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Abstract
Background  Although clinical guidelines recommend vancomycin-based combination therapy for patients with 
postoperative intracranial infections in neurosurgery, the trend of global bacterial resistance and the management 
of antimicrobial agents have made monotherapy a common treatment option for some patients. This study aims to 
compare the efficacy of single-drug therapy (SDT) versus vancomycin combination therapy (VCT) in treating central 
nervous system infections (CNSIs) following neurosurgery.

Methods  A retrospective cohort study was conducted, adjusting for various covariates such as length of stay (LoS), 
admission status, age, comorbidity status (Charlson Comorbidity Index, CCI), surgical and incision levels, and duration 
of surgery (DOS) using propensity score matching (PSM) with a 1:2 ratio. The treatment effects of the two empirical 
treatment regimens were evaluated through PSM and logistic regression for dual robustness.

Results  A total of 539 patients met the inclusion criteria, with 177 cases in SDT and 101 cases in VCT after PSM. The 
clinical cure rate was 76% in the SDT compared to 90% in the VCT (p = 0.007) after PSM. Of the result of antibiotic 
susceptibility testing, only 13.9% of cases identified specific pathogens, of which gram-positive cocci were the 
dominant. VCT was significantly more effective than SDT, both in unadjusted (OR 2.941, 95% CI 1.434–6.607, p = 0.005) 
and adjusted models (OR 3.605, 95% CI 1.611–8.812, p = 0.003). Gender, race, and surgical complexity were significant 
factors influencing treatment choice; female patients and those with complex surgeries were less likely to receive SDT. 
Although SDT was practically effective for treating CNSIs, VCT proved superior for complex infections.

Conclusion  The findings of this study suggest that, given concerns about antibiotic resistance and the varying 
complexities of infections, while SDT is effective in certain cases, VCT remains the preferred choice for complex CNSIs. 
This research provides important references for clinical practice, highlighting the need to consider multiple factors 
when selecting treatment options and advancing the understanding of treatment strategies for postoperative central 
nervous system infections.
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Introduction
Postoperative central nervous system infections (CNSIs) 
have emerged as critical complications, especially follow-
ing cranial surgeries in modern neurosurgery [1]. These 
infections present significant challenges due to their 
high pathogenicity and difficulty in treatment, adversely 
impacting both patient health and healthcare systems 
[2]. The occurrence of CNSIs lowers patient survival 
rates and quality of life and places a considerable strain 
on healthcare teams and resources [3]. In recent years, 
the rising number of neurosurgical procedures and an 
increasing elderly patient population have led to a higher 
incidence of CNSIs, further complicating clinical man-
agement [4].

The Chinese Expert Consensus on the Diagnosis and 
Treatment of Central Nervous System Infections in Neuro-
surgery 2021 reported that the incidence of postoperative 
CNSIs ranges from 4.6 to 25%, accounting for 0.8–7% of 
all CNSI cases [5]. The primary causes of postoperative 
CNSIs include microtrauma from surgical procedures 
and the subsequent immunosuppressive state, creating 
an entry pathway for pathogens into the central ner-
vous system [6]. If timely and effective infection control 
measures are not implemented during the postoperative 
recovery phase, CNSIs can lead to severe neurological 
damage, systemic infections, and even death [7]. CNSIs 
often manifest as meningitis, brain abscesses, or ventric-
ulitis, and their complexity makes treatment particularly 
challenging [1, 6].

Antibiotic resistance has become a significant concern 
in the treatment of CNSIs, particularly in neurosurgical 
patients. The spread of resistant bacteria and the emer-
gence of new multidrug-resistant strains, such as MRSA 
and VRE, have diminished the effectiveness of tradi-
tional antibiotic regimens, resulting in prolonged disease 
courses and higher recurrence risks [8, 9]. Consequently, 
vancomycin-based combination therapy is increasingly 
adopted in clinical practice to enhance treatment out-
comes and mitigate the risk of bacterial resistance [10, 
11].

Differences between international and Chinese guide-
lines and regulations regarding the rational use of anti-
bacterial agents for antibiotic selection add to the 
complexity of CNSI management in neurosurgery. Chi-
nese guidelines and regulations prioritise the rational use 
of antibiotics and impose strict restrictions on certain 
drugs to control the spread of resistance [12]. While this 
approach has effectively curbed the spread of resistant 
bacteria, it has also limited treatment options, particu-
larly for resistant strains. In contrast, U.S. and European 

guidelines offer more flexibility, advocating personalised 
combination therapy tailored to pathogen types and 
infection characteristics [11, 13].

Laboratory testing plays a crucial role in confirming 
infectious pathogens, yet the diagnostic positivity rate 
for postoperative infections in neurosurgery remains 
low, complicating precise diagnosis and individualised 
treatment [14]. This challenge is especially pronounced 
in the context of multidrug-resistant strains, where the 
accuracy of diagnostic results directly affects treatment 
decisions [15]. The atypical presentation of infections and 
the diversity of resistant pathogens further increase treat-
ment uncertainty.

Given these challenges, this study conducted a retro-
spective cohort analysis to compare the effectiveness of 
monotherapy versus combination therapy in empirically 
treating CNSIs in neurosurgical patients. The findings 
aimed to provide further scientific evidence to optimise 
antimicrobial therapy in neurosurgery, supporting clini-
cians in managing resistant strains, optimizing treatment 
strategies, and improving infection control outcomes 
while offering new insights into future CNSI treatment 
approaches.

Method
Study design and ethical considerations
This cohort study aligned with the Strengthening the 
Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines (Appendix 1) [16]. The study pro-
tocol was approved by the State Key Laboratory of 
Pathogenesis, Prevention, and Treatment of High Inci-
dence Diseases in Central Asia (Grant No: SKL-HIDCA-
2023-YX7). Ethical approval was obtained from the First 
Affiliated Hospital Ethics Committee of Xinjiang Medical 
University (Approval No: K202401-07). In accordance 
with national regulations “The Ethical Review of Biomedi-
cal Research Involving Humans (2016)” from the Chinese 
National Health and Family Planning Commission [17], 
the need for informed consent was waived as this study 
used retrospective, anonymized patient data. The afore-
mentioned Ethics Committee granted the waiver.

Study population
This study included patients who underwent neurosurgi-
cal procedures at the First Affiliated Hospital of Xinjiang 
Medical University between January 1, 2019, and Decem-
ber 31, 2023. From this population, a cohort of patients 
with confirmed postoperative infections was identified. 
The effectiveness of various empirical initial antibacterial 
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therapy regimens was then assessed based on patient 
outcomes in this cohort.

Data collection
Patient data were retrospectively extracted from the 
hospital’s electronic medical records (EMR) system and 
were classified into demographic, social, and clinical cat-
egories. Demographic and social information included 
variables such as gender and age, while clinical data 
encompassed diagnosis and treatment specifics. Clinical 
data variables included primary diagnosis, admission sta-
tus (categorized as standard, critical, or emergent), pre-
operative hospital length of stay (LoS), total Los, duration 
of surgery (DOS), and surgical information. Notably, 
given the critical importance of the timing of antibacte-
rial agent administration and the absence of reported 
antibiotic susceptibility testing (AST) results when the 
initial empirical agent was given to the patient, data on 
cerebrospinal fluid (CSF) bacterial culture and AST were 
collected to assess the appropriateness of the empirical 
initial treatment strategy.

Details of antibacterial therapy were collected, includ-
ing agent types, dosages, administration frequencies, 
and timing of the treatment course. Surgical information 
encompassed surgeons’ identity to reflect their expe-
rience and surgical and incision levels, indicating the 
complexity of surgical interventions and the associated 
infection risk at the site. Diagnoses were coded according 
to the International Classification of Diseases, 10th Revi-
sion (ICD-10). Surgical procedures were documented 
following the Surgical Operation Classification Code 
(SOCC) National Clinical Version 3.0, established by 
the National Health Commission (NHC) of the People’s 
Republic of China (detailed SOCC provided in Supple-
mentary file Appendix 2).

Inclusion and exclusion criteria
The inclusion criteria were as follows: (1) patients with a 
confirmed diagnosis of post-neurosurgical central ner-
vous system infection (NCNSI), meeting the diagnos-
tic criteria established by expert consensus on NCNSIs, 
and (2) patients aged ≥ 18 years. Exclusion criteria were: 
(1) re-admission within 30 days; (2) presence of brain 
abscesses; (3) severe hepatic or renal dysfunction; (4) 
recent interventional surgery; (5) women who were 
pregnant or in the peripartum period; (6) patients who 
only received antibacterial prophylaxis or who did not 
receive antibacterial therapy; and (7) patients with con-
firmed infections at other body sites, such as pulmonary 
infections.

Outcome measures
The primary outcome of this study was the effectiveness 
of initial empirical antibacterial treatment, classified as 

effective or ineffective. Effectiveness was defined as a 
critical improvement in the patient’s infection symp-
toms, leading to the discontinuation of medication due 
to the resolution of the infection. Ineffectiveness was 
determined by the absence of symptom improvement, or 
worsening during initial empirical treatment, or by the 
need to switch to an alternative antibacterial agent after 
a standard treatment assessment duration (typically three 
days). Death during the treatment period was categorised 
as an ineffective outcome.

Treatment exposure
This cohort study defined and categorised treatment 
exposures based on initial empirical treatment regimens 
extracted from patients’ EMR. Treatment regimens were 
classified into single-drug therapy (SDT) and vancomy-
cin-based combination therapy (VCT). SDT was defined 
as the administration of a single antibacterial agent in 
patients with CNSIs. In contrast, VCT involved the con-
current use of vancomycin with additional antibacte-
rial agents. This classification facilitated a comparative 
analysis of these two therapeutic approaches in manag-
ing CNSIs within a neurosurgical context. The antimicro-
bial agents selected for treating hospital-acquired CNSIs 
adhered to established guidelines, with recommended 
dosages including vancomycin 1  g q12h, meropenem 
2  g q8h, ceftazidime 2  g q8h, and ceftriaxone 2  g q12h. 
This approach allowed for a standardised comparison of 
therapeutic effectiveness between SDT and VCT in the 
study cohort. As this is a retrospective cohort study, the 
treatment regimens were determined by surgeon’s clini-
cal judgment based on the patient’s clinical condition, 
infection severity, and institutional guidelines at the time 
of treatment.

Covariates
In this cohort study, we identified and documented 
baseline patient characteristics that could potentially 
influence the selection of antibacterial therapy. These 
covariates included preoperative LoS, admission status, 
age, comorbidity status, surgical and incision levels, and 
DOS. To quantify comorbidities, the Charlson Comor-
bidity Index (CCI) using validated algorithms was used 
to measure the comorbidities status, which utilised 19 
comorbid conditions identified through ICD-10 codes 
in the EMR (Detailed algorithm provided in Supplemen-
tary file Appendix 3) [18]. Collecting these covariates 
ensured the precise classification of treatment regimens 
and enabled a comprehensive evaluation of their effec-
tiveness. This approach allowed for a robust assessment 
of how baseline characteristics impacted treatment out-
comes within the study population.
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Statistical analysis
Descriptive statistical methods were used to summarise 
patient characteristics, exposure and outcome variables, 
and covariates. Differences in categorical and continu-
ous variables were assessed for statistical significance 
using the Chi-square test and Wilcoxon signed-rank test, 
respectively, with a significance level set at P < 0.05.

Machine learning approach: random forest model
To identify potential predictors of the binary outcome 
variable, a Random Forest classifier was employed. The 
dataset was split into training (80%) and testing (20%) 
sets. The model was configured with the following hyper-
parameters: 100 decision trees, a minimum sample split 
of 2, a minimum leaf node sample size of 1, and Gini 
impurity as the splitting criterion. The maximum depth 
of the trees was left unrestricted, and the maximum 
number of features considered for splitting at each node 
was set to “auto.” Bootstrap sampling was applied dur-
ing training, meaning each tree was trained on a random 
subset of the data with replacement. Out-of-bag (OOB) 
error estimation was used to provide an unbiased assess-
ment of model performance. The Random Forest model 
was used to identify potentially valuable factors, which 
were subsequently evaluated further using multilevel 
logistic regression.

Addressing confounding: propensity score matching (PSM)
Given the retrospective cohort design of this study, 
patients were not randomly assigned to the SDT or VCT 
groups. To mitigate potential confounding, propensity 
score matching (PSM) was employed to estimate the like-
lihood of assignment to either group, incorporating rele-
vant baseline covariates. A 1:2 matching ratio was applied 
using a calliper of 0.2, consistent with recommendations 
from prior research suggesting that the logit of the pro-
pensity score should be matched using callipers set at 0.2 
of the standard deviation of the logit of the propensity 
score [19].

Multilevel logistic regression
Multilevel logistic regression analyses were performed to 
evaluate the association between SDT and VCT before 
and after propensity score matching. This approach 
further addressed confounding between exposure and 
covariates within the model. The propensity score was 
calculated using covariates such as age, gender, length of 
surgical procedure, admission status, CCI, surgical levels, 
and incision levels. This doubly robust approach helped 
reduce indication bias and enhance the reliability of the 
estimates [20]. All analyses were conducted using the 
statistical software R v.3.6.3 (R Core Team, 2021), imple-
mented in Studio v.1.2.5042 (R Studio Team, 2020).

Results
In our study, there were 539 patients with confirmed 
post-surgical infection diagnoses through 12,519 patients 
undergoing surgical interventions, and the incidence 
rate of post-surgical infection was 6.86%. A flow dia-
gram illustrating the cohort identification is presented in 
Fig. 1. Of the 539 patients with confirmed post-surgical 
infection, 430 (79.8%) received SDT, while 109 (20.2%) 
received VCT. After PSM, there were 177 cases in the 
SDT group and 101 cases in the VCT group.

Before PSM, there was a significant difference in 
effectiveness between the two treatment strategies 
(p = 0.002*), with 76.58% of patients in the single-drug 
therapy group responding effectively compared to 23.19% 
in the combination therapy group. After adjustment by 
PSM, the effectiveness rates between the two treatment 
groups remained significantly different (p = 0.007), with 
76.27% of patients in the single-drug therapy group and 
90.10% in the combination therapy group showing effec-
tiveness. In terms of gender distribution, a significant dif-
ference was observed before matching (p = 0.002), with a 
higher proportion of males in the combination therapy 
group compared to the single-drug therapy group. How-
ever, after PSM, no significant gender differences were 
noted (p = 0.485). Age did not differ significantly between 
the two groups, both before and after PSM (p = 0.826 
and p = 0.921, respectively). Ethnicity showed a trend 
toward significance before matching (p = 0.058) but no 
significant differences after matching (p = 0.938). The LoS 
and admission route also showed no significant differ-
ences between the groups, both before and after match-
ing. Regarding the CCI, most patients in both treatment 
groups had 0 CCI points, with no significant differences 
in comorbidity distribution before or after PSM. Surgical 
characteristics, including surgery duration and level of 
surgery, did not differ significantly between the groups. 
(Table 1)

Among the 539 patients in the study, benign and malig-
nant tumours (C and D codes) were the most prevalent 
conditions, accounting for 60.2% of the cases (n = 325), 
followed by cerebrovascular diseases (I code), represent-
ing 18.7% of the cases (n = 101). The third was the nervous 
system diseases (G code), constituting 13.2% (n = 71). The 
most common condition was benign neoplasm of the 
pituitary gland (D35.2), with 64 cases. Other frequently 
reported conditions included benign neoplasm of the 
cerebral meninges (D32.0) with 54 cases, and benign 
neoplasm of the brain unspecified (D33.3) with 35 cases. 
Notably, malignant neoplasms of different brain regions 
were also significant, including unspecified malignant 
neoplasm of the brain (C71.9) and malignant neoplasm of 
the temporal lobe (C71.2), each with 15 cases. Addition-
ally, there were 16 cases of subarachnoid haemorrhage 
from the middle cerebral artery (I60.2) and nontraumatic 
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intracerebral haemorrhage in the hemisphere, subcorti-
cal (I61.0). Less common conditions included trigemi-
nal neuralgia (G50.0) with 10 cases and various forms 
of epilepsy and recurrent seizures (G40.8, G40.2). Rare 
conditions, with only one case each, included Parkinson’s 
disease (G20.x), malignant neoplasm of the cerebellum 
(C71.6), and other disorders such as cerebrospinal fluid 
leak (G96.0) and echinococcosis of the brain (B67.6). 
(Detailed diagnostic codes are provided in Supplemen-
tary file Appendix 4.)

Out of the 539 patients who received antimicrobial 
treatment, cerebrospinal fluid (CSF) examinations were 
performed on 432 patients (80.15%) either before or 
within one day after the start of antibacterial therapy. 
Among these, 401 patients (92.82%) exhibited abnor-
mal total white blood cell counts, 422 patients (97.69%) 
had abnormal Pandy test results, 273 patients (63.19%) 
showed abnormal chloride levels, and 252 patients 
(58.33%) demonstrated abnormal glucose levels.

Fig. 1  The inclusion process of patients with confirmed diagnoses by two antibacterial therapies
Note: CNS: the central nervous system; SDT: singe-drug therapy; VCT: vancomycin-based combination therapy
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Out of the 539 patients, 446 (82.7%) underwent CFS 
bacterial culture and antibiotic susceptibility testing 
(AST), with each case tested at least twice. Among these 
446 cases, only 62 (13.9%) yielded positive results for 
CFS bacterial culture on at least one occasion, while the 
remaining 384 cases (86.1%) showed no specific bacterial 
pathogens identified. In our study, we identified a variety 
of pathogens from cerebrospinal fluid (CSF) samples. The 
most frequently identified pathogen was Staphylococ-
cus epidermidis, present in 14 cases, all of which showed 
a 100% match with the identified multidrug-resistant 
pathogen (MRP). Other significant pathogens included 

Acinetobacter baumannii and Staphylococcus hominis, 
with 9 and 4 cases respectively, both demonstrating a 
100% MRP match. Staphylococcus aureus and Klebsiella 
pneumoniae were also notable, each identified in 3 cases 
with a 100% MRP match. Additionally, Corynebacterium 
striatum presented a unique case where only 50% of the 
identified cases matched the MRP. Among other patho-
gens such as Micrococcus luteus, Enterococcus faecium, 
Streptococcus pneumoniae, and Pseudomonas aerugi-
nosa, all cases showed a 100% MRP match. Interestingly, 
Acinetobacter lwoffii was the only pathogen identified 
from CSF that did not show any MRP match. Overall, 

Table 1  Baseline characteristics for treatment effectiveness before and after propensity score matching
Variable Unadjusted values Adjusted values by PSM

Single-drug therapy
n = 427

Combination 
therapy n = 109

p 
Value

Single-drug therapy
n = 177

Combination 
therapy
n = 101

p 
Value

Effectiveness (%) 0.002* 0.007*

Effective 327 (76.58) 99 (23.19) 135 (76.27) 91 (90.10)
Ineffective 100 (23.42) 10 (8.93) 42 (23.73) 10 (9.90)
Gender (%) 0.002* 0.485
  Male 226 (52.90) 76 (69.72) 114 (64.4) 70 (69.3)
  Female 201 (47.10) 33 (30.38) 63(35.6) 31(30.7)
Age/Years [mean (SD)] 49.88 (12.90) 50.19 (13.79) 0.826 50,01 (13.12) 50.18 (13.99) 0.921
Ethnicity (%) 0.058 0.938
  Han 189 (44.30) 56 (51.37) 89 (50.30) 55 (54.50)
  Uyghur 140 (32.80) 32 (29.35) 58 (32.8) 30 (29.7)
  Kazakh 52 (12.20) 6 (5.50) 14 (7.9) 6 (5.9)
  Hui 33 (7.70) 7 (6.42) 8 (4.5) 5 (5.0)
  Other# 13 (3.00) 8 (7.34) 8 (4.5) 5 (5.0)
Length of Hospital Stay/Days[Median (IQR)] 29 (22.00–40.00) 31 (22.00–42.00) 0.565 30 (21.00–41.00) 31 (22.00–43.00) 0.585
Admission Route (%) 0.638 0.825
  Emergency 1221(28.3) 33 (30.27) 49 (27.7) 30 (29.7)
  Outpatient 303 (71.00) 76 (69.63) 128 (72.3) 71 (70.3)
  Other 3 (0.7) 0 (0.00) 0 (0.00) 0 (0.00)
CCI (%) 0.083 0.957
  0 points 358 (83.80) 91 (83.48) 151 (85.3) 85 (84.2)
  1 points 56 (13.10) 4 (3.67) 20 ( 11.3) 12 (11.9)
  2 points 13 (3.00) 12 (11.01) 6 (3.4) 4 (4.0)
  3 points 0 (0.00) 1 (0.92) 0 (0.00) 0 (0.00)
  6 points 0 (0.00) 1 (0.92) 0 (0.00) 0 (0.00)
Duration of Surgery/Minutes [Median (IQR)] 270 (190.00-340.00) 280 

(220.00-335.00)
0.400 280 (220.00-350.00) 280 

(220.00-335.00)
0.954

Surgical Level (%) 0.215 0.776
  Level 2 37 ( 8.70) 4 (3.67) 8 (4.5) 3 (3.0)
  Level 3 51 (11.90) 14 (12.84) 23 (13.0) 12 (11.9)
  Level 4 339 (79.40) 91 (83.49) 146 (82.5) 86 (85.1)
Surgical Incision Level (%) 0.123 0.965
  Level 1 345 (80.30) 92 (84.40) 154 (87.0) 87 (86.1)
  Level 2 13 (3.00) 1 (0.92) 2 (1.1) 1 (1.0)
  Level 3 6 ( 1.40) 0 (0.00) 0 (0.00) 0 (0.00)
  Level 4 65 (15.20) 15 (13.76) 21 (11.9) 13 (12.9)
  Level 5 0 (0.00) 1 (0.92) 0 (0.00) 0 (0.00)
Note: SD: standard deviation; IQR: interquartile range; CCI: Charlson Comorbidity Index; Other#: Tibetan, Manchu, Dongxiang, Kirgiz, Mongolian, Uzbek, Xibe
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the identification and MRP matching of pathogens from 
CSF samples provided crucial insights into the microbial 
landscape associated with these cases (Table 2).

To identify potentially valuable factors by Random For-
est, the data preprocessing involved handling missing val-
ues, which accounted for 29.13% of the dataset, leaving 
70.87% valid entries. The final dataset consisted of 539 
entries, and feature importance was assessed based on 
the model’s output. On the training set, the model dem-
onstrated perfect classification performance, achieving 
an accuracy of 1.0, along with balanced precision, recall, 
and F1-scores of 1.0 for both outcome classes. This indi-
cates that the model learned the underlying patterns in 
the training data exceptionally well, with no errors dur-
ing the training phase. However, performance on the test 
set revealed a slight decline in accuracy. The overall test 
accuracy was 0.82, with the negative class (0) achieving a 
precision of 0.83, a recall of 0.98, and an F1-score of 0.90. 
For the positive class (1), precision and recall were both 
0, reflecting the very low number of positive cases in the 
test set. The model’s average F1-score across both classes 
was 0.75, with an overall average recall of 0.49 and aver-
age precision of 0.41.

The Random Forest classifier identified hospitalization-
related features as the most influential predictors, with 
LoS (0.161), preoperative LoS (0.103), and surgical level 
(0.016) having the highest impact on the model’s pre-
dictions. Other significant features included age (0.095), 
white blood cell count (0.102), and protein quantification 
(0.090). In contrast, demographic variables such as gen-
der (0.016), ethnicity (0.038), and admission type (0.008) 
contributed relatively little to the model’s decision-mak-
ing process. (Table 3)

Table  4 summarizes the logistic regression analysis 
examining factors influencing the selection of treatment 
strategy, with both univariate and multivariate results 
presented. In the univariate analysis, gender was sig-
nificantly associated with treatment choice. Specifically, 
females were less likely to receive combination therapy 
compared to males (OR: 0.490, 95% CI: 0.309–0.763; 
p = 0.002). This association remained highly significant 
in the multivariate model, with females being 2.42 times 
more likely to be assigned to combination therapy (OR: 
2.417, 95% CI: 1.445–4.126; p < 0.001). Ethnicity also 
had a notable impact on treatment selection. In the uni-
variate analysis, Kazakh patients were significantly less 
likely to receive combination therapy (OR: 0.386, 95% 
CI: 0.142–0.881; p = 0.037). This association persisted in 
the multivariate model (OR: 0.381, 95% CI: 0.132–0.942; 
p = 0.050), suggesting a reduced likelihood of combina-
tion therapy for Kazakh patients. Additionally, the Hui 
ethnic group showed a trend toward a lower likelihood 
of receiving combination therapy, although this did not 
reach statistical significance in the multivariate analy-
sis (OR: 0.356, 95% CI: 0.106–0.986; p = 0.065). Surgi-
cal complexity also played a role in treatment selection. 
In the multivariate model, patients undergoing level 4 

Table 2  The pathogens identified from CSF
Identified the pathogens from CSF No of Cases Number of MRP
Staphylococcus epidermidis 14 14 (100%)
Klebsiella pneumoniae 3 3 (100%)
Corynebacterium striatum 2 1 (50%)
Acinetobacter baumannii 9 9 (100%)
Micrococcus luteus 2 2 (100%)
Staphylococcus haemolyticus 3 3 (100%)
Corynebacterium strasburgense 1 1 (100%)
Enterococcus gallinarum (Group D) 1 1 (100%)
Enterococcus faecium (Group D) 2 2 (100%)
Staphylococcus hominis 4 4 (100%)
Streptococcus parasanguinis 1 1 (100%)
Acinetobacter lwoffii 1 0 (0%)
Enterobacter cloacae 1 1 (100%)
Haemophilus ducreyi 1 1 (100%)
Brevundimonas diminuta 1 1 (100%)
Staphylococcus aureus 3 3 (100%)
Citrobacter freundii 1 1 (100%)
Enterococcus casseliflavus (Group D) 1 1 (100%)
Streptococcus pneumoniae 2 2 (100%)
Pseudomonas oryzihabitans 1 1 (100%)
Streptococcus mitis 1 1 (100%)
Bacillus cereus 1 1 (100%)
Pseudomonas aeruginosa 2 2 (100%)
Staphylococcus warneri 1 1 (100%)
Enterococcus faecalis (Group D) 1 1 (100%)
Escherichia coli 1 1 (100%)
Pseudomonas mendocina 1 1 (100%)
MRP: multidrug-resistant pathogen

Table 3  Variable weights assessed by random forest
Feature Weight Value
Gender 0.016
Age 0.095
Ethnicity 0.038
Admission Route 0.008
Admission Condition 0.011
Condition at Admission 0.028
Readmission 0.017
Length of Stay 0.161
Pre-operative LoS 0.103
Surgical Level 0.016
Incision Level 0.015
Single Dose 0.017
Combined Medication 0.032
Total White Blood Cell Count in CFS 0.102
Protein Quantification in CFS 0.09
Chlorine in CFS 0.101
Glucose in CFS 0.093
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surgeries had a significantly higher likelihood of receiving 
combination therapy (OR: 5.415, 95% CI: 1.483–27.793; 
p = 0.020), indicating that more complex surgeries were 
associated with this treatment strategy. A similar trend 
was observed for level 3 surgeries (OR: 4.287, 95% CI: 
1.004–24.128; p = 0.065), although this did not reach sta-
tistical significance.

Table 5 presents the logistic regression analysis for fac-
tors associated with treatment effects, both unadjusted 
and adjusted by propensity score matching (PSM). In 
the unadjusted analysis, combination therapy was sig-
nificantly associated with better treatment outcomes 
compared to single-drug therapy (OR: 2.941, 95% CI: 
1.434–6.607; p = 0.005). After adjustment by PSM, this 
association remained significant, with an odds ratio of 
3.605 (95% CI: 1.611–8.812; p = 0.003), indicating that 
patients receiving combination therapy had a signifi-
cantly higher likelihood of achieving better treatment 

effects. In terms of other factors, length of stay (LoS) 
was a consistent predictor of treatment outcomes. In 
both unadjusted and adjusted models, a shorter length 
of stay was associated with improved treatment effects 
(unadjusted OR: 0.965, 95% CI: 0.951–0.978; p < 0.001; 
adjusted OR: 0.956, 95% CI: 0.933–0.978; p < 0.001), high-
lighting the importance of timely interventions. Admis-
sion route also influenced treatment outcomes. Patients 
admitted through outpatient routes were less likely to 
experience favorable treatment effects compared to 
those admitted via emergency routes. In the unadjusted 
model, outpatient admissions had an OR of 0.502 (95% 
CI: 0.275–0.918; p = 0.025), which was further reduced to 
0.309 (95% CI: 0.121–0.763; p = 0.011) after adjusting for 
other factors. This suggests that outpatient admissions 
were associated with worse treatment outcomes. Ethnic-
ity and surgical characteristics did not demonstrate sig-
nificant associations with treatment effects. While the 

Table 4  Logistic regression for factors influencing the selection of treatment strategy
Variable Univariate Regression Multivariate Regression

OR (95%CI) p Value OR (95%CI) p Value
Gender (%)
  Male (Reference) - - - -
  Female 0.490 (0.309–0.763) 0.002* 2.417(1.445–4.126) < 0.001*

Age/Years [mean (SD)] 1.002 (0.986–1.018) 0.795 1.005(0.986–1.024) 0.610
Ethnicity (%)
  Han (Reference) - -
  Uyghur 0.779(0.475–1.261) 0.315 0.594(0.333–1.045) 0.074
  Kazakh 0.386(0.142–0.881) 0.037* 0.381(0.132–0.942) 0.050
  Hui 0.723(0.281–1.637) 0.465 0.356(0.106–0.986) 0.065
  Other# 2.098(0.795–5.240) 0.118 2.824(0.917–8.587) 0.065
Length of Stay/Days[Median (IQR)] 1.002 (0.999–1.012) 0.731 1.005(0.992–1.017) 0.379
Admission Route (%)
  Emergency (Reference) - - - -
  Outpatient 0.923 (0.581–1.464) 0.706 0.872(0.476–1.567) 0.653
  Other 0.518 (0.000-Inf ) 0.645 < 0.001 (0.000-Inf ) 0.993
CCI (%)
  0 points (Reference) - - - -
  1 points 1.176 (0.624–2.385) 0.632 0.714(0.320–1.489) 0.387
  2 points 0.819 (0.282–2.962) 0.733 1.109(0.281–3.667) 0.871
  3 points - - - -
  6 points - - - -
Duration of Surgery/Minutes [Median (IQR)] 1.001 (0.999–1.002) 0.388 1.001(0.998–1.002) 0.940
Surgical Level (%)
  Level 2 (Reference) - - - -
  Level 3 2.607 (0.856–9.767) 0.114 4.287(1.004–24.128) 0.065
  Level 4 2.535 (0.986–8.619) 0.084 5.415(1.483–27.793) 0.020*

Surgical Incision Level (%)
  Level 1 (Reference) - - - -
  Level 2 0.288 (1.018–4.383) 0.234 0.404(0.021–2.393) 0.408
  Level 3 - - - -
  Level 4 0.940 (1.580–4.709) 0.640 2.609(0.993–7.144) 0.054
  Level 5 - - - -
Other#: Tibetan, Manchu, Dongxiang, Kirgiz, Mongolian, Uzbek, Xibe
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unadjusted model showed some variation, such as the 
association between surgical level 3 and better outcomes 
(OR: 3.831, 95% CI: 1.035–15.098; p = 0.047), this effect 
did not persist after adjustment (adjusted OR: 3.131, 95% 
CI: 0.115–48.833; p = 0.422). Other variables, including 
age, comorbidity (CCI), surgical duration, and surgical 
incision level, did not significantly affect treatment out-
comes in either the unadjusted or adjusted models. In 
summary, combination therapy, shorter length of stay, 
and emergency admission were significant factors asso-
ciated with better treatment outcomes. These findings 
emphasize the importance of timely and appropriate 
treatment strategies, particularly combination therapy, 
in improving patient outcomes. Other demographic and 
clinical factors, including ethnicity, surgery complexity, 
and comorbidities, did not show consistent associations 
after adjusting for potential confounders.

Discussion
This study aimed to compare the effectiveness of SDT 
and combination therapy in the empirical treatment of 
central nervous system infections (CNSIs) in neurosurgi-
cal patients. Our findings indicate that SDT, while effec-
tive for certain cases, may not be the optimal treatment 
for all types of CNSIs, particularly in complex infections 
where VCT was shown to have superior outcomes. In 
addition, we found that the incidence of postoperative 
CNSIs in neurosurgical patients was 6.86%. This result 
reflects the level of infection control at this medical insti-
tution and provides important epidemiological data on 
CNSIs in western China.

Previous studies have demonstrated that age, gender, 
ethnicity, and duration of surgery are significant risk fac-
tors for postoperative CNSIs, affecting treatment out-
comes and potentially influencing clinicians’ choices of 
drug therapy [21]. Therefore, this study included these 
variables in the multilevel logistic regression analysis. On 
the other hand, all cases that received VCT in our study 
experienced an intensive care unit (ICU) stay. The results 

Table 5  Logistic regression of the factors associated with treatment effects
Factors Unadjusted values Adjusted values by PSM

OR (95%CI) p Value OR (95%CI) p Value
Treatment Plan (Single-drug therapy)
  Combination therapy 2.941 (1.434–6.607) 0.005* 3.605 (1.611–8.812) 0.003*

Gender (Female)
  Male 1.239 (0.749–2.054) 0.402 0.878 (0.385–1.940) 0.751
Age 1.003 (0.984–1.023) 0.753 0.990 (0.960–1.021) 0.530
Ethnicity (Han)
  Uyghur 0.992 (0.551–1.795) 0.977 0.952 (0.406–2.259) 0.909
  Kazakh 0.793(0.380–1.711) 0.545 0.941 (0.271–3.876) 0.927
  Hui 1.395 (0.557–3.864) 0.494 1,845,845 (0.000-Inf ) 0.956
  Other# 1.582 (0.432–8.068) 0.527 2.058 (0.300-41.768) 0.529
LoS 0.965 (0.951–0.978) < 0.001* 0.956 (0.933-0,978) < 0.001*

Admission Route (Emergency)
  Outpatient 0.502 (0.275–0.918) 0.025* 0.309 (0.121–0.763) 0.011*

  Other - - - -
CCI (0 points)
  1 points 0.813 (0.403–1.716) 0.574 0.573 (0.182–1.897) 0.345
  2 points 0.487 (0.161–1.576) 0.210 1.275 (0.231–10.425) 0.795
  3 points - - - -
  6 points - - - -
Duration of Surgery 1.000 (0.998–1.003) 0.785 0.999 (0.996–1.007) 0.619
Surgical Level (Level 2)
  Level 3 3.831 (1.035–15.098) 0.047* 3.131 (0.115–48.833) 0.422
  Level 4 1.554 (0.529–4.420) 0.412 0.925 (0.041–8.394) 0.950
Surgical Incision Level (Level 1)
  Level 2 0.826 (0.205–4.277) 0.800 - -
  Level 3 - - - -
  Level 4 1.795 (0.711–4.763) 0.225 0.978 (0.162–8.020) 0.982
  Level 5 - - - -
Note: SD: standard deviation; IQR: interquartile range; LoS: Length of Stay; CCI: Charlson Comorbidity Index; SDT: Single-drug therapy; VCT: vancomycin-based 
combination therapy; Other#: Tibetan, Manchu, Dongxiang, Kirgiz, Mongolian, Uzbek, Xibe
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indicate that surgical duration and ICU admission status 
are significant factors associated with the choice between 
SDT and VCT. This finding is consistent with previous 
research, likely due to the complexity of major surgeries, 
longer surgical times, and larger surgical incision expo-
sure areas, which increase the risk and severity of infec-
tions [22, 23].

Despite the guidelines recommending vancomycin-
based combination therapy for intracranial infections, 
including third or fourth-generation cephalosporins and 
anti-pseudomonal β-lactam antibiotics that can cross the 
blood-brain barrier [11], our study only included ceftazi-
dime, ceftriaxone, meropenem, and vancomycin. This 
limitation is due to the standard inventory constraints in 
tertiary hospitals in China, including our hospital, which 
regularly stocks only these four antibiotics for treating 
intracranial infections [24]. If a patient’s symptoms are 
not well controlled, other suggested antibiotics can be 
temporarily procured. However, a review of the neuro-
surgery department’s antibiotic procurement records 
from 2019 to 2023 revealed no additional antibiotics were 
purchased due to inadequate treatment outcomes. This 
indicated these four antibiotics provided effective treat-
ment. Furthermore, cerebrospinal fluid (CSF) cultures 
were performed on less than half of the patients within 
one day before or after starting antimicrobial therapy, 
with a positive culture rate of less than 15%. Therefore, 
CSF culture results have limited significance for initiating 
treatment in patients with intracranial infections, a find-
ing that is consistent with other studies [25].

Single-agent treatment remains the primary approach 
in actual clinical practice with a 77%. This may reflect 
the practical considerations of clinicians when treat-
ing postoperative central nervous system infections 
(CNSIs), such as difficulties in early diagnosis, issues of 
drug resistance, and individual patient differences [26, 
27]. To address these challenges, a multi-faceted research 
approach is essential. Firstly, advancements in diagnos-
tic technologies, such as rapid genomic sequencing and 
biomarker identification, could significantly enhance the 
early and accurate diagnosis of CNSIs [28]. Implement-
ing these technologies in clinical settings would allow for 
timely and precise treatment interventions, potentially 
improving patient prognosis [29]. Furthermore, continu-
ous monitoring and follow-up can help in the early detec-
tion of any complications or relapses, ensuring timely 
modifications to the treatment regimen. In conclusion, 
while single-agent treatment remains prevalent in clini-
cal practice due to practical constraints, the potential of 
combination therapy to improve outcomes for patients 
with postoperative CNSIs is significant. Future research 
that integrates advanced diagnostic tools, personalised 
medicine, and collaborative efforts will be pivotal in 

optimising treatment strategies and ultimately enhancing 
patient care.

Early diagnosis of postoperative CNSIs is challenging, 
as obtaining cerebrospinal fluid (CSF) specimens relies 
on invasive procedures like lumbar puncture or exter-
nal ventricular drainage, and the positive rate of CSF 
bacterial cultures is low [21]. Therefore, in the absence 
of microbiological evidence, clinicians tend to adopt 
broad-spectrum combination therapy to reduce mortal-
ity rates [30, 31]. However, with the increasing problem 
of antibiotic resistance, stricter management policies for 
antimicrobial agents have been implemented in China, 
emphasising the importance of rational drug use [32]. 
When the effects of monotherapy and combination ther-
apy are comparable, monotherapy is preferred to reduce 
defined daily doses (DDD), which can reduce the bacteria 
resistance [33]. Thus, not all patients with postoperative 
CNSIs require immediate combination therapy; treat-
ment should be individualised based on specific clinical 
conditions. This study also indicated that for moderate to 
severe postoperative CNSIs, a combination of vancomy-
cin and β-lactam antibiotics with β-lactamase inhibitors 
may be the optimal regimen, while third- or fourth-gen-
eration of cephalosporins are more suitable for mild to 
moderate CNSIs and step-down therapy.

In addition, the low detection rate of specific pathogens 
in cerebrospinal fluid (CSF) cultures further complicates 
the interpretation of the results. In our study, only 13.9% 
of cases identified specific pathogens, of which gram-
positive cocci were the dominant. The initially empirical 
use of broad-spectrum antibiotics such as meropenem, 
and ceftriaxone in the absence of definitive microbiologi-
cal evidence could have masked the actual effectiveness 
of the treatment regimens. Moreover, because vancomy-
cin was the dominant agent used as an initial empirical 
treatment, the study did not assess the impact of antibi-
otic resistance patterns on treatment outcomes, which is 
a crucial factor in managing postoperative CNSIs. Future 
research should address these limitations by including 
prospective, multicentre studies with comprehensive 
data on pathogen profiles, resistance patterns, and long-
term patient outcomes to better inform clinical practice.

Despite the findings of this study, several limitations 
must be considered in generalising the results. Firstly, the 
retrospective nature of the cohort study inherently intro-
duces biases related to data collection and patient selec-
tion. The reliance on EMR to identify treatment regimens 
and outcomes may have resulted in misclassification or 
incomplete data. Furthermore, the study was conducted 
in a single tertiary hospital, which may limit the gener-
alizability of the findings to other settings with different 
patient demographics and healthcare practices. The study 
predominantly focused on initial empirical treatment 
without considering subsequent modifications based on 
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culture results or clinical response. This approach may 
not fully capture the dynamic nature of infection man-
agement in clinical practice. The decision to use an SDT 
or VCT was also influenced by institutional guidelines 
and individual clinician preferences, which were not 
accounted for in the analysis.

However, the major advantage of non-randomized 
studies is their ability to collect data in real-world clinical 
settings, reflecting actual clinical practices and decisions. 
This is particularly important when randomised con-
trolled trials (RCTs) are not feasible due to ethical con-
cerns or uncontrollable factors. A significant limitation of 
non-randomized studies is the presence of selection bias 
and confounding factors, which can affect the credibil-
ity of the results. To mitigate these issues, the propensity 
score matching (PSM) method was applied in this study 
to balance differences between the two groups by match-
ing patients’ baseline characteristics, thereby providing a 
more accurate estimate of treatment effects. In this study, 
matching was performed using a 1:2 ratio and a calliper 
width of 0.2. The results indicated that although SDT 
showed plausible practical outcomes for patients with 
CNSIs, VCT demonstrated superior effectiveness com-
pared to SDT in both unadjusted and adjusted models. 
Despite this, these methods cannot wholly replace RCTs 
but provide a strong alternative when RCTs are not feasi-
ble. By minimising confounding bias as much as possible, 
they offer valuable clinical decision-making references.

Conclusion
In conclusion, the findings from this study provide sig-
nificant insights into the management of postoperative 
CNSIs in neurosurgical patients. While SDT remains a 
common treatment approach, particularly for less com-
plex infections, combination therapy (such as VCT) 
should be considered for more complicated cases due to 
its superior effectiveness. These results underscore the 
importance of individualized treatment strategies and 
the need to consider multiple factors when selecting the 
most appropriate therapy. Future research that integrates 
advanced diagnostic tools, personalized medicine, and 
broader multicentre studies will be essential in optimiz-
ing treatment strategies and improving patient care.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​9​-​0​2​5​-​1​1​0​3​1​-​0.

Supplementary Material 1

Acknowledgements
We want to acknowledge all the data providers and general practices, making 
anonymised data available for research.

Author contributions
MY, L and M, W: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Software, Validation, Visualization, Writing - 
original draft.L, A; XQ, L; Q, F; QX, S; DF, L; J, W; JH, W: Methodology, Resources, 
Data curation, Writing - review & editing.SJ, Y: Formal analysis, Data curation, 
Writing - review & editing.YB, W: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Software, Validation, Visualization, Writing 
- original draft, Writing - review & editing.All authors read and approved the 
final manuscript.

Funding
This study was funded by the State Key Laboratory of Pathogenesis, 
Prevention, and Treatment of High Incidence Diseases in Central Asia, Xinjiang 
Medical University (Grant No. SKL-HIDCA-2023-YX7).

Data availability
The data used in this study are anonymized patient-level data from 
the Electronic Medical Records and are not publicly available due to 
confidentiality concerns. Requests for access to the raw data should be 
directed to the corresponding author, Yubo Wang at yubow1206@163.com.

Declarations

Ethics approval and consent to participate
Ethical approval was obtained from the First Affiliated Hospital Ethics 
Committee of Xinjiang Medical University (Approval No: K202401-07). In 
accordance with national regulations “The Ethical Review of Biomedical Research 
Involving Humans (2016)” from the Chinese National Health and Family 
Planning Commission [17], the need for informed consent was waived as this 
study used retrospective, anonymized patient data. The waiver was granted by 
the aforementioned Ethics Committee. Data from patients was anonymized 
before its use.

Consent for publication
This study contains original, unpublished work and is not being submitted 
for publication elsewhere. Parts of the results were reported in poster 
presentations at the following conferences: Wang Y, An L, Li D, and Wang 
J. Comparative Effectiveness of Single-Drug Versus Combination Antimicrobial 
Regimens in Post-Neurosurgical Infections at a Northwest China Hospital. The 
40th International Conference on Pharmacoepidemiology and Therapeutic 
Risk Management (ICPE), Berlin, Germany, 24–28 August 2024.

Clinical trial
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1State Key Laboratory of Pathogenesis, Prevention and Treatment of High 
Incidence Diseases in Central Asia, Xinjiang Medical University, Urumqi, 
Xinjiang Uygur Autonomous Region, China
2Pharmacy Department, the First Affiliated Hospital of Xinjiang Medical 
University, Xinjiang Uygur Autonomous Region, Liyushan Road, Urumqi, 
China
3Xinjiang Key Laboratory of Clinical Drug Research, Liyushan Road, 
Urumqi, Xinjiang Uygur Autonomous Region, China
4Neurosurgical Department, the First Affiliated Hospital of Xinjiang 
Medical University, Xinjiang Uygur Autonomous Region, Liyushan Road, 
Urumqi, China
5Electrophysiology and Pacemaker Department, the First Affiliated 
Hospital of Xinjiang Medical University, Xinjiang Uygur Autonomous 
Region, Liyushan Road, Urumqi, China
6Pharmacy School, Xinjiang Medical University, South Shangde Road, 
Urumqi, Xinjiang Uygur Autonomous Region, China

Received: 6 November 2024 / Accepted: 22 April 2025

https://doi.org/10.1186/s12879-025-11031-0
https://doi.org/10.1186/s12879-025-11031-0


Page 12 of 12Li et al. BMC Infectious Diseases          (2025) 25:644 

References
1.	 McClelland S 3rd and, Hall WA. Postoperative central nervous system infec-

tion: incidence and associated factors in 2111 neurosurgical procedures. Clin 
Infect Dis. 2007;45(1):55–9.

2.	 Archibald LK, Quisling RG. Central Nervous System Infections, in Textbook of 
Neurointensive Care. 2013. pp. 427–517.

3.	 Mostafa FA, et al. Reducing Central-Line-Associated bloodstream infections 
(CLABSI): an improvement project in a specialized tertiary hospital. Glob J 
Qual Saf Healthc. 2022;5(4):84–92.

4.	 Chibbaro S, et al. Neurosurgery and elderly: analysis through the years. 
Neurosurg Rev. 2010;34(2):229–34.

5.	 The Neurosurgical Critical Care Expert Committee of the Neurosur-
gery Physician Branch of the Chinese Medical Doctor Association and 
T.N.C.C.G.o.t.N.B.o.t.B.M. Association., Chinese Expert Consensus on the Diag-
nosis and Treatment of Central Nervous System Infections in Neurosurgery 
(2021 Edition). Chinese Neurosurgical Journal, 2021. 37(1): p. 14.

6.	 Yang T, Velagapudi R, Terrando N. Neuroinflammation after surgery: from 
mechanisms to therapeutic targets. Nat Immunol. 2020;21(11):1319–26.

7.	 Van Wyck DW, James ML, Central Nervous System Infection in Neurosurgical 
Critical Care, in Essentials of Neurosurgical AnesthesiaCritical Care, Brambrink 
AM, Kirsch JR. Editors. 2020, Springer International Publishing: Cham. pp. 
619–626.

8.	 Nau R, Sorgel F, Eiffert H. Central nervous system infections and antimicrobial 
resistance: an evolving challenge. Curr Opin Neurol. 2021;34(3):456–67.

9.	 Ahmed SK, et al. Antimicrobial resistance: impacts, challenges, and future 
prospects. J Med Surg Public Health. 2024;2:100081.

10.	 Sigfrid L, et al. A systematic review of clinical guidelines on the management 
of acute, community-acquired CNS infections. BMC Med. 2019;17(1):170.

11.	 Tunkel AR, et al. 2017 Infectious diseases society of America’s clinical practice 
guidelines for Healthcare-Associated ventriculitis and meningitis. Clin Infect 
Dis. 2017;64(6):e34–65.

12.	 General Office of the National Health and Family Planning Commission. The 
Guidelines for the Clinical Application of Antimicrobial Drugs 2015 [cited 
2024 29 Oct]; Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​o​v​.​​c​n​/​​x​i​n​w​​e​n​​/​2​0​​1​5​-​​0​8​/​2​​7​/​​c​o​n​t​e​
n​t​_​2​9​2​0​7​9​9​.​h​t​m

13.	 David N, Gilbert HFC. and Michael S.Saag, The Sanford Guide to Antimicrobial 
Therapy 2024, ed. r. edition. 2023.

14.	 Castelblanco RL, Lee M, Hasbun R. Epidemiology of bacterial meningitis in 
the USA from 1997 to 2010: a population-based observational study. Lancet 
Infect Dis. 2014;14(9):813–9.

15.	 He T, et al. Laboratory diagnosis of central nervous system infection. Curr 
Infect Dis Rep. 2016;18(11):35.

16.	 Skrivankova VW, et al. Strengthening the reporting of observational studies 
in epidemiology using Mendelian randomization: the STROBE-MR statement. 
JAMA. 2021;326(16):1614–21.

17.	 the National Health and Family Planning Commission. The Ethical Review of 
Biomedical Research Involving Humans. 2016 [cited 2024 7 Nov]; Available 
from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​o​v​.​​c​n​/​​z​h​e​n​​g​c​​e​/​2​​0​1​6​​-​1​0​/​​1​2​​/​c​o​​n​t​e​​n​t​_​5​​7​1​​3​8​0​6​.​h​t​m

18.	 Crooks CJ, West J, Card TR. A comparison of the recording of comorbidity in 
primary and secondary care by using the Charlson index to predict short-
term and long-term survival in a routine linked data cohort. 2016. 5(6): p. 
e007974.

19.	 Austin PC. Optimal caliper widths for propensity-score matching when esti-
mating differences in means and differences in proportions in observational 
studies. Pharm Stat. 2011;10(2):150–61.

20.	 Funk MJ, et al. Doubly robust Estimation of causal effects. Am J Epidemiol. 
2011;173(7):761–7.

21.	 Zhang Y et al. Analysis of Cerebrospinal Fluid Routine Biochemical Level, 
Pathogenic Bacteria Distribution, and Risk Factors in Patients with Secondary 
Intracranial Infection after Brain Tumor Surgery. Evid Based Complement 
Alternat Med, 2022. 2022: p. 7716205.

22.	 Cui Y, et al. Risk factors for bloodstream infection among patients admitted 
to an intensive care unit of a tertiary hospital of Shanghai, China. Sci Rep. 
2024;14(1):12765.

23.	 Bekele TG, et al. Outcomes and factors associated with prolonged stays 
among patients admitted to adult intensive care unit in a resource-limited 
setting: a multicenter chart review. Sci Rep. 2024;14(1):13960.

24.	 The Ministry of Health of the People’s Republic of China (Original). Admin-
istrative Measures for the Clinical Application of Antimicrobial Drugs. 2012 
[cited 2024 6 Nov]; Available from: ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​g​o​​v​​.​​c​n​​/​f​l​​​f​g​​/​2​​​0​1​2​​​-​0​​5​​/​0​​8​/​c​o​n​​t​
e​n​t​_​2​1​​3​2​1​7​4​.​h​t​m

25.	 Wong PH, Maranich AM, Muench DF. Isolation of bacterial cerebrospinal fluid 
culture contaminants at a major military medical center. Diagn Microbiol 
Infect Dis. 2013;77(4):357–61.

26.	 Pena C, et al. Effect of adequate single-drug vs combination antimicrobial 
therapy on mortality in Pseudomonas aeruginosa bloodstream infections: a 
post hoc analysis of a prospective cohort. Clin Infect Dis. 2013;57(2):208–16.

27.	 Barbier F, et al. Single-drug versus combination antimicrobial therapy in criti-
cally ill patients with hospital-acquired pneumonia and ventilator-associated 
pneumonia due to Gram-negative pathogens: a multicenter retrospective 
cohort study. Crit Care. 2024;28(1):10.

28.	 Satam H et al. Next-Generation sequencing technology: current trends and 
advancements. Biology (Basel), 2023. 12(7).

29.	 Kingsmore SF, Nofsinger R, Ellsworth K. Rapid genomic sequencing for 
genetic disease diagnosis and therapy in intensive care units: a review. NPJ 
Genom Med. 2024;9(1):17.

30.	 Strich JR, Heil EL, Masur H. Considerations for empiric antimicrobial therapy 
in Sepsis and septic shock in an era of antimicrobial resistance. J Infect Dis. 
2020;222(Suppl 2):S119–31.

31.	 Chang JL, Pearson JC, Rhee C. Early empirical use of Broad-Spectrum antibiot-
ics in Sepsis. Curr Infect Dis Rep. 2022;24(6):77–87.

32.	 Yang D, et al. Antimicrobial resistance in China across human, animal, and 
environment sectors - a review of policy documents using a governance 
framework. Lancet Reg Health West Pac. 2024;48:101111.

33.	 Goossens H, et al. Outpatient antibiotic use in Europe and association with 
resistance: a cross-national database study. Lancet. 2005;365(9459):579–87.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.gov.cn/xinwen/2015-08/27/content_2920799.htm
https://www.gov.cn/xinwen/2015-08/27/content_2920799.htm
https://www.gov.cn/zhengce/2016-10/12/content_5713806.htm
https://www.gov.cn/flfg/2012-05/08/content_2132174.htm
https://www.gov.cn/flfg/2012-05/08/content_2132174.htm

	﻿Comparative effectiveness of monotherapy vs. combination therapy for postoperative central nervous system infections in neurosurgical patients: a retrospective cohort study
	﻿Abstract
	﻿Introduction
	﻿Method
	﻿Study design and ethical considerations
	﻿Study population
	﻿Data collection
	﻿Inclusion and exclusion criteria
	﻿Outcome measures


	﻿Treatment exposure
	﻿Covariates
	﻿Statistical analysis
	﻿Machine learning approach: random forest model
	﻿Addressing confounding: propensity score matching (PSM)
	﻿Multilevel logistic regression
	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


