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Objective: To explore the epidemiological and pathogenic characteristics of children with community-acquired bacterial meningitis.
Methods: A multicenter, retrospective study was conducted among CABM patients under 15 years old from 33 hospitals in China
from 2019 to 2020. The medical record, laboratory, and microbiological data were collected and analyzed.

Results: A total of 1610 children with CABM were identified and presented at a median onset age of 45 days of whom 955 (59.3%)
were males. CABM occurred mostly in infants <1 year of age (84.0%, 1352/1610). In etiology-confirmed cases, the pathogens were
isolated from CSF culture in 515 (32.0%), 400 (24.8%) in blood culture, and 186 (11.6%) both in CSF and blood culture. In total, 126
pathogens were identified through CSF mNGS in 330 CABM cases; 21 S. pneumoniae isolates were detected in 83 CABM cases by
antigen detection method. Major pathogens were E. coli (195, 24.7%), GBS (170, 21.5%), and S. pneumoniae (157, 19.9%). GBS
(29.3%, 22/75) was the first pathogen of CABM in neonates aged 0—6 days old, while E. coli (44.7%, 76/170) in 7 to 28 days of age; S.
pneumoniae (96.2%, 151/157) was the most common pathogen in >3 months old cases. About 9.7% (19/195) strains of E. coli
produced ultra-broad-spectrum f-lactamases. The common intracranial imaging complications were subdural effusion and (or)
empyema in 349 (21.7%), hydrocephalus in 233 (14.5%), and cerebral abscess in 178 (11.1%). A total of 389 (24.2%) cases were
completely cured and 1088 (67.6%) cases improved. Among 166 patients (10.3%) with adverse outcomes, 32 cases (2.0%) died, and
37 cases (2.3%) relapsed.

Conclusion: The onset age of CABM in children is usually within 1 year of age, especially <3 months. The primary pathogens in
infants less than 3 months old are E. coli and GBS, and the dominant pathogen in children older than 3 months old is S. pneumoniae.

Infection and Drug Resistance 2023:16 6587-6601 6587
Received: 13 April 2023 © 2023 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 25 August 2023
Published: 9 October 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wang et al Dove

Subdural effusion and (or) empyema and hydrocephalus are common complications. CABM should not be excluded even if CSF
leukocyte counts are within normal range. Due to the low detection rate of pathogens in children with CABM, standardized CSF
bacteriological examination should be paid more attention to increase the pathogen detection rate. Non-culture CSF detection methods
may facilitate pathogenic diagnosis.

Keywords: meningitis, bacterial, pathogen, childhood, diagnosis, outcome

Introduction

Community-acquired bacterial meningitis (CABM) is a global serious threat to children’s health, with 54% of new cases
of bacterial meningitis worldwide occurring in children younger than 5 years of age,' especially infants and young
children with a mortality rate of 5-30% and permanent neurological sequelae in 30-50% of survivors.> Centers for
Disease Control survey data from the USA also show that the incidence of ABM decreases with age: 80.69/100,000 at <2
months of age; 6.91/100,000 at 2—23 months of age; 0.56/100,000 at 2—10 years of age; and 0.43/100,000 at 11-17 years
of age.’ Data from epidemiologic surveys in four provinces of China from 2006 to 2009 showed that the overall
incidence rate of probable bacterial meningitis in the population was (1.84-2.93)/100,000, and the incidence rate in
children under 5 years of age was (6.95-22.30)/100,000.*

The etiology of CABM is intricately related to the child’s age, immune status, and geographical region. With the
introduction of vaccines, the incidence of Neisseria meningitidis and Haemophilus influenzae meningitis has witnessed a
substantial decline; likewise, the prevalence of Streptococcus pneumoniae (S. pneumoniae) meningitis has also experi-
enced a reduction.” Currently, the positive detection rate of the pathogenic bacteria of pediatric bacterial meningitis in
China is low, among cases of meningitis with identifiable pathogens in various regions, the predominant culprits include
S. pneumoniae, group B Streptococci (GBS), and Escherichia coli (E. coli.)®

The adverse outcome varies with children’s age, pathogens, treatment, underlying disease, and economic status.” The
epidemiology and etiology of CABM is constantly changing due to the introduction and expansion of conjugate vaccines
and changing resistance patterns of pathogenic bacteria. Therefore, a complete understanding of the epidemiological
features, clinical characteristics, the composition of pathogens, common complications, and antimicrobial susceptibility
of CABM in children in China, as well as early and rational pathogenic treatments are key to improving prognosis. There
are already some regions in China where information on trends in the incidence of CABM in children, clinical features,
epidemiological characteristics, and burden of disease is routinely collected and regularly updated, but lack of multi-
center studies.'®'? From January 2019 to December 2020, Pediatric Bacterial Meningitis Surveillance (CPBMS)
initiated a nationwide study in 33 tertiary hospitals in Grade A to collect clinical and laboratory data on CABM in
hospitalized children to learn the profile of diagnosis and management.

Materials and Methods
Study Design and Procedures

Between 2019 and 2020, we conducted a national multicenter retrospective study of children (<15 years of age)
diagnosed with etiology-confirmed and probable CABM across seven geographical divisions of China. A total of 33
tertiary Grade A hospitals in 23 provinces (27 cities) participated in this study. The location and population of
participating hospitals are shown in Figure 1. All the hospitals must have laboratory bacterial culture and antimicrobial
susceptibility assessment ability and volunteer to participate in the research. Participating hospitals included 13 in East
China, 6 in North China, 4 each in Central and Northwest China, 3 in Southwest China, 2 in Southern China, and 1 in
Northeast China. This study received approval from the Committee of Children’s Hospital of Zhejiang University School
of Medicine (2019-IRB-094). The subjects included in the study were numbered in a unified manner, and all private
information such as the patient’s name, ID number, address, and contact phone number was not involved. The waiver for
parental consent to review medical records was granted by the hospital’s ethics committee. The handling of patient data
confidentiality strictly followed the rules set by the institution and complied with the Declaration of Helsinki.
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Figure | Locations of participating hospitals (dots) in this study.
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Case Definitions, Classification, and Study Populations
Suspected bacterial meningitis was defined as an illness with an acute onset of fever (usually >38.5°C rectal or 38.0°C

population (Million)
10
20

axillary), headache, and one of the following signs: neck stiffness, altered mental status with no other alternative

diagnosis, or other meningeal signs. Probable cases were defined as having no bacteria pathogen detected and CSF

examination revealing at least 1 of the following (turbid appearance; CSF leukocytosis (>100 cells/uL); leukocytosis
(10-100 cells/uL. AND either an elevated protein (>1.0g/L) or decreased glucose (<2.2 mmol/L). If CSF protein and
glucose results are not available, diagnose using the first 2 conditions (turbid appearance or leukocytosis >100 cells/uL).

Etiology-confirmed cases were considered for culturing or identifying a bacterial pathogen [ie, by Gram stain or antigen

detection methods or metagenomics next-generation sequencing (mNGS)] in the CSF or blood in a child with suspected

or probable bacterial meningitis. Standardized case definitions for suspected, probable, and confirmed bacterial menin-

gitis were based on World Health Organization (WHO, 2003) recommendation.

Inclusion Criteria

13,14

The enrolled patients met the following three criteria.

(1) The admission date was between January 1, 2019, and December 31, 2020;

(2) Age <15 years of age;

(3) Hospitalized children with probable or etiology-confirmed ABM in selected hospitals;

(4) ABM acquired in daily community life.

Exclusion Criteria

The patient should be excluded if any exclusion criteria are met.
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(1) Cases in which lumbar puncture (LP) was not performed or the CSF parameters profile was not compatible
with probable bacterial meningitis.

(2) Hospital-acquired, chronic, post-surgical, post-traumatic meningitis (head trauma or neurosurgery with
CSF leaks, spinal procedures, CSF shunts, craniotomies during the 30 days before admission).

(3) Intracranial tumors and occupancy.

(4) Confirmed non-bacterial meningitis (ie, viral, fungal, tuberculous, mycoplasmal, and parasitic meningitis).

(5) Autoimmune meningitis, aseptic meningitis, genetic metabolic encephalopathy, congenital infections.

Data Collection
Medical records, laboratory, and microbiological data of all enrolled cases were systematically assessed and recorded by
locally trained pediatric researchers using a standard case report form and entered into Good Clinical Data Management
System. According to the International Classification of Diseases Tenth Revision diagnostic codes and Systematized
Nomenclature of Medicine codes, these cases were determined by searching the electronic medical records for the
discharge diagnoses “acute bacterial meningitis” or “acute purulent meningitis” or “intracranial infection” or “central
nervous system infection” or “meningitis” in each collaborating hospital from January 2019 to December 2020. Only the
first medical record was included for analysis if the patient was hospitalized multiple times for the same diagnosis.
We retrospectively recorded baseline information on demographics, the time of admission and discharge, clinical
characteristics, craniofacial and spinal anatomical abnormalities associated with central nervous system infection,
causative microorganisms, laboratory findings, cranial imaging, treatment, antibiotic susceptibility test results, and
outcomes.

Laboratory Methods Analysis

All suspected bacterial meningitis patients had received LP after admission and had cerebrospinal fluid (CSF) examina-
tions including leukocyte and red blood cell count, differential leukocyte count, CSF biochemical, CSF culture, and Gram
staining), as well as blood routine test, blood cultures, and cranial imaging. CSF and blood specimens were cultured, and
pathogens were identified using standard methods as previously described. Microbiological specimens were cultured by
BACT/ALERT 3D 240 automatic blood culture instrument (Mérieux, France), and bacteria were identified by the
automatic bacterial identification system (VITEK Compact 2, France) at each surveillance center. Drug susceptibility
testing of S. pneumoniae to penicillin was supplemented with the E-test method, and the results were interpreted
according to the guidelines of the American Board for Clinical Laboratory Standardization. The culture and identification
procedures are carried out following the National Clinical Laboratory Procedures. Normal values of CSF parameters
refer to the National Clinical Laboratory Procedures.'> Antigen detection and molecular biological detection methods in
this study were performed in only some of the suspected bacterial meningitis patients who were in serious status
requiring earlier identification of pathogens or patients with empirical antibiotics therapy failed or patients with negative
initial CSF Gram stains whose CSF and(or) blood cultures at 72 h incubation were negative (including BinaxNOW for
Streptococcus pneumoniae detection and mNGS).

Positive CSF mNGS results were interpreted according to the Expert Consensus on the Use of Cerebrospinal Fluid
Macrogenomics Second-Generation Sequencing for Infectious Diseases of the Central Nervous System,'® and diagnosis
of coagulase-negative staphylococcal (CoNS) CABM was based on the Centers for Disease Control and Prevention’s
definition of bloodstream infection surveillance.'”

Clinical Outcome

We considered the clinical situation on the discharge day as the clinical outcome. Cured was defined as relief of clinical
symptoms and signs, negative CSF test results, and no cranial imaging complications during hospitalization.'® Disease
improvement was defined as relief of clinical symptoms and signs, negative CSF culture, blood inflammatory indicators
normal, CSF leukocyte count approximately normal, CSF protein and (or) glucose level not returned to normal, and no
progress in cranial imaging complications during hospitalization.'® Unhealed was defined as no improvement in clinical
symptoms, abnormal CSF test results, and neurological complications on cranial imaging. Death was defined as death
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that occurs during hospitalization or within 3 days of discharge from the hospital after the abandonment of treatment.
Relapse was defined as CABM due to the same pathogenic bacteria after the completion of antimicrobial therapy from
the initial episode.'” Adverse outcomes included unhealed, relapse, death, being discharged automatically, abandoned
treatment or being transferred to other hospitals for further treatment.

Statistical Analysis

SPSS 19.0 software (IBM Corporation, Armonk, NY, USA) was used for statistical analysis. Categorical data were
expressed in frequency and percentage, and the chi-square test and Fisher’s exact test were used to analyze the statistical
difference. Continuous data were expressed as median (Q1, O3) for non-normal distribution, and Kruskal-Wallis H-test
was used to analyze statistical difference, with P value was set at less than 0.05 with statistical significance.

Results

Baseline Clinical Characteristics

From Jan 1, 2019, to Dec 31, 2020, 1683 children (<15 years old) with CABM were enrolled for screening. 73 cases
(4.3%) were excluded due to non-bacterial, post-traumatic, hospital-acquired meningitis, and two episodes for one
person. A flow diagram of the cases included is listed in Figure 2. A total of 1610 CABM patients with CABM met
the inclusion criteria. A total of 955 (59.3%) of the enrolled patients were males and 655 (40.7%) were females. More
than half of the patients (65.2%) were <3 months and 84.0% of patients were <1 year of age. The median age at
presentation was 45 (15, 164) days. All cases were classified into five age groups: 588 (36.5%)<28 days of age (including
208 <7 days of age, 380 from 7 to <28 days of age), 462 (28.7%) from 28 days to <3 months of age, 302 (18.8%) from 3
months to <1 year of age, 156 (9.6%) from 1 to <5 years of age, and 102 (6.4%) from 5 to <15 years of age (Table 1).

Cases met criteria for enrollment (n=1683)

Cases excluded(73 in total):

e Laboratory-confirmed non-bacterial meningitis (n=36)
e Post-surgical, post-traumatic meningitis (n=29)

e Two episodes for one patient (n=6)

e Hospital-acquired (n=2)

Cases included in the study (n=1610)

Etiology confirmed cases (n=790) Probable cases (n=820)
e Bacteria in CSF &blood culture:186
Bacteria in CSF culture only:515
Bacteria in blood culture only:400
Bacteria in CSF mNGS:126

Bacteria in CSF antigen detection: 21

Figure 2 Flowchart of study participants.
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Table | Age Distribution of Children with CABM, n (%)

Age Group Etiology-Confirmed Probable Total
Group (n=790) Group (n=820) | (n=1610)
< 28d 245(31.0) 343(41.8) 588(36.5)
28d to< 3m 222(28.1) 240(29.3) 462(28.7)
3mto < ly 178(22.5) 124(15.1) 302(18.8)
| to <5y 109(13.8) 47(5.8) 156(9.6)
5 to < |5y 36(4.6) 66(8.0) 102(6.4)

Abbreviations: CABM, community-acquired bacterial meningitis; d, day; m, month; y, year.

There was a sharp decline in CABM occurrence with increasing ages. Of 1610 cases, 790 were etiology-confirmed and
820 were probable cases, with a hospital stay of 24 (17, 37) d and hospital costs of 38 (22, 63) thousand yuan. The
CABM patients caused by GBS had the longest hospitalization lengths (P<0.05). The total number of children diagnosed
with CABM was 963 (59.8%) in 2019 and 647 (40.2%) in 2020. The proportion of CABM children in etiology-
confirmed in 2020 was significantly higher than those in 2019 [53.5% (346/647) vs.46.1% (444/963), x2:8.42, P=0.004].
The hospitalization time and cost of CABM children in the etiology-confirmed group were significantly higher than those
in the probable group [26(18, 39) vs 23(16, 35) d, 41(26, 66) vs. 34(21, 59) thousand-yuan, Z=—3.58, —4.53, All
P<0.001].

CABM caused by E. coli and GBS occurred throughout the year, with S. pneumoniae meningitis concentrating in
winter (November, December, and January) and 3 cases of Neisseria meningitidis meningitis occurring in July,
September, and December, respectively.

Distribution of Pathogens in Different Age Groups
To investigate the potential correlation between age and CABM pathogens, we recorded the different infectious agents

found in different age groups. As shown in Table 2, the common pathogens in the <28 days old group and the 28 days to

Table 2 Pathogen Composition of CABM Children in Different Age Groups

Pathogen 0-6d 7-28d 28d~<3m 3m~<ly 1~<5y 5~<I5y Total
(n=75) (n=170) (n=222) (n=178) (n=109) (n=36) (n=790)
E. coli. 19(25.3) 76(44.7) 70(31.5) 25(14.0) 3(2.8) 2(5.6) 195(24.7)
GBS 22(29.3) 46(27.1) 78(35.1) 24(13.5) 0(0.0) 0(0.0) 170(21.5)
S. pneumoniae 0(0.0) 1(0.6) 52.2) 61(34.3) 74(67.9) 16(44.4) 157(19.9)
K. pneumoniae 7(9.3) 8(4.7) 10(4.5) 3(1.7) 1(0.9) 2(5.6) 31(3.9)
E. faecium 3(4.0) 7(4.1) 13(5.9) 6(3.4) 1(0.9) 1(2.8) 31(3.9)
H. influenzae 0(0.0) 0(0.0) 0(0.0) 21(11.8) 3(2.8) 2(5.6) 26(3.3)
S. aureus 1(1.3) 52.9) 52.3) 4(2.2) 2(1.8) 1(2.7) 18(2.3)
L. monocytogenes 7(9.3) 1(0.6) 3(1.3) 4(2.2) 10(9.2) 4(11.1) 29(3.7)
CoNSs*? 3(4.0) 1(0.6) 4(1.8) 1(0.6) 2(1.8) 0(0.0) 11(1.4)
Nontyphoidal salmonella 0(0.0) 0(0.0) 3(1.4) 7(4.0) 2(1.8) 0(0.0) 12(1.5)
Others streptococcus® 0(0.0) 1(0.6) 2(0.9) 2(1.1) 2(1.8) 0(0.0) 7(0.9)
MRSA 0(0.0) 0(0.0) 0(0.0) 2(1.1) 1(0.9) 2(5.6) 5(0.6)
Others® 10(13.3) 27(15.9) 29(13.1) 18(10.1) 8(7.4) 6(16.7) 98(12.4)

Notes: *CoNS included: Staphylococcus epidermidis (3, 27.3%); Staphylococcus hominis, Staphylococcus haemolyticus and Staphylococcus capitis (2, 18.2%), Staphylococcus warneri
and Seasoning Staphylococcus (1, 4.6%). ®Other streptococcus included: Streptococcus salivarius (3, 42.8%), Streptococcus sanguis, Streptococcus intermedius, streptococcus viridans (1,
14.3%) and | strain were not classified. “Others included: Acinetobacter baumannii and Pseudomonas aeruginosa (8, 0.9%), Serratia muciformis (7, 0.8%), E. faecalis (6, 0.7%),
others Enterococcus (5, 0.6%), Stenotrophomonas maltophilia and Elizabethkingia meningosepticum (4, 0.4%), Streptococcus gallolyticus, Bacillus proteus mirabilis and Neisseria
meningitidis (3, 0.3%). 26 rare bacteria were present in only one patient.

Abbreviations: CABM, community-acquired bacterial meningitis; d, days; m, months; y, years; E. coli Escherichia coli; GBS, Group B Streptococcus; S. pneumoniae,
Streptococcus pneumoniae; K. pneumoniae, Klebsiella pneumoniae; E. faecium, Enterococcus faecium; H. influenzae, Haemophilus influenzae; S. aureus, Staphylococcus aureus; L.
monocytogenes, Listeria monocytogenes; CoNS, Coagulase-negative staphylococcus; MRSA, Methicillin-resistant Staphylococcus aureus.
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<3 months old group were E. coli and GBS. GBS (29.3%, 22/75) was the dominating pathogen, followed by E. coli
(25.3%, 19/75) in 0—6 days newborns and E. Coli (44.7%, 76/170) was the leading pathogen, followed by GBS (27.1%,
46/170) in 7 to 28 days newborns. The predominant pathogens in the 3 months to <1 year of age group were S.
pneumoniae, E. coli, and GBS; the first pathogen of children in the age group 1 to <5 years and 5 to <15 years was S.
pneumoniae. There were 9.7% (19/195) strains of E. coli producing ultra-broad-spectrum f-lactamases. Of the 26
Haemophilus influenzae strains detected, there were 80.8% (21/26) in the age group 3 months to <1 year, and 11.5%
(3/26) and 7.7% (2/26) in the age group 1 to <5 years and >5 years, respectively.

Coagulase-negative staphylococci (CoNS) accounted for 36.4% (4/11) in each of the <28 days old group and 28 days
to <3 months old group. Non-typhoid Salmonella accounted for 63.6% (7/12) of the 3 months to <l-year-old group. A
total of 3 Neisseria meningitides were detected in 2019 and none in 2020.

Pathogen Testing Samples Types and Results

Of the enrolled cases, 1610 blood and 1598 (99.3%) CSF culture results were recorded, and CSF culture was not
performed in 12 (0.7%) children due to certain clinical conditions (low specimen volume or coagulation). CSF and blood
culture positive rates were 32.2% (515/1598) and 24.8% (400/1610), respectively, with 9 cases of positive bone marrow
cultures. Both CSF and blood cultures were positive in 23.5% (186/790) of the children in the etiology-confirmed group.
In 820 probable cases, a pathogen was not identified.

In this study, antigen detection and molecular biological detection methods were performed in only some of the
suspected bacterial meningitis patients who were in serious status requiring earlier identification of pathogens or patients
with empirical antibiotics therapy failed, or patients with negative initial CSF Gram stains whose CSF and (or) blood
cultures at 72 h incubation were negative. The positivity detection rates of CSF mNGS and S. pneumoniae antigen were
38.2% (126/330) and 25.3% (21/83), respectively. Of the 126 cases with positive mNGS results, the positive rates of CSF
culture and blood culture were 8.2% (27/330) and 4.2% (14/330); both CSF and blood cultures were positive in 3.6%
(12/330); 22.1% (73/330) cases with negative CSF or blood culture results. Of the 21 cases with positive S. prneumoniae
antigen testing results in CSF, the positive rates of CSF culture or blood culture were both 6.0% (5/83); both CSF and
blood cultures were positive in 3.6% (3/83). Only 11 cases with positive Gram staining results were collected.

Laboratory Parameters
The CSF leukocyte count was recorded in 1511 (93.9%), glucose concentration in 1558 (96.8%), and protein concentration in
1548 (96.1%) in the first LP of 1610 children. We observed a median CSF leukocyte count of 440 (100, 1923) cells/uL, a median
percent of neutrophils 64.0 (35.0, 77.3) %, a median CSF protein of 1.6 (0.9, 2.8) g/L, and a median CSF glucose of 1.7 (1.0, 2.2)
mmol/L. The highest CSF leukocyte count (142x10°/ cells /uL) was in E. coli cases in the first LP, and the lowest CSF leukocyte
count (6/ cells /uL) was in L. monocytogenes cases. The median CSF leukocyte count in the first LP was 1215.0 (112.0, 6250.0)
cells/uL in E. coli cases, 1000.0 (185.0, 2920.0) cells/uL. in GBS cases, 780.0 (192.5, 2342.5) in the S. pneumoniae cases and
464.5 (236.8, 1066.3) cells/uL in the L. Monocytogenes group, but no significant difference was found (Z=5.720, P = 0.126).

There were 32 cases (2.1%) with normal CSF leukocyte count and 123 cases (7.9%) with normal CSF glucose
concentration in the first LP in etiology-confirmed cases. Of the 32 cases with normal CSF leukocyte counts in the
etiology-confirmed group, 15 cases (46.9%) were neonates; pathogens were identified: 19 (59.4%) had positive CSF
cultures, 9 (28.1%) in both positive blood and CSF cultures, 4 (12.5%) in positive CSF mNGS. In 32 cases, E. coli was
found in 11 cases (34.4%), Streptococcus aureus in 8 cases (25.0%), S. pneumoniae in 5 cases (15.6%), Klebsiella
pneumoniae in 4 cases (12.5%), L. Monocytogenes, and non-typhoid Salmonella in every 2 cases (6.3%). Among 123
cases with CSF glucose concentration (>2.8 mmol/L) in the first LP in the etiology-confirmed group, 96 cases (78.0%)
were <1 year old, including 26 cases <28 days and 31 cases 28 days to <3 months of age. Among 123 cases, pathogens
were identified: only 67 cases (54.5%) by CSF culture, 37 cases (30.0%) by both the CSF and the blood cultures, 18
cases (14.6%) by CSF mNGS, and 1 case (0.8%) by CSF antigen detection.

As shown in Table 3, the proportions of CSF leukocyte count >1000 cells/uL and CSF glucose concentration
(<1.1 mmol/L) in the first LP were higher in the etiology-confirmed group than in the probable group; the proportions
of normal leukocyte count and glucose concentration (>2.8 mmol/L) in CSF before discharge were low.
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Table 3 Comparison of CSF Parameters in Children with CABM in the Etiology-Confirmed and Probable Groups

Clinical Characters n (%) Total Etiology-Confirmed Probable Group
(n=1610) Group (n=790) (n=820)
First leukocyte count of CSF (cells/pL) I511 (93.9)* 737(93.3) 774(94.4)
>1000 528 (34.9) 305(41.4) 223(28.8)
Normal ~1000 951(62.9) 400(54.3) 551(71.2)
Normal® 32 (2.1) 32(4.3) 0(0.0)
First glucose concentration of CSF (mmol/L) 1558 (96.8)* 758(95.9) 800(97.6)
<l 413 (26.5) 240(31.7) 173(21.6)
2]l ~<22 737(47.3) 280(35.5) 457(55.8)
222~<28 285(18.3) 115(14.6) 170(20.7)
228 123(7.9) 123(15.6) 0
First protein concentration of CSF (g/L) 1548(96.1)* 756(95.7) 792(96.6)
>1.5 836 (54.0) 412(54.5) 424(53.5)
1.0~1.5 283 (18.3) 131(17.3) 152(19.2)
<1.0 429 (27.7) 213(28.2) 216(27.3)
Leukocyte count of CSF before discharge (cells/uL) 1450 (90.0)* 709(89.7) 741(90.4)
>500 81 (5.6) 53(7.5) 28(3.8)
>50 ~ 500 183(12.6) 90(12.7) 93(12.6)
Normal ~ 50 590 (40.7) 325(45.8) 265(35.8)
Normal® 596 (41.1) 241(34.0) 355(47.9)
Glucose concentration of CSF before discharge (mmol/L) 1427 (88.6)* 671(84.9)) 756(92.2)
<l 47 (3.3) 18(2.7) 29(3.8)
2]l ~<22 569(39.9) 236(35.1) 333(44.0)
222~<28 571(35.5) 267(39.8) 304(40.2)
228 240(14.9) 150(22.4) 90(11.9)
Protein concentration of CSF before discharge (g/L) 1397 (86.8)* 667(84.4) 730(89.0)
>1.5 191 (13.7) 85(12.7) 106(14.5)
1.0~1.5 187 (13.4) 85(12.7) 102(14.0)
<1.0 1019 (72.9) 497(74.5) 522(71.5)

Notes: *Failure or injury of lumbar puncture leads to the inability to extract or contaminate CSF samples. *Non- neonates: <5x | 0%/L; neonates: <20 10°/L.
Abbreviation: CABM, community-acquired bacterial meningitis.

The highest serum white blood cell (WBC) count and C-reactive protein (CRP) were documented in the S.
pneumoniae group. The median WBC count and CRP were 21.54 x10°/L (15.92-28.62) and 98.54g/L (42.83, 124.64)

in the S. pneumoniae group.

Antimicrobial Susceptibility Analysis of Isolated Strains

There were 129 E. coli isolates recorded antimicrobial susceptibility data. E. coli were susceptible to meropenem [96.3%
(104/108)], Piperacillin-tazobactam [97.6% (41/42)], and Cefoperazone-sulbactam [92.3% (24/26)]; the susceptibility
rates to cefotaxime and ceftriaxone were 64.3% (36/56) and 52.4% (54/103), respectively.

Among 157 S. pneumoniae strains isolated, only 91, S. pneumoniae antimicrobial susceptibility data were registered
(84 from CSF, 7 from blood). Seven blood-derived S. pneumoniae strains were determined for antimicrobial suscept-
ibility according to the breakpoint of parenteral administration of meningitis strain. We found that 69 S. pneumoniae
isolates that underwent penicillin susceptibility testing: 28 (40.6%) with susceptibility and 41 (59.4%) with resistance to
penicillin. The susceptibility rates of S. pneumoniae to levofloxacin, moxifloxacin, rifampicin, and chloramphenicol were
81.5% (22/27), 82.4% (14/17), 96.2% (25/26), and 91.3% (21/23). The susceptibility rates of S. pneumoniae to
cefotaxime, meropenem, and ceftriaxone were 56.1% (23/41), 51.1% (23/45), and 63.5 (33/52), respectively. No S.
pneumoniae isolates were resistant to vancomycin, linezolid, levofloxacin, or ertapenem. S. pneumoniae were completely
resistant to erythromycin [100.0% (31/31)].
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81 GBS isolates recorded antimicrobial susceptibility data. No GBS was resistant to ampicillin, ceftriaxone,
cefotaxime, and meropenem, and was highly susceptible to penicillin [98.6% (69/70)], vancomycin [98.5% (67/68)],
and linezolid [98.4% (61/62)], which was completely resistant to erythromycin and doxycycline.

Intracranial Imaging Complications in CABM Children

Intracranial complications were detected by cranial magnetic resonance imaging (MRI) and/or cranial computed tomography
(CT) during hospitalization in 760 (47.2%) children, and the common complications were subdural effusion and (or) empyema
in 349 (21.7%), hydrocephalus in 233 (14.5%), brain abscess in 178 (11.1%), and other cerebrovascular diseases in 174
(10.8%) (including encephalomalacia, cerebral infarction, and encephalatrophy), which was shown in Table 4. Subdural
effusion and (or) empyema and hydrocephalus occurred mainly in children <1 year old, 93.9% (325/346) and 93.0% (212/
228), respectively. More than 1 intracranial imaging abnormality was present in 306 (19.0%) children. 58 cases (3.6%) were
complicated by ventricular meningitis, and pathogens were identified in 36 of the children (E. coli in 16 cases).

Adverse Outcome

Adverse outcomes occurred in 166 (10.3%) children, of which 137 cases (82.5%) were less than 1 year old. 32 patients
(2.0%) died during hospitalization, 14 (43.8%) were under 3 months of age (12 neonates), and 24 patients (75.0%) were
under 1 year of age. Deaths and intracranial imaging complications of CABM in the seven geographic divisions are
shown in Table 5. In this survey, 59.4% (19/32) of CABM patients who died were positive for pathogens, and the top
three pathogens causing death were S. pneumoniae, GBS, and E. coli.

Table 4 Clinical and Laboratory Characteristics of Children with CABM in the Etiology- Confirmed and Probable Groups

Clinical Character n (%) Total Etiology-Confirmed Probable Group | y%/Z P
(n=1610) Group (n=790) (n=820)

Age(d)® 45(15, 164) 60(21, 238) 33(12, 112) —5.691 0.000

Gender (Male) 955(59.3) 468(59.2) 487(59.4) 0.241 0.887

Complications 760(47.2) 380(48.1) 380(46.3) 0.500 0.480
Subdural effusion and (or) empyema | 349 (21.7) 207(26.2) 142(17.3) 18.711 0.000
Hydrocephalus 233 (14.5) ITI(14.1) 122(14.9) 0.223 0.637
Brain abscess 178 (I11.1) 103(13.0) 75(9.1) 6.197 0.013
Encephalomalacia 127 (7.9) 70(8.9) 57(7.0) 2019 0.155
Ependymitis 58 (3.6) 36(4.6) 22(2.7) 4.069 0.044
Encephalatrophy 28(1.7) 18(2.3) 10(1.2) 2.640 0.104
Cerebral infarction 19 (1.2) 14(1.8) 5(0.6) 4.662 0.031

Outcome
Cured 389(24.2) 198(25.1) 191(23.3) 0.688 0.407
Disease improvement 1088(67.6) 525(66.6) 563(68.7) 0.891 0.345
Adverse outcomes 166 (10.3) 80(10.1) 86(10.5) 0.057 0.812%
Death 32(2.0) 19(2.4) 13(1.6) 1.397 0.237

Relapse 37(2.3) 16(2.0) 21(2.6) 2.879 0.237
In 3 weeks 25 (1.6) 13(1.6) 12(1.5)

After 3 weeks 12 (0.7) 3(04) 9(I.1)

Extracranial infectious diseases 638 (39.6) 314(39.7) 324(39.5) 0.009 0.923
Pneumonia 613(38.1) 300(38.0) 313(38.2) 0.007 0.935
Otitis media 41(2.5) 24(3.0) 17(2.1) 1.509 0.219
Sinusitis 29(1.8) 19(2.4) 10(1.2) 3.197 0.074
Mastoiditis 3(0.2) 1(0.1) 2(0.2) 0.298 0.585

Concomitant diseases
Congenital heart disease 566(35.2) 269(34.1) 297(36.3) 0.864 0.353
Diabetes mellitus 2(0.1) 1(0.1) 1(0.1) 0.001 0.979

Note: *M(Ql, Q3).
Abbreviation: CABM, community-acquired bacterial meningitis.
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Table 5 Death and Intracranial Imaging Complications of
CABM in Different Regions, n (%)

Region Death Complications
North China 3(1.5) 84(42.9)
Northeast China 5(5.6) 52(58.4)

East China 18(2.4) 382(50.8)
Central China 3(24) 53(42.1)
Southern China 1(2.1) 29(60.4)
Southwest China 2(0.6) 128(37.4)
Northwest China 0 32(56.1)

Abbreviation: CABM, community-acquired bacterial meningitis.

Relapse occurred in 37 (2.3%) children with CABM, 25 of whom occurred within 3 weeks of antibiotic withdrawal
and 12 cases occurred after 3 weeks. There were 16 relapses of CABM in the etiology-confirmed group of children, of
which 9 cases were E. coli meningitis, 3 of GBS, and 5 of other rare pathogens. 35 CABM patients with improvement or
recovery relapsed after antibiotic discontinuation (32 cases in improvement and 3 cases in recovery). During the
investigation, 47 patients were unhealed, and 50 cases were discharged automatically, abandoned treatment, or trans-
ferred to other hospitals for further treatment. The proportion of children discharged with a diagnosis including severe
sepsis and/or multiple organ dysfunction syndrome (MODS) was 34.2% (551/1610).

The incidences of subdural effusion and (or) empyema, brain abscess, and ependymitis in the etiology-confirmed
group were significantly higher than those in the probable group (26.2% (207/790) vs 17.3% (142/820), 13.0% (103/790)
vs 9.1% (75/820), 4.6% (36/790) vs 2.7% (22/820), x> =18.71, 6.19, 4.07, all P<0.05), but no significant difference in the
adverse outcomes, mortality, and relapse between two groups (all P>0.05).

Treatment and Hospital Stay in CABM Children

71.7% (1155/1610) of CABM children were pretreated with antibiotics before admission. Most of the patients with
infantile CABM were initially treated with a third-generation cephalosporin. 3.3% (53/1610) of CABM patients had
performed LP examinations in primary hospitals. Once CSF culture results were obtained, the local clinician would
choose a more appropriate antibiotic and medication time based on the pathogen, combined with the local antimicrobial
susceptibility of isolated strains.

Discussion

CABM is one of the common nervous system infectious diseases with a variable clinical presentation and high disability
and mortality rates in children worldwide. This research showed that the onset age of CABM in children was mostly <1
year, especially <3 months old. This finding was consistent with a multicenter retrospective study in China on pathogens
of bacterial meningitis in children >28 days old and the study conducted in the United State from 1998 to 2007.* The
higher incidence of CABM in young infants may be due to immature humoral and cellular immunity, phagocytosis, and
an incomplete blood—brain barrier.”’

The pathogens of CABM are related to the age and immune status of children.?' In this study, our findings indicate
that the common pathogens in neonates and young infants in the <3-months-old groups were E. coli and GBS, which
were consistent with the pattern observed in Europe, the United Kingdom, Ireland, and North America.>**>* We likely
underestimated the incidence of CABM caused by GBS due to limitations in case ascertainment and specimen collection
and processing, intrapartum antibiotic prophylaxis. S. pneumoniae was the most common cause of CABM in children
after the neonatal period which is consistent with current pathogenic trends.”>2® This study had shown that the

composition of pediatric CABM pathogensvaried with age consistent with previous studies,**

and understanding of
the distribution of pathogens in CABM cases of different age groups which provided the targeted selection of

antimicrobial medications.
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A total of 26 strains of H. influenzae were detected in this study, of which 21 strains were identified from 3 months to
1 year of age; we detected only 3 strains of Neisseria meningitidis in infants of <4 months of age, and no strain was
detected in 2020. The significant decrease in the incidence of H. influenzae and Neisseria meningitidis of CABM in
children may be due to the introduction of protein conjugate vaccines and measures implemented worldwide to mitigate
the spread of SARS-CoV2 (such as social distancing, wearing the mask, online classes at home) after 2019.%7% Previous
literature had shown the coverage of H. influenzae and Neisseria meningitidis vaccines were 55.9% and 90% which
underlined the importance of vaccination.””>° CABM caused by E. coli and GBS occurred throughout the year, with S.
pneumoniae meningitis concentrating in winter (November, December, and January) and 3 cases of Neisseria meningi-
tidis meningitis occurring in July, September, and December, respectively.

CSF analysis was shown to remain the principal contributor to the final CABM diagnosis, and CSF culture was the gold
standard for CABM diagnosis. The positive CSF culture rate of children with CABM in our study was only 32.2%, probably due
to narrowing of the vertebral space in the young children which resulted in difficulty in collecting CSF, some patients were
extremely uncooperative, and too small volume of CSF were collected which resulted in CSF culture failure. In addition, the
antimicrobial administration before LP was also a cause of CSF culture failure.>'** In this study, a total of 790 cases (49.1%) of
pathogenic bacteria were detected by culture or molecular detection techniques, of which the positive rates of CSF and blood
culture cultures were 32.2% and 25.0%, respectively, while the positive rate of both CSF and blood cultures was only 23.5%.
Among CSF culture-negative cases, pathogens were detected in CSF in 73 and 8 cases by mNGS and antigen detection
techniques, respectively. Molecular techniques (antigen detection, nucleic acid detection, and mNGS) should be selected as
early as possible which may effectively improve the pathogens detection rate in CABM, especially when the clinical manifesta-
tions are highly suggestive of infection but the pathogens remain ambiguous.*’

Gram staining is a simple, rapid, economical, and practical routine detection method in clinical laboratories. A precise
description of bacterial morphology is important to determine the bacteria and their genera, therefore guiding clinical
diagnosis and early therapy.***> One guideline recommends that all patients with suspected bacterial meningitis should
have a Gram stain of cerebrospinal fluid.*® In this study, only 11 cases (0.7%) of CSF Gram staining smear results were
collected, which were consistent with the results of the subsequent spinal fluid culture. Therefore, a timely smear after LP
along with early positive alarm results of CSF and blood culture can be used as the basis for early treatment. Gram
staining of CSF is an important supplement to CSF culture in children suspected of CABM, which can improve the
detection rate of pathogens. In etiology-confirmed cases, the bacterial load is high, the infection continues to progress, the
corresponding hospitalization time is longer and the hospitalization expenses are higher; the incidence of subdural
effusion and/or empyema, brain abscess, and ependymitis were significantly higher than those of probable cases. These
factors indicated that appropriate antibiotics should be considered as early as possible, which highlights the importance of
pathogenic bacteria detection in guiding disease treatment.

In this study, 47.2% of CABM cases had intracranial imaging complications associated with CABM within hospitalization,
subdural effusion and (or) empyema, hydrocephalus, and brain abscesses are common complications. Compared with older
children, subdural effusion was more common in children <1 year old, which was consistent with previous studies.*”* Subdural
effusion and/or empyema occurred in 349 CABM cases, and most children are usually asymptomatic which were absorbed
spontaneously during follow-up, rarely requiring medical intervention which was consistent with Snedeker’s research result.*
Systemic complications such as severe sepsis and/or multiple organ dysfunction syndrome (MODS) occurred in 34.2% of CABM
cases in this study, which was higher than previous USA studies.”” CABM cases who developed systemic complications had
complex clinical presentations and some patients had significantly higher rates of sequelae. Therefore, under the premise of
effective anti-infection, clinicians must pay attention to monitor the changes of the condition, timely detection of complications,
and active management, which is expected to reduce the disability and death rate of children’s CABM, and thus improve the
prognosis of children.

Among the 790 CABM children in the etiology-confirmed group, 32 cases (4.3%) had the normal first CSF leukocyte count
(including 15 neonates), which was higher than foreign results.*' Previous studies have suggested that the normal first CSF
leukocyte count of CABM children was associated with a too-short time between CABM symptoms and first LP, antibiotics
therapy, compromised immune function, and severity of disease.*” Once CABM is highly suspected clinically, for children with
the normal first CSF leukocyte counts, considering that it takes time for the immune response to CSF leukocyte infiltration
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following pathogens infection, we need to consider further CSF molecular biology assays to increase the positive detection rate of
pathogens, and the appropriate antimicrobial treatment in combination with the patient’s age, risk factors, the immune status, the
severity of the disease, and local resistance rates of dominant pathogen as early as possible.

The issue of S. pneumoniae resistance is increasingly becoming a significant concern, particularly among pediatric patients in
Asia. In the present study, the findings indicate that S. pneumoniae isolates exhibit low sensitivity to f-lactam antibiotics, with only
40.6% exhibiting sensitivity to penicillin, while 63.5%, 56.1% of isolates showed sensitivity to ceftriaxone, cefotaxime, which
were all significantly lower than foreign isolates,* slightly higher than the 2013-2017 national multicenter study.** S. pneumo-
niae isolates exhibited complete resistance to erythromycin, which was following the erythromycin-resistant rate reported in
China by the Asian Drug-Resistant Bacteria Detection Network.* In this study, E. coli showed high sensitivity to Meropenem,
Piperacillin-tazobactam, and Cefoperazone-sulbactam (all>90%). Approximately, 50% of E. coli isolates were sensitive to
cefotaxime and ceftriaxone, which is consistent with the previous study.?****” There were 9.7% (19/195) strains of E. coli
producing ultra-broad-spectrum p-lactamases. All GBS strains were sensitive to ampicillin, ceftriaxone, cefotaxime, and
meropenem, with high susceptibility to penicillin, vancomycin, and linezolid.

One of the most significant findings of this study was that pathogens distribution differed by age, which implied diverse
preferences for infection or immunity among pathogens. Further mechanistic studies should be focused on the host and pathogen
interactions in individuals of different ages. Furthermore, the invasiveness of different pathogens and clinical symptoms caused by
infection with different pathogens vary greatly. Monitoring the pathogen’s distribution in children with CABM is important for the
development of clinical treatment. By combining epidemiological and laboratory data for bacterial diseases, we can gain insights
not only into population dynamics and transmission patterns but also into how to timely adjust immunization strategies.

In total, patients suspected of central nervous system infections should receive LP for CSF microscopy, biochemistry, and
culture examination when contraindications had been ruled out on clinical grounds. Non-culture tests should be considered for
patients who need earlier identification of pathogens, patients who were in severe status and had previously received antibiotics, or
patients who had negative initial CSF Gram stain with or without negative culture at 72 h incubation. Empiric antibiotic treatment
needs to be adjusted according to the patient’s age, risk factors, and regional epidemiology.

This was a retrospective multicenter study that did not involve the onset, disease progression, and antibiotic
application of CABM for various reasons. Certain children had been hospitalized in other hospitals before this admission,
so the clinical and laboratory data (including antimicrobial susceptibility) in some cases are incomplete; lack of follow-up

data. Further large-scale prospective research should be carried out in the future.

Conclusion

The onset age of CABM in children is usually within 1 year of age, especially <3 months. The primary pathogens in
infants less than 3 months old are E. coli and Group B Streptococcus, and the dominant pathogen in children older than 3
months old is S. pneumoniae. Subdural effusion and (or) empyema and hydrocephalus are common complications.
CABM should not be excluded even if CSF leukocyte counts are within the normal range. Due to the low detection rate
of pathogens in children with CABM, standardized CSF bacteriological examination should be paid more attention to
increase the pathogen detection rate. Non-culture CSF detection methods may facilitate pathogenic diagnosis.
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CABM, Community-acquired bacterial meningitis; CSF, cerebrospinal fluid; mNGS, Metagenomic Next-Generation
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