for neonate patients, ampicillin plus the third generation cephalosporin is used, and when drug-resistant Escherichia coli are considered, vancomycin plus meropenem is used (Subspecialty Group of Neurology tSoPCMA, 2019). On the other hand, for patients older than 1 month, the third generation of cephalosporin plus vancomycin is used, and when drug-resistant Escherichia coli is considered, vancomycin plus meropenem is used. In China, the resistance rate of Escherichia coli to the third generation of cephalosporin in tertiary hospitals is high, and the resistance rate of Streptococcus pneumoniae, which causes meningitis, to penicillin and the third generation of cephalosporin is also high (Li et al., 2018; Subspecialty Group of Neurology tSoPCMA, 2019). Our hospital was a tertiary hospital, and some of our patients received antibiotic treatment with the third generation of cephalosporin, most commonly before being admitted to our hospital and have not improved and then were transferred to our hospital (Li et al., 2018; Subspecialty Group of Neurology tSoPCMA, 2019). In our study, antibiotic combination treatment was more common than single antibiotic treatment, and meropenem combined with another antibiotic was the most commonly used, especially for meropenem combined with vancomycin for patients of different ages. Meropenem, frequently used in our study, was associated with the high resistance rate of bacteria in tertiary hospitals in China and proper treatment response for transferred patients.

Advanced life support is essential for BM patients for complications with septic shock, status epilepticus, or respiratory failure. Liang et al. found that the risk factor of admission to ICU included Streptococcus pneumoniae, leukopenia, and the ratio of CSF glucose to the peripheral blood glucose lower than 0.25 in BM patients with proven bacteria (Wee et al., 2016). We found on multivariate analysis that having been born prematurely, seizure, impaired consciousness, blood WBC <4 × 109/L, blood CRP >50 mg/L, and initial CSF protein >2.0 g/L were independent risk factors of admission to ICU. Leukopenia as the risk factor of admission to the ICU was similar to the study of Liang et al., while the other risk factors of admission to the ICU in our study were different, which may be caused by the difference in study subjects. In other studies, having been born prematurely, seizure, and impaired consciousness were found to be the risk factors of death, suggesting that patients who were born prematurely, seizure, and impaired consciousness are more likely to present unstable vital signs and need advanced life support in ICU (Olson et al., 2015; Okike et al., 2018). Blood CRP and CSF protein are associated with the severity of inflammation reactions. For patients, especially newborns, severe inflammatory response to infection can lead to septic shock and increases the chance of ICU admission (Keane et al., 2015; Mohamed et al., 2017; Mao et al., 2018).

Brain parenchymal involvement in BM is associated with disease severity and sequela (Packer et al., 1982; Sellner and Leib, 2006; Oliveira et al., 2014). In previous studies of BM, brain parenchymal involvement was seen in 10% to 40% of the patients (Packer et al., 1982; Oliveira et al., 2014). The brain parenchymal involvement in our patients was 11.9%, and the frequency of sequela in patients with brain parenchymal involvement was significantly higher than in patients without. Besides that, we found that blood WBC <4 × 109/L, blood CRP >50 mg/L, initial CSF WBC >1,000 × 106/L, and initial CSF protein >2.0 g/L were independent risk factors of brain parenchymal involvement. These risk factors were associated with the severity of inflammation after infection and suggested that the inflammation extends to the brain’s parenchyma and induces cerebritis (Packer et al., 1982).

Subdural effusion is one of the most common complications of BM, and its frequency can be as high as 40%–50%, among which 20% need a surgical intervention (Oliveira et al., 2014; Hsu et al., 2018). In our study, 19.0% of the patients are complicated with subdural effusion, and 26.4% need a surgical intervention. Vasiliki et al. found that seizure, leukopenia, low CSF glucose, high CSF protein, and positive blood culture were risk factors of subdural effusion (Vasilopoulou et al., 2011). Our study found that patients aged [29 days, 1 year old), seizure, Escherichia coli in blood bacterial culture, and blood CRP >50 mg/L were independent risk factors of subdural effusion. The factors leading to subdural effusion development in BM are unknown. Various mechanisms, including arachnoid rupture, impaired blood–brain barrier function, and cerebral atrophy, may be involved in the development of subdural effusion (Lee et al., 1994). High CRP and Escherichia coli in blood bacterial culture were risk factors for subdural effusion that may be associated with blood–brain barrier function impairment caused by interleukin 6 or nitric oxide (Al-Obaidi and Desa, 2018; Liu et al., 2020).

Hearing impairment is another common sequela of BM, accounting for 5%–54% of the patients, among which 2%–5% were severe and with profound hearing impairment (Rodenburg-Vlot et al., 2016; van de Beek et al., 2016b; van Ettekoven et al., 2017). In our study, 52.2% of the patients had hearing impairment, and 4.9% had severe and profound hearing impairment. Hearing impairment in BM is associated with the types of infectious bacteria and is most commonly seen in patients with Streptococcus pneumoniae infection, in which it can be as high as 36.5% (Kutz et al., 2006). In addition, in previous studies, CSF glucose lower than 0.6 mmol/L, high CSF protein, and the presence of neurological deficits are risk factors for hearing impairment (Gupta, 1993). Among the risk factors of severe and profound hearing impairment, besides movement disorder and Streptococcus pneumoniae being reported in previous studies, we found that Escherichia coli in blood bacterial culture was also a risk factor.

In our study, hyponatremia was found in 34.6% of the patients on admission examination in our hospital, which was lower than that in the study of Zheng et al. about hyponatremia in children with BM, which was 66.4% (Zheng et al., 2019). Furthermore, 31.7% (266/838) of the patients in our study were initially diagnosed with BM in other hospitals and then transferred to our hospital. That the hyponatremia in some of these transferred patients has been corrected before their admission to our hospital may account for the lower ratio of patients with hyponatremia in our study. In total, hyponatremia is commonly seen in children with BM. Besides that, the study of Zheng et al. found that hyponatremia was associated with the severity of pediatric BM. Hyponatremia should be checked in pediatric BM (Zheng et al., 2019).

Recurrent BM is rarely seen, accounting for 1.2%–6% of meningitis episodes (Tebruegge and Curtis, 2008). In our study, 1.6% of surviving patients at follow-up experienced recurrent BM. Most patients with recurrent BM have predisposing recurrent conditions, including congenital or acquired anatomical defects, congenital or acquired immunodeficiency, and chronic para-meningeal infections (Tebruegge and Curtis, 2008). Anatomical defects were the most common predisposing conditions for recurrent BM, accounting for nearly two-thirds (Tebruegge and Curtis, 2008; Chen et al., 2021). In our study, 75% of the patients experiencing recurrent BM had predisposing recurrent conditions, with CSF fistula being the most commonly seen. Streptococcus pneumoniae was the most common pathogenic bacteria in episodes of recurrent BM, accounting for half to more than 80% (Tebruegge and Curtis, 2008; Chen et al., 2021). Similarly, Streptococcus pneumoniae was also the most common pathogenic bacteria in episodes of recurrent BM.

In our study, 92.0% of the patients had a GOS at 5 points, indicating that most recovered well at discharge. In our study, 16 patients (1.9%, 16/838) died, including 10 patients who died at hospitalization and six patients who gave up treatment for poor compliance and died after discharge. The World Health Organization reported that the fatality rate of BM with adult and pediatric patient involvement was about one-sixth (WHO, 2023). The fatality rate of pediatric BM is 0.8%–3%, and the fatality rate of adult BM is more than 10 times that of children (Køster-Rasmussen et al., 2008; Guo et al., 2016). The fatality rate of BM is affected by the regional economic level, the type of pathogenic bacteria, study subjects’ involvement, and the time to initiation of treatment (Brouwer et al., 2010). The relatively lower fatality rate in our study was related to the subjects being children and the timely use of antibiotics. The guidelines in several countries emphasize the need for early antibiotic therapy in patients with BM (Tunkel et al., 2004; Chaudhuri et al., 2008; Køster-Rasmussen et al., 2008; Le Saux, 2014; van de Beek et al., 2016b; Posadas and Fisher, 2018). In clinical practice, awareness of the diagnosis of BM and timely initiation of empiric antibiotics are gradually increasing among clinicians.

This study has several limitations. Firstly, it is a single-center, retrospective study, which may introduce selection bias and limit the generalizability of the findings. Secondly, the sample size, though relatively large, may still lead to an underestimation or overestimation of certain risk factors. Additionally, due to the retrospective nature of the data collection, causal relationships cannot be definitively established. These limitations should be considered when interpreting the results, and future prospective, multi-center studies would help to address these concerns.




5 Conclusions

Most pediatric BM patients in Southern China are under 1 year of age, with more distribution among male patients and age-related differences in clinical features and outcomes. Recurrent BM is rare but more likely in patients with underlying conditions such as CSF fistula or immunodeficiency. Most patients have favorable outcomes, with a low fatality rate; however, approximately 10% of the survivors experience neurological sequelae. Several clinical risk factors were identified, including those associated with ICU admission, brain parenchymal involvement, and hearing impairment. These findings provide valuable insights into the clinical management and risk stratification of pediatric BM in this region.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by the Ethics Committee of Guangzhou Women and Children’s Medical Center. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.





Author contributions

LC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Validation, Writing – original draft, Writing – review & editing. W-LW: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Software, Validation, Writing – original draft, Writing – review & editing. YGao: Conceptualization, Data curation, Project administration, Resources, Writing – original draft, Writing – review & editing. XL: Conceptualization, Formal analysis, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing. SY: Conceptualization, Resources, Supervision, Validation, Writing – review & editing. HCL: Conceptualization, Resources, Supervision, Validation, Writing – review & editing. KZ: Conceptualization, Resources, Writing – review & editing. YZ: Data curation, Resources, Writing – review & editing. HZ: Data curation, Resources, Writing – review & editing. YT: Data curation, Resources, Writing – review & editing. BP: Data curation, Resources, Writing – review & editing. HSL: Data curation, Resources, Writing – review & editing. XW: Methodology, Resources, Writing – review & editing. SN: Data curation, Resources, Writing – review & editing. YGan: Resources, Writing – review & editing. CH: Resources, Writing – review & editing. YL: Resources, Writing – review & editing. HS: Resources, Writing – review & editing. WC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1481716/full#supplementary-material



Abbreviations

BM, bacterial meningitis; CI, confidence interval; CSF, cerebrospinal fluid; CRP, C-reactive protein; EEG, electroencephalogram; GOS, Glasgow Outcome Scale; ICU, intensive critical unit; IQR, interquartile range; LR, logistic regression; LLN, lower limit of normal values; MRI, magnetic resonance image; OR, odd ratio; ULN, upper limit of normal values; WBC, white blood cell count.




References

(2018). Diagnostic criteria for PID. Available online at: https://esid.org/Working-Parties/Clinical-Working-Party/Resources/Diagnostic-criteria-for-PID2 (Accessed October 15, 2021).

 Al-Obaidi, M. M. J., and Desa, M. N. M. (2018). Mechanisms of blood brain barrier disruption by different types of bacteria, and bacterial-host interactions facilitate the bacterial pathogen invading the brain. Cell Mol. Neurobiol. 38, 1349–1368. doi: 10.1007/s10571-018-0609-2

 Baud, M. O., Vitt, J. R., Robbins, N. M., Wabl, R., Wilson, M. R., Chow, F. C., et al. (2018). Pleocytosis is not fully responsible for low CSF glucose in meningitis. Neurology(R) neuroimmunology neuroinflammation. 5, e425. doi: 10.1212/nxi.0000000000000425

 Brouwer, M. C., Tunkel, A. R., and van de Beek, D. (2010). Epidemiology, diagnosis, and antimicrobial treatment of acute bacterial meningitis. Clin. Microbiol. Rev. 23, 467–492. doi: 10.1128/cmr.00070-09

 Chaudhuri, A., Martinez-Martin, P., Kennedy, P. G., Andrew Seaton, R., Portegies, P., Bojar, M., et al. (2008). EFNS guideline on the management of community-acquired bacterial meningitis: report of an EFNS Task Force on acute bacterial meningitis in older children and adults. Eur. J. Neurol. 15, 649–659. doi: 10.1111/j.1468-1331.2008.02193.x

 Chen, T. M., Chen, H. Y., Hu, B., Hu, H. L., Guo, X., Guo, L. Y., et al. (2021). Characteristics of pediatric recurrent bacterial meningitis in beijing children's hospital, 2006-2019. J. Pediatr. Infect. Dis. Society. 10, 635–640. doi: 10.1093/jpids/piaa176

 Chen, D., Tang, B., Li, Y., Zheng, K., Li, X., Chen, W., et al. (2022). Characteristics and risk factors of bacterial meningitis caused by Streptococcus agalactiae, Streptococcus pneumoniae or Escherichia coli in Guangzhou China from 2015 to 2022. Front. Cell. infection Microbiol. 12. doi: 10.3389/fcimb.2022.1092468

 Dalton, H. P., and Allison, M. J. (1968). Modification of laboratory results by partial treatment of bacterial meningitis. Am. J. Clin. Pathol. 49, 410–413. doi: 10.1093/ajcp/49.3.410

 Garges, H. P., Moody, M. A., Cotten, C. M., Smith, P. B., Tiffany, K. F., Lenfestey, R., et al. (2006). Neonatal meningitis: what is the correlation among cerebrospinal fluid cultures, blood cultures, and cerebrospinal fluid parameters? Pediatrics 117, 1094–1100. doi: 10.1542/peds.2005-1132

 Georget-Bouquinet, E., Bingen, E., Aujard, Y., Levy, C., and Cohen, R. (2008). Group B streptococcal meningitis'clinical, biological and evolutive features in children. Arch. Pediatr. 15 Suppl 3, S126–S132. doi: 10.1016/s0929-693x(08)75495-2

 Guo, L. Y., Zhang, Z. X., Wang, X., Zhang, P. P., Shi, W., Yao, K. H., et al. (2016). Clinical and pathogenic analysis of 507 children with bacterial meningitis in Beijing, 2010-2014. Int. J. Infect. Dis. 50, 38–43. doi: 10.1016/j.ijid.2016.07.010

 Gupta, V. (1993). Hearing evaluation in children with bacterial meningitis. Indian Pediatr. 30, 1175–1179.

 Heckenberg, S. G. B., de Gans, J., Brouwer, M. C., Weisfelt, M., Piet, J. R., Spanjaard, L., et al. (2008). Clinical features, outcome, and meningococcal genotype in 258 adults with meningococcal meningitis: a prospective cohort study. Med. (Baltimore). 87, 185–192. doi: 10.1097/MD.0b013e318180a6b4

 Hsu, M. H., Hsu, J. F., Kuo, H. C., Lai, M. Y., Chiang, M. C., Lin, Y. J., et al. (2018). Neurological complications in young infants with acute bacterial meningitis. Front. neurology. 9. doi: 10.3389/fneur.2018.00903

 Keane, M., Fallon, R., Riordan, A., and Shaw, B. (2015). Markedly raised levels of C-reactive protein are associated with culture-proven sepsis or necrotising enterocolitis in extremely preterm neonates. Acta paediatrica (Oslo Norway: 1992). 104, e289–e293. doi: 10.1111/apa.12978

 Køster-Rasmussen, R., Korshin, A., and Meyer, C. N. (2008). Antibiotic treatment delay and outcome in acute bacterial meningitis. J. Infect. 57, 449–454. doi: 10.1016/j.jinf.2008.09.033

 Kutz, J. W., Simon, L. M., Chennupati, S. K., Giannoni, C. M., and Manolidis, S. (2006). Clinical predictors for hearing loss in children with bacterial meningitis. Arch. Otolaryngol Head Neck Surg. 132, 941–945. doi: 10.1001/archotol.132.9.941

 Lee, K. S., Bae, W. K., Park, Y. T., and Yun, I. G. (1994). The pathogenesis and fate of traumatic subdural hygroma. Br. J. Neurosurg. 8, 551–558. doi: 10.3109/02688699409002947

 Le Saux, N. (2014). Guidelines for the management of suspected and confirmed bacterial meningitis in Canadian children older than one month of age. Paediatrics Child Health 19, 141–152. doi: 10.1093/pch/19.3.141

 Li, C., Feng, W. Y., Lin, A. W., Zheng, G., Wang, Y. C., Han, Y. J., et al. (2018). Clinical characteristics and etiology of bacterial meningitis in Chinese children >28 days of age, January 2014-December 2016: A multicenter retrospective study. Int. J. Infect. Dis. 74, 47–53. doi: 10.1016/j.ijid.2018.06.023

 Li, Y., Yin, Z., Shao, Z., Li, M., Liang, X., Sandhu, H. S., et al. (2014). Population-based surveillance for bacterial meningitis in China, September 2006-December 2009. Emerg. Infect. Dis. 20, 61–69. doi: 10.3201/eid2001.120375

 Liu, Q., Gao, Y., Zhang, B., Sun, F., Yang, Q., Liu, Y., et al. (2020). Cytokine profiles in cerebrospinal fluid of patients with meningitis at a tertiary general hospital in China. J. Microbiol. Immunol. Infect. 53, 216–224. doi: 10.1016/j.jmii.2018.08.019

 Lucas, M. J., Brouwer, M. C., and van de Beek, D. (2016). Neurological sequelae of bacterial meningitis. J. Infect. 73, 18–27. doi: 10.1016/j.jinf.2016.04.009

 Mao, D. H., Miao, J. K., Zou, X., Chen, N., Yu, L. C., Lai, X., et al. (2018). Risk factors in predicting prognosis of neonatal bacterial meningitis-A systematic review. Front. neurology. 9. doi: 10.3389/fneur.2018.00929

 McIntyre, P. B., O'Brien, K. L., Greenwood, B., and van de Beek, D. (2012). Effect of vaccines on bacterial meningitis worldwide. Lancet 380, 1703–1711. doi: 10.1016/s0140-6736(12)61187-8

 Mohamed, A. K. S., Mehta, A. A., and James, P. (2017). Predictors of mortality of severe sepsis among adult patients in the medical Intensive Care Unit. Lung India. 34, 330–335. doi: 10.4103/lungIndia.lungIndia_54_16

 Okike, I. O., Ladhani, S. N., Johnson, A. P., Henderson, K. L., Blackburn, R. M., Muller-Pebody, B., et al. (2018). Clinical characteristics and risk factors for poor outcome in infants less than 90 days of age with bacterial meningitis in the United Kingdom and Ireland. Pediatr. Infect. Dis. J. 37, 837–843. doi: 10.1097/inf.0000000000001917

 Oliveira, C. R., Morriss, M. C., Mistrot, J. G., Cantey, J. B., Doern, C. D., and Sánchez, P. J. (2014). Brain magnetic resonance imaging of infants with bacterial meningitis. J. pediatrics. 165, 134–139. doi: 10.1016/j.jpeds.2014.02.061

 Olson, D., Lamb, M. M., Gaensbauer, J. T., Todd, J. K., Halsey, N. A., and Asturias, E. J. (2015). Risk factors for death and major morbidity in Guatemalan children with acute bacterial meningitis. Pediatr. Infect. Dis. J. 34, 724–728. doi: 10.1097/inf.0000000000000720

 Packer, R. J., Bilaniuk, L. T., and Zimmerman, R. A. (1982). CT parenchymal abnormalities in bacterial meningitis: clinical significance. J. Comput. Assist. Tomogr. 6, 1064–1068. doi: 10.1097/00004728-198212000-00003

 Paireau, J., Chen, A., Broutin, H., Grenfell, B., and Basta, N. E. (2016). Seasonal dynamics of bacterial meningitis: a time-series analysis. Lancet Glob Health 4, e370–e377. doi: 10.1016/s2214-109x(16)30064-x

 Parikh, S. R., Campbell, H., Bettinger, J. A., Harrison, L. H., Marshall, H. S., Martinon-Torres, F., et al. (2020). The everchanging epidemiology of meningococcal disease worldwide and the potential for prevention through vaccination. J. Infect. 81, 483–498. doi: 10.1016/j.jinf.2020.05.079

 Peltola, H., Roine, I., Fernández, J., González Mata, A., Zavala, I., Gonzalez Ayala, S., et al. (2010). Hearing impairment in childhood bacterial meningitis is little relieved by dexamethasone or glycerol. Pediatrics. 125, e1–e8. doi: 10.1542/peds.2009-0395

 Posadas, E., and Fisher, J. (2018). Pediatric bacterial meningitis: an update on early identification and management. Pediatr. Emergency Med. practice. 15, 1–20.

 Puccioni-Sohler, M., and Brandão, C. O. (2007). Factors associated to the positive cerebrospinal fluid culture in the tuberculous meningitis. Arq Neuropsiquiatr. 65, 48–53. doi: 10.1590/s0004-282x2007000100011

 Rodenburg-Vlot, M. B., Ruytjens, L., Oostenbrink, R., Goedegebure, A., and van der Schroeff, M. P. (2016). Systematic review: incidence and course of hearing loss caused by bacterial meningitis: in search of an optimal timed audiological follow-up. Otol. Neurotol. 37, 1–8. doi: 10.1097/mao.0000000000000922

 Sakata, H., Sato, Y., Nonoyama, M., Haruta, T., Ouchi, K., Yamaguchi, S., et al. (2010). Results of a multicenter survey of diagnosis and treatment for bacterial meningitis in Japan. J. Infect. Chemother. 16, 396–406. doi: 10.1007/s10156-010-0064-6

 Sellner, J., and Leib, S. L. (2006). In bacterial meningitis cortical brain damage is associated with changes in parenchymal MMP-9/TIMP-1 ratio and increased collagen type IV degradation. Neurobiol. Dis. 21, 647–656. doi: 10.1016/j.nbd.2005.09.007

 Shinjoh, M., Yamaguchi, Y., Furuichi, M., Yaginuma, M., Takahashi, T., and Iwata, S. (2020). Recent trends in pediatric bacterial meningitis in Japan, 2016-2018 - S. agalactiae has been the most common pathogen. J. Infect. Chemother. 26 (10), 1033–1041. doi: 10.1016/j.jiac.2020.05.018

 Shinjoh, M., Yamaguchi, Y., and Iwata, S. (2017). Pediatric bacterial meningitis in Japan, 2013-2015 - 3-5 years after the wide use of Haemophilus influenzae type b and Streptococcus pneumoniae conjugated vaccines. J. Infect. Chemother. 23, 427–438. doi: 10.1016/j.jiac.2017.02.014

 Subspecialty Group of Neurology tSoPCMA (2019). Expert consensus on diagnosis and treatment of community acquired bacterial meningitis in children. Zhonghua Er Ke Za Zhi 57, 584–591. doi: 10.3760/cma.j.issn.0578-1310.2019.08.003

 Tebruegge, M., and Curtis, N. (2008). Epidemiology, etiology, pathogenesis, and diagnosis of recurrent bacterial meningitis. Clin. Microbiol. Rev. 21, 519–537. doi: 10.1128/cmr.00009-08

 Thigpen, M. C., Whitney, C. G., Messonnier, N. E., Zell, E. R., Lynfield, R., Hadler, J. L., et al. (2011). Bacterial meningitis in the United States, 1998-2007. New Engl. J. Med. 364, 2016–2025. doi: 10.1056/NEJMoa1005384

 Tunkel, A. R., Hartman, B. J., Kaplan, S. L., Kaufman, B. A., Roos, K. L., Scheld, W. M., et al. (2004). Practice guidelines for the management of bacterial meningitis. Clin. Infect. Dis. 39, 1267–1284. doi: 10.1086/425368

 van de Beek, D., Brouwer, M., Hasbun, R., Koedel, U., Whitney, C. G., and Wijdicks, E. (2016a). Community-acquired bacterial meningitis. Nat. Rev. Dis. Primers. 2, 16074. doi: 10.1038/nrdp.2016.74

 van de Beek, D., Cabellos, C., Dzupova, O., Esposito, S., Klein, M., Kloek, A. T., et al. (2016b). ESCMID guideline: diagnosis and treatment of acute bacterial meningitis. Clin. Microbiol. Infection. 22, S37–S62. doi: 10.1016/j.cmi.2016.01.007

 van Ettekoven, C. N., van de Beek, D., and Brouwer, M. C. (2017). Update on community-acquired bacterial meningitis: guidance and challenges. Clin. Microbiol. Infect. 23, 601–606. doi: 10.1016/j.cmi.2017.04.019

 Vasilopoulou, V. A., Karanika, M., Theodoridou, K., Katsioulis, A. T., Theodoridou, M. N., and Hadjichristodoulou, C. S. (2011). Prognostic factors related to sequelae in childhood bacterial meningitis: data from a Greek meningitis registry. BMC Infect. Dis. 11, 214. doi: 10.1186/1471-2334-11-214

 Viola, G. M. (2010). Extreme hypoglycorrhachia: not always bacterial meningitis. Nat. Rev. Neurol. 6, 637–641. doi: 10.1038/nrneurol.2010.126

 Visintin, C., Mugglestone, M. A., Fields, E. J., Jacklin, P., Murphy, M. S., and Pollard, A. J. (2010). Management of bacterial meningitis and meningococcal septicaemia in children and young people: summary of NICE guidance. Bmj 340, c3209. doi: 10.1136/bmj.c3209

 Wee, L. Y., Tanugroho, R. R., Thoon, K. C., Chong, C. Y., Choong, C. T., Krishnamoorthy, S., et al. (2016). A 15-year retrospective analysis of prognostic factors in childhood bacterial meningitis. Acta paediatrica (Oslo Norway: 1992). 105, e22–e29. doi: 10.1111/apa.13228

 WHO. (2023). Meningococcal meningitis: Fact sheet. Available online at: https://www.who.int/news-room/fact-sheets/detail/meningitis (Accessed October 15, 2021).

 Zainel, A., Mitchell, H., and Sadarangani, M. (2021). Bacterial meningitis in children: neurological complications, associated risk factors, and prevention. Microorganisms. 9. doi: 10.3390/microorganisms9030535

 Zhang, Y. N., Gao, Y. Y., Yang, S. D., Cao, B. B., Zheng, K. L., Wei, P., et al. (2019). Delayed diagnosis of X-linked agammaglobulinaemia in a boy with recurrent meningitis. BMC Neurol. 19, 320. doi: 10.1186/s12883-019-1536-7

 Zheng, F., Ye, X., Shi, X., Lin, Z., Yang, Z., and Jiang, L. (2019). Hyponatremia in children with bacterial meningitis. Front. neurology. 10. doi: 10.3389/fneur.2019.00421




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Chen, Wu, Gao, Li, Yang, Liang, Zheng, Zhang, Zhu, Tian, Peng, Lin, Wang, Ning, Gan, Hou, Liao, Sheng and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2025.1481716_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Pediatric bacterial meningitis in southern
China: analysis of 838 cases





OEBPS/Images/fcimb-15-1481716-g003.jpg
combination (63.0%, n=211)

meropenem (34.0%, n=114)

the third generations of cephalosporin (1.5%, n=5)
vancomycin (1.2%, n=4)

linezolid (0.3%, n=1)

one antibiotic alone
(37.0%, n=124)

Neonate (n=335)

combination (81.2%, n=224)

meropenem (9.1% ,n=25)

the third generations of cephalosporin (8.3%, n=23)
vancomycin (0.4% ,n=1)

linezolid (1.1%, n=3)

Patients aged [29 days, 3 months) (n=276)

combination (85.6%, n=196)

meropenem (6.6%, n=15)

the third generations of cephalosporin (4.4%, n=10)
vancomycin (1.7%, n=4)

linezolid (1.3%, n=3)

cefepime (0.4%, n=1)

Patients aged >3 months (n=229)





OEBPS/Images/fcimb-15-1481716-g001.jpg
Percentage

Percentage

(7o)

(o)

100

n
<o

100

n
—

fever

seizure

anorexia and poor feeding

irritability
El |cthargy
startled
vomiting
headache

tachypnea

groan

Cyanosis

apnea

skin molting and cold extremities
impaired consciousness
movement disorder

bulging anterior fontanel

neck stiff





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Pediatric bacterial meningitis in southern China: analysis of 838 cases

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Subjects and methods

        

          		

            2.1 Subjects

          



          		

            2.2 Methods

          

            		

              2.2.1 Inclusion criteria

            



            		

              2.2.2 Exclusion criteria

            



            		

              2.2.3 Diagnosis criteria

            



            		

              2.2.4 Classification of hearing impairment

            



            		

              2.2.5 Treatment

            



            		

              2.2.6 Follow-up

            



            		

              2.2.7 Statistical analysis

            



          



          



        



        



        		

          3 Results

        

          		

            3.1 Demographics

          



          		

            3.2 Clinical features

          

            		

              3.2.1 Prodromal factors

            



            		

              3.2.2 Clinical manifestation

            



          



          



          		

            3.3 Ancillary test results

          

            		

              3.3.1 Peripheral blood test results

            



            		

              3.3.2 Initial CSF test results

            



            		

              3.3.3 Bacterial culture results

            



          



          



          		

            3.4 Neuroimaging examination

          



          		

            3.5 Neuroelectrophysiological examination

          



          		

            3.6 Diagnosis

          



          		

            3.7 Comorbidity

          



          		

            3.8 Complications

          



          		

            3.9 Treatment

          

            		

              3.9.1 Antibiotic treatment

            



            		

              3.9.2 Other treatments

            



          



          



          		

            3.10 Outcome

          



          		

            3.11 Follow-up

          



          		

            3.12 Risk factors of ICU admission in the first hospitalization

          



          		

            3.13 Risk factors of brain parenchymal involvement

          



          		

            3.14 Risk factors of subdural effusion

          



          		

            3.15 Risk factors of severe and profound hearing impairment

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Univariate analysis Multivariate analysis

OR (95%Cl) P-value 95%Cl P-value

Born prematurely 2.388 1.427-3.996 0.001 2.606 1.399-4.853 0.003

Seizure 2721 1.732-4.277 <0.001 2.161 1.272-3.672 0.004

Impaired consciousness 6.804 3.519-13.155 <0.001 5.838 2.599-13.116 <0.001

Blood bacterial culture

Streptococcus agalactiae 1.836 0.969-3.479 0.062

Escherichia coli 1.982 0.920-4.273 0.081

Streptococcus pneumoniae 5.253 2.263-12.197 <0.001

Blood WBC <4 x 10°/L 5.044 2.474-10.285 0.000 2.892 1.242-6.735 0.014

Blood CRP [50-100] mg/L 2.940 1.604-5.389 <0.001 2.238 1.119-4.475 0.023

Blood CRP >100 mg/L 2.607 1.562-4.351 <0.001 2.100 1.161-3.797 0.014

@Sk

WBC >1000x10%/L 3.455 2.110-5.650 <0.001

Pro >2.0 g/l 6.114 3219-11.612 <0.001 2.962 1.444-6.072 0.003
I Glu <1.0 mmol/L 4.953 2.827-8.678 <0.001

CI, confidence interval; CRP, C-reactive protein; CSF, cerebrospinal fluid; Glu, glucose; OR, odd ratio; Pro, protein; WBC, white blood cell count.





OEBPS/Images/table4.jpg
Univariate analysis

95%Cl

P-value

Multivariate analysis

95%ClI

P-value

Aged [29 days, 3 months) 2.779
Aged [29 days, 1 year old) 4379
Seizure 1.973
Escherichia coli in blood bacterial culture 2532
Escherichia coli in CSF bacterial culture 2.670
Blood CRP (50-100] mg/L | 1.847
Blood CRP>100 mg/L 2.559

CI, confidence interval; CRP, C-reactive protein; OR, odd ratio.

1.819-4.248

2.433-7.723

1.384-2.811

1.458-4.397

1.445-4.935

1.032-3.303

1.604-4.083

<0.001

<0.001

<0.001

0.001

0.002

0.039

<0.001

2930

4.400

1779

3.018

1.862

2.143

1.861-4.612

2.355-8.223

1.221-2.593

1.630-5.586

1.007-3.441

1.300-3.532

<0.001

<0.001

0.03

<0.001

0.047

0.003





OEBPS/Images/fcimb-15-1481716-g004.jpg
80

number of patients
) w I n o N
—] < —] —] —] <

ik
—

140

120

100

80

60

40

number of patients

20

Bl meropenem

vancomycin

penicillin

n=164 n=67

the third generations of
cephalosporin

linezolid
n=83

cefepime
n=74

n=33

Q{\“ Neonate (n=335)
3
DN

meropenem

n=178 n=162 _
vancomycin

penicillin
the third generations of
cephalosporin
linezolid
cefepime
n=51
I _I n=34

Number of patients

Patients aged [29 days, 3 months) (n=276)

140
meropenem

n=155 n=154 :
vancomycin

120
penicillin
the third generations of
100 :
cephalosporin
linezolid
80 .
cefepime
60
40 n=41
n=33
[l






OEBPS/Images/table3.jpg
Univariate analysis

95%Cl

P-value

Multivariate analysis

95%Cl

P-value

Blood bacterial culture

Streptococcus agalactiae 2.006 1.131-3.558 0.017

Streptococcus pneumoniae 3.967 1.724-9.131 0.001

CSF bacterial culture

Streptococcus agalactiae 3.859 1.961-7.596 <0.001

Streptococcus pneumoniae 3.893 1.888-8.027 <0.001

Escherichia coli 2462 1.140-5.317 <0.001

Blood WBC <4 x 10’/L 6.777 3.398-13.514 <0.001 4.067 1.888-8.760 <0.001
Blood WBC 220 x 10°/L 2.082 1.149-3.774 0.016

Blood CRP [50-100] mg/L 3.373 1.899-5.992 <0.001 2.159 1.147-4.063 0.017
Blood CRP >100 mg/L 3.032 1.855-4.954 <0.001 2.067 1.195-3.576 0.009
CSE

WBC [500-1,000] x 10°/L 2.308 1.119-4.763 0.024

WBC >1,000 x 10%/L 5.087 3.165-8.176 <0.001 2.002 | 1.123-3.571 0.019
Pro >2.0 g/L. 9.333 4.851-17.958 <0.001 5.254 ‘ 2.545-10.846 <0.001
Glu [1.0-2.0] mmol/L 2239 1.271-3.945 0.005

Glu <1.0 mmol/L 5.189 2.944-9.146 <0.001

CI, confidence interval; CRP, C-reactive protein; CSF, cerebrospinal fluid; Glu, glucose; OR, odd ratio; Pro, protein; WBC, white blood cell count.
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[29 days, 12 months) = >12 months

(n = 424)* (n=79)*

Male/female 1.8:1 1.7:1 1.8:1 1.8:1 0.606"
Blood WBC (median (IQR), x10°/L) 11.7 (8.3, 16.8) 12.1 (8.6, 17.2) 11.2 (8.1, 15.8) 12.6 (8.4, 18.0) 0.066"
Blood CRP (median (IQR), mg/L) 36.5 (3.4, 117.4) 32.3 (3.4, 87.2) 37.6 (3.4, 128.9) 49.9 (3.92, 159.4) 0.153°
CSF WBC (median (IQR), x10%/L) 150 (40, 650) 214 (50, 1,056)" 101 (30, 384)*A 390 (110, 1,186)" <0.001>¢
CSF glucose (mean + SD, mmol/L) 1.76 + 1.11 148 + 094" 2.10 £ 0.97* 1.98 + 1.08* <0.001%¢
CSF protein (mean + SD, g/L) 2.03 +2.08 279 + 2.66”" 1.50 + 1.25* 1.66 £ 1.92* <0.001%¢
Positive CSF bacterial culture (%) 21.8 (183/838) 22.7 (76/335) 18.4 (78/424)" 36.7 (29/79)° 0.001"
Positive blood bacterial culture (%) 29.6 (248/838) 40.3 (135/335)" 21.7 (92/424)* 26.6 (21/79) <0.001*

Brain MRI (n = 804)

Leptomeningeal gadolinium enhancement (%) 64.6 (519/804) 58.7 (183/312)" 70.9 (293/413)*A 54.4 (43/79)° <0.001°
Subdural effusion (%) 19.8 (159/804) 12.2 (38/312)° 27.6 (114/413)*A 8.9 (7/79)* <0.001%
Parenchymal involvement (%) 11.9 (96/804) 16.0 (50/312)° 8.0 (33/413)*A 16.5 (13/79)° 0.002*
EEG (n = 618)

Slow wave (%) 18.6 (115/618) 12.1 (26/214)" 15.8 (54/341)" 55.6 (35/63)*# <0.001*
Epileptic discharge (%) 16.8 (104/618) 23.8 (51/214)*" 15.2 (52/341)*A 1.6 (1/63)# <0.001%
Severe and profound hearing impairment (%) 6.5 (36/557) 8.1 (13/160)" 4.0 (13/324)*A 13.7 (10/73)" <0.001%
Complications

Subdural effusion (%) 19.8 (159/804) 12.2 (38/312)" 27.6 (114/413)*A 8.9 (7/79)" <0.001*
Ependymitis (%) 0.7 (6/803) 1.6 (5/312) 0.2 (1/413) 0.0 (0/79) 0.078"
Hyponatremia (%) 34.6 (290/838) 349 (117/335) 335 (142/424) 39.2 (31/79) 0.607*
Ventriculomegaly (%) 9.3 (75/804) 12.2 (38/312) 7.3 (30/413) 8.9 (7/79) 0.078"
GOS = 5 points (%) 92.0 (771/838) 90.4 (303/335)"" 95.8 (406/424)*A 78.5 (62/79)*# <0.001%
Sequela (%) 10.7 (81/756) 105 (30/287) 10.1 (40/396) 15.1 (11/73) 0.444"

*, statistically significant difference compared with neonate patients; # statistically significant difference compared with patients aged [29 days, 12 months); #, statistically significant difference
compared with patients aged 212 months; CSF, cerebrospinal fluid; CRP, C-reactive protein; EEG, electroencephalogram; GOS, Glasgow Outcome Scale; WBC, white blood cell count; IQR,
interquartile range; SD, standard deviation; #, 70 patients with bacterial meningitis caused by Streptococcus agalactiae, Streptococcus pneumoniae, or Escherichia coli from 2015 to 2018 in the
neurology department in one of our branch hospitals has been reported in a previous study (Chen et al,, 2022). The 70 patients included neonate (1 = 27) with Streptococcus agalactiae (n = 15) or
Escherichia coli (n = 12), patients aged [29 days, 12 months) (1 = 34) with Streptococcus agalactiae (n = 12), Streptococcus pneumoniae (n = 3) or Escherichia coli (n = 19) and patients aged >12
months (n = 9) who were all with Streptococcus pneumoniae.

“Chi-square test.

“Kruskal-Wallis H test.

“Post hoc by Nemenyi test.

dAnalysis of variance.

“Post hoc by Student-Newman-Keuls g test.
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Univariate analysis Multivariate analysis

95%Cl P-value 95%Cl P-value
Aged 21 year old 4.251 1.784-10.132 <0.001 0.722 0.148-3.537 0.688
Impaired consciousness 6.271 2.249-17.486 <0.001 1.053 0.241-4.604 0.946
Movement disorder 15.893 5.552-45.496 <0.001 9253 2.223-38.508 0.002
Vomiting 2426 1.115-5.275 0025 1585 0.506-4.968 0429
Blood WBC >20 x 10°/L 4.773 1.37-16.632 0014 422 0.873-20.409 0.073
CSF WBC >1,000 x 10°/L 2195 1.033-4.664 0.041 1.269 0.438-4.001 0.661
CSF Glu <1.0 mmol/L 2794 2.501-6.246 0.012 1112 0.309-4.001 0871
CSF Pro > 2.0 g/L 2.709 1.098-6.683 0.031 2.034 0.51-8.112 0314
Escherichia coli in blood bacterial culture 3.740 1.454-9.624 0.006 5.534 1.668-18.362 0.005
Streptococcus pneumoniae in blood bacterial culture 24.044 8.416-68.695 <0.001 7.465 1.282-43.486 0025
Escherichia coli in CSF bacterial culture 14.077 5.503-36.010 <0.001 3.006 0527-17.145 0215

CI, confidence interval; CSF, cerebrospinal fluid; Glu, glucose; OR, odd ratio; Pro, protein; WBC, white blood cell count.





