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Abstract

Objectives: To evaluate the molecular epidemiology and mortality risk factors of nosocomial meningitis (NM) induced by multi-
drug resistance Enterobacteriaceae (MDRE) in China. Methods: We performed a multi-center study of MDRE NM patients
in 2 neurosurgical centers in China from 2014 to 2019. Molecular and phenotype microbiology epidemiology of each MDRE
were reviewed and tested, and 21 clinical variables on mortality risk factors were extracted and evaluated by multivariate Cox
analysis for NM. Results: In total, 90 MDRE NM patients were included in this study. Klebsiella (K.) pneumoniae occupied
the highest proportion (51.11%, 46/90), 44 (44.44%) were meropenem-resistant, ceftriaxone resistance in target MDRE was
relatively high (92.22%, 83/90), blaKPC (67.50%, 27/40) was the predominant carbapenem resistance gene, and blaCTX-M-
1, blaTEM and blaCTM-M-9 were the three most popular extended spectrum β-lactamases (ESBLs) producing genes of the

MDRE. Multivariate Cox analysis showed that external ventricular drainage (EVD, odds ratio (OR) 2.524, 95% confidence

interval (CI) 1.101-5.787, P = 0.029) and Glasgow Coma Scale (GCS) [?]8 (OR 4.033, 95% CI 1.526-10.645, P = 0.005) were

mortality risk factors of MDRE NM. Conclusions: NM caused by MDRE is an important sign of the failure of neurosurgery,

and MDRE has multiple drug resistance genotypes, and EVD and GCS[?]8 are independent mortality risk factors of MDRE

NM, which deserves the attention of microbiologist and neurosurgical clinicians.

Introduction

Nosocomial meningitis (NM) is a serious neurosurgical complication, which severely affects the survival of the
patients and success rate of neurosurgery. Patients with NM always suffered relatively large-scale surgery,
and the body’s immunity was lower. According to reports in the literature, compared with non-nosocomial
meningitis patients, the mortality of NM patients is up to 15-45%.[1]

Increasing antibiotic resistance in Enterobacteriaceae is a growing public health crisis that makes many
medical care-associated infections hard to treat with current antibiotics[2, 3]. Multi-drug resistant Enter-
obacteriaceae (MDRE) is defined as an Enterobacteriaceae resistant to at least three types of antibiotics[4],
including β-lactams, aminoglycosides, macrolides, quinolones antibiotics and so on. Because of their multiple
drug resistance properties, clinicians are always limited in their choice of antibiotics. NM caused by MDRE
usually leads to serious consequences of the neurosurgical patients. Due to the complexity of neurosurgery
and the existence of a blood-brain barrier, the mortality rate of MDR bacterial meningitis is always higher
than that of wild-type strains[5].

This study focus on the molecular epidemiology, clinical features of the largest series of MDRE-NM reported
to date, with the aim of evaluating the clinical outcome of NM caused by MDRE, and examining the risk
factors for mortality in MDRE-NM. To my best of knowledge, this is the first survival analysis on MDRE-NM.

Materials and Methods
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. Study design

This study was performed at two neurological centers in northern China between Jan 2014 to Dec 2019,
including Beijing Tiantan Hospital and Capital Medical University, and Daqing Oilfield General Hospital.
All of the patients eligible were enrolled from neurosurgical wards of the two centers listed above. The
molecular characteristic test of this study was approved by the ethical committee of Beijing Tiantan Hospital
and Capital Medical University (Approved Number: KY-2019-095-03).

Definition of the MDRE-NM

MDRE: Enterobacteriaceae resistant to three or more types of antibiotics, including β-lactams (meropenem
and ceftriaxone), aminoglycosides (amikacin), quinolones (levofloxacin), tetracyclines, polymyxins B, sul-
famethoxazole and trimethoprim (SMZ-TMP), and chloramphenicol.

Patients were eligible if they were older than 18 years and survived at least 7 days after neurosurgery. Neu-
rosurgical operations included craniotomy and trans-sphenoidal and spinal surgeries. Patients without neu-
rosurgery, anti-infective operations not done in their hospital, and incomplete medical records were excluded
from our study. The patients were followed for the development of NM during the first 30 postoperative
days. The inclusion criteria are: 1) MDRE cultured from the patients’ CSF;

2) at least one of the symptoms or signs followed with no other cause: headache, fever(>38), neurological
abnormalities(stiff neck, meningeal signs, cranial nerve signs or irritability), despite appropriate antibiotic
therapy; 3) at least one of the abnormal clinical laboratory tests: a) elevated CSF leucocyte count, increased
CSF protein level, and/or decreased CSF glucose concentration; b)Enterobacteriaceae cultured from blood.
The flow chart and exclusion criteria are shown in Figure-1.

Microbiology

All of the cerebrospinal fluid (CSF) specimens were collected from the patients of two neurosurgical centers.
The MDRE isolated from the CSF underwent culture, bacterial identification, antimicrobial susceptibility
tests (AST), and resistance gene screening. CSF (1-3 ml) of the patients was obtained either by lumbar
puncture or from CSF devices, and were inoculated into bacterial culture bottles for automatic culture.
When the culture system alarm for positive, 20 μl of bacterial culture broths were sub-cultured on 5%
Columbia sheep blood agar plates (bioMerieux, Marcy l’Etoile, France) and MacConkey (bioMerieux, Marcy
l’Etoile, France) and incubated aerobically at 37°C for 18-24 hours. All suspected bacteria with growth
characteristics ofEnterobacteriaceae were subjected to standard microbial identification procedures.

The systems employed for microbial identification are VITEK-2 Compact (bioMerieux, Marcy l’Etoile, Fran-
ce), and VITEK MS (bioMerieux, Marcy l’Etoile, France) systems. AST of Enterobacteriaceae was performed
by the Kirby-Bauer method and broth microdilution method (MIC) and classified as sensitive, intermediate,
and resistant according to the Clinical and Laboratory Standards Institute (CLSI)[6]. Resistance gene detec-
tion of MDRE were carried out by the second-generation micro/nanofluidic chip platform-B (MNCP-II-B)
based on the loop-mediated isothermal amplification method (LAMP)[7]. The extraction of the nucleic acid
and test procedure was done according to the MNCP-II-B manufacturer’s instructions[8].

Patients’ characteristics and risk factors

All of the NM patients’ qualified daily medical records were extracting from the database of the neurosurgery,
clinical infectious diseases, and microbiology departments in the two centers described above. From that, 21
characteristics were selected as the mortality risk factors of the NM patients, including: Age, Male%, Hy-
pertension, Diabetes mellitus, Fever (b.t>38), lumbar drainage (LD), external ventricular drainage (EVD),
long-time surgery duration(>180 min), CSF leakage, reoperation, assisted mechanical ventilation(AMV),
length of hospital stay (LOS), time of cure of infection (days), surgical wound classification, craniotomy,
Glasgow Coma Scale (GCS) ([?]8), Positive culture time, ICU admission, Malignancy, Bacterimia and Hos-
pital acquired pneumonia(HAP) .

Statistics Analysis

2
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. Whonet 5.5 and SPSS (IBM, New York, US version 22) were performed as the statistical analysis. Categor-
ical data were expressed as numbers and percentages, whereas continuous data were expressed as median
+- standard deviations (SDs) or median with interquartile range (IQR). In univariate analysis, normally
distributed quantitative variables were analyzed with either Student’s t-test or one-way analysis of variance
test as appropriate. Abnormally distributed quantitative variables were processed using Mann-Whitney U
test, and categorical data were assessed by Pearson’s chi-squared (χ2) test. Univariate analysis was employed
to calculate the P values for all variables, and K-M analysis was performed in the univariate variable with
p<0.05. A multivariate Cox regression algorithm was performed to predict the MDRE-NM mortality, and
the results were expressed as P value, sub-distribution hazard ratio (HR), and their 95% confidence intervals
(C.I.). Any variables with P <0.1 in the Kaplan-Meier (K-M) survival analysis were carried forward into
the multivariate Cox regression algorithm to analyze the independent mortality risk factor for MDRE-NM.
Significance was defined as a P <0.05, and calibration was assessed using the Hosmer-Lemeshow (H-L) test
for goodness-of-fit

Results

During the study period, 45,771 neurosurgery patients and 3, 570 PNM patients were included in the
two centers described above. The infection rate was 7.8% (3, 570/45, 771). Among them, 242 cases
ofEnterobacteriaceae contained 41.73%(101/242) of patients with MDRE-NM were recorded, Of them, 2
patients younger than 18 years old, 3 patients hospitalized less than 7 days or without antimicrobial treat-
ment, 2 patients that died within 7 days and 4 patients with incomplete medical records were (11) excluded
from this study. Of the remaining 90 cases, 79 patients were from Beijing Tiantan Hospital and Capital
Medical University (55 survival, 24 Non-survival), and 11 were from Daqing Oilfield General Hospital (7 sur-
vival, 4 Non-survival). The flow sheet of this study is shown in Figure-1, and distribution of the MDRE-NM
patients is shown in Figure-2.

Microbiology

Isolate distributions of Enterobacteriaceae and MDRE are shown in Table-1. From that, Klebsiella pneumo-
niae occupied the highest MDRE proportion (51.11%, 46/90), followed by Escherichia coli(26.67%, 24/90),
Klebsiella aerogenes (8.89%, 8/90), andEnterobacter cloacae (5.56%, 5/90).

AST and Genotyping of MDRE

Table-2 shows the AST and genotyping of MDRE in 90 NM patients. Among them, 44 (44.44%) were
meropenem-resistant, and ceftriaxone resistance in target MDRE was relatively high (92.22%, 83/90),
whereas 32.22%(29/90) resistance was found in amikacin. No polymyxin B-resistant MDRE was found
in this study, and in addition, MDRE has a relatively lower resistance to SMZ-TMP (18.89%, 17/90). The
resistance rates of MDRE to tetracycline, levofloxacin, and chloramphenicol were relatively similar, being
66.57% (60/90), 74.44% (67/90), and 63.33% (57/90), respectively.

Meropenem-resistant MDRE contained at least one carbapenem related gene and the blaKPC (67.50%, 27/40)
was the predominant gene. In addition, extended spectrum β-lactamases (ESBLs) producing genes+Ompk35
(65.00%, 26/40) is also a more popular gene form of resistance, and blaOXA-66 accounts for 27.5% (11/40).
In total, blaSHV ,blaTEM , and blaCTX-M-9 are the 3 most popular ESBLs producing genes of the MDRE.
The whole genotype distributions are shown in Table-2.

Comparative Analysis between Survival and Non-Survival patients

Characteristics of patients stratified by survival and non-survivalpatients are presented in Table-3. The main
demographic and clinical characteristic data of both groups are shown in Table-3. Patients with MDRE-NM
had a median age of 49 years (IQR, 31-59), and 64.44% (58/90) of patients were male. Hypertension was
found in 22.22% (20/90) of patients, diabetes mellitus in 5.56% (5/90), 43.33% (39/90) had bacteremia and
HAP comorbidity in 40.00% (36/90). Among the 90 cases, 64.44% (58/90) of patients had fever, 51.11%
(46/90) had EVD, 41.11% (37/90) had LD and 21.11% (19/90) had CSF leakage. More than half (57.78%,
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. 52/90) of patients experienced long surgery duration (>180 min), 27.78% (25/90) of patients underwent
reoperation, and 42.22% (38/90) of patients were placed on a ventilator. The median LOS of the MDRE-
NM patients was 27 (IQR, 20-42) days, and the median time of CSF-positive culture was 7 (IQR, 3-13) days.
Time of cure of infection was 12 (IQR, 7-18) days. Incidence of craniotomy surgery and malignancy were
68.89% (62/90) and 57.78% (52/90), and the ICU admission rate was 47.78% (43/90). Clean surgical wound
operation made up 62.22% (56/90) of cases, and the remaining patients’ experienced a clean-contaminated
surgical wound operation.

Outcome and survival analysis

Overall 30-day mortality was 31.11% (28/90). Univariate analysis showed that EVD, AMV, GCS[?]8, ICU
admission, bacteremia and HAP had significant differences between the survival and non-survival groups,
and K-M survival analysis showed that EVD and GCS[?]8 had significant differences between the two groups.
The results are shown in Figure-3. Multivariate Cox survival analysis showed that EVD (HR 2.524, 95%
C.I. 1.101-5.787,P = 0.029) and GCS[?]8 (HR 4.033, 95% C.I. 1.526-10.645, P= 0.005) were mortality risk
factors of MDRE-NM.

Discussion

The emergence and spread of MDR pathogens, especiallyEnterobacteriaceae , is an important nosocomial
health concern, making better evaluation of the molecular characterization and mortality risk factors of these
strains vitally important. In this case-control study, molecular characteristic and mortality risk factors of
MDRE-NM were evaluated. The results of this article revealed a high rate (41.73%, 101/242) of MDRE pro-
portion of the EnterobacteriaceaeNM in neurosurgical patients, among which K. pneumoniae (51.11%, 46/90)
was the most in prevalent Enterobacteriaceae causing MDRE-NM. In AST, third-generation cephalosporin
(ceftriaxone) and carbapenem (meropenem) have a high resistance rate of 92.22% and 44.44%, respectively.
MDRE has specific resistance genotypes for various antibiotics, among which blaKPC (67.50%, 27/40) and
blaCTX-M-1 (72.29%, 60/83) have the highest ratios. Multivariate Cox survival analysis showed that EVD
and GCS[?]8 are independent mortality risk factors of MDRE-NM.

Enterobacteriaceae is one of the most severe pathogenic bacterium that causes nosocomial infections. Due
to the limited choice of antibiotics, infections caused by MDRE can lead to more serious outcomes. In recent
years, the increasing number of MDRE infections has brought great difficulties to clinical treatment. In the
present study, the proportion of K. pneumoniae was as high as 51.1%, which exceeded the proportion of En-
terobacteriaceae reported in the literature[9], indicating that MDR-K. pneumoniae caused more neurosurgical
meningitis. K. pneumoniaenot only possess high drug resistance, but also has high virulence[10] and high
invasiveness property[11], and its infection mortality rate is also higher than other types ofEnterobacteriaceae
[12]. E. coli andK. aerogenes also account for a certain proportion of infections. The three kinds of Enter-
obacteriaceae account for 86.67% of all MDREs and are the most important pathogenic bacteria.

The definition of MDR is one bacterium resistant to at least three types of antibiotics. In this study,
8 kinds of antibiotics, including meropenem, ceftriaxone, amikacin, levofloxacin, SMZ-TMP,tetracycline,
chloramphenicol and polymyxin B, were classified to screen MDRE. Target MDRE have high resistance
rates to meropenem (44.44%) and ceftriaxone (92.22%); meanwhile, resistance to tetracycline, levofloxacin,
and chloramphenicol is relatively high. Nevertheless, for amikacin, SMZ-TMP, and polymyxin B, the drug
resistance rate is low. All MDRE enrolled are especially sensitive to polymixin B, which is the last line
of defense against MDR Gram-negative bacteria. There is a report that polymyxin B can be injected
intrathecally in patients with severe multi-resistant bacterial infection, which may be a better alternative
for MDRE-NM[13]. However, polymyxin B possesses several adverse reactions, such as nephrotoxicity[14],
neuromuscular blockages[15], and respiratory depression[16], so the application is limited to NM patients.

Antibiotic resistance genes are closely related to the choice of therapeutic drugs. For example, cef-
tazidime/avicarbatan has better activity against A and D-type carbapenemase-producing bacteria, but it is
ineffective against B-type (such as, blaVIMand blaIMP ) carbapenemase-producing bacteria[17]. The distribu-
tion of carbapenemase-producing Enterobacteriaceae genes always varies; for example, the most prominent
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. genotype in Europe is D-typeblaOXA-48
[18], the most prominent strain in India isblaNDM-1

[19], and the most
prominent strain in China isblaKPC

[10, 20]respectively. In this study, the majority of MDREs possess more
than one type of carbapenem-resistant genes; nevertheless,blaKPC occupied the greatest proportion of the
carbapenemase-producing mechanism. Previous studies have reported that bacteria that express loss of mem-
brane porin protein and modifications in permeability caused by efflux pump systems can significantly affect
their resistance to carbapenem[21, 22] . Our results confirm that Enterobacteriaceae express ESBL producing
gene+Ompk35 occupied a huge proportion, however, since Ompk35 is not a routine clinical laboratory test,
ESBL + Ompk35 , as a form of carbapenem resistance mechanism, also deserves the neurosurgical attention.
Studies have confirmed that the genotype of the MDRE predominance varied in regions and locations and to
a great extent determined the resistance of the MDRE in the locality. For example, an African study shows
that, blaSHV (36.4%) was the predominant gene, followed by blaTEM (31.4%) andblaCTX-M (27.3%)[23]. A
study from The Netherlands, however, reportedblaCTX-M-1 as the predominant gene, followed byblaCTX-M-15
[24]. In another European longitudinal analysis of ESBL carriage ofEnterobacteriaceae , blaCTX-M-15 was
the dominant ESBL in all countries except Greece, whereblaSHV was more common[25]. Screening for the
third-generation cephalosporin-related resistance genes in this study revealed that the three highest propor-
tion genotypes (blaTEM , blaCTX-M-9 , andblaSHV ) all belong to ESBL-producing resistance genes. Probably
because we embedded relatively few genes related to the production of AmpC enzyme, fewer AmpC-related
genes were not detected. For amikacin, tetracycline, and levofloxacin, we found that although the MDRE
showed resistance, we did not screen out the corresponding resistance genes. The reason may be that our
selection of resistance genes is insufficient, and the testing of resistance genes is limited.

Knowledge of the mortality risk factors will help in early treatment of patients suffering from the MDRE-
NM[26]. This also is a significant step in the prevention of the spread of resistantEnterobacteriaceae among
hospitalized neurosurgical patients, and control of the hospital spread will definitely have a role in maintain
the health and safety of them. The prognosis of NM usually has poor outcomes, and prior studies reported
that the mortality of NM in patients with neurosurgery range between 20 and78%[27]. Previous studies have
identified numerous risk factors of meningitis, including CSF leakage[28], coma[29], surgical intervention[30],
impaired consciousness[31], long surgery duration, AMV, non-sterile technique during the surgery, and de-
layed removal of the catheter even when clinically indicated[32]. In our study, the overall 30-day MDRE-NM
mortality was 31.11%. EVD and GCS([?]8) were associated with poor prognosis of MDRE-NM. EVD is
common after brain surgery; however, the incidence of EVD caused infection is still relatively high and can
increase morbidity and mortality. Surveys such as that conducted by Lu[33] have shown that the incidence
of EVD-related infection may reach 22% in high-risk patients[34]. EVD increases the NM patients’ mor-
bidity and mortality as well as prolonging LOS, increasing hospitalization costs, and even causing multiple
surgeries[35, 36]. GCS provides an objective and reliable way of recording the conscious state of a patient.
Generally, comas can be classified by GCS: severe, with GCS[?]8, moderate, GCS 9-12, and minor, GCS
>13[37]. Low GCS was a mortality risk factor and may have been predictive of the poor prognosis of MDRE-
NM in our study. It makes sense that low GCS means severity of the NM and coma, which easily leads the
poor outcome.

There are several limitations to our study. First, this is a retrospective study to evaluate the mortality
risk factors. This implies that the results of the study may not be representative in comparison with the
perspective studies. Second, the relatively small number of patients limited our epidemiologically analysis.
Third, numbers of drug resistance genes were relatively small, and many types of the genes were not included.
This may require further multicenter studies for mortality risk factor screening, and more resistance gene
evaluation for the molecular epidemiology of the MDRE-NM.

Conclusion

In total, to the best of our knowledge, this is the first study to conduct a two-center molecular and case-
control study to evaluate the mortality risk factors of MDRE-NM. From our study, MDRE has multiple drug
resistance genotypes, and EVD and GCS[?]8 are independent mortality risk factors of MDRE-NM, which
deserves the attention of microbiologist and neurosurgical clinicians.
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