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Background: To investigate the factors associated with follow-up CSF cultures (FUCCs) in post-neurosurgical patients with gram- 
negative bacterial meningitis/encephalitis and the effect of FUCCs on treatment management and patient outcomes.
Methods: This single-centered retrospective cohort study enrolled post-neurosurgical patients with gram-negative bacterial meningi-
tis/encephalitis at a tertiary-care university hospital between 2012 and 2022. The risk factors for 28-day mortality were evaluated using 
multivariate Cox analysis. FUCC-related risk factors were also analyzed.
Results: Among the 844 enrolled patients, 504 (59.7%) underwent FUCC, and FUCC was found to be associated with lower rates of 
both all-cause (hazard ratio (HR) 0.391; 95% confidence interval (CI), 0.235–0.651; p<0.001) and attributable mortality (HR 0.463; 
95% CI, 0.239–0.897; p=0.023) in Post-neurosurgical patients diagnosed with Gram-negative bacterial meningitis/encephalitis. 
Moreover, the results of the study underscored that patients with persistent gram-negative bacterial meningitis/encephalitis had 
a lower all-cause/attributable short-term survival rate according to 28-day mortality Kaplan–Meier analysis (P=0.001/0.006).
Conclusion: Performing FUCC has been demonstrated to lower mortality rates in Post-neurosurgical patients suffering from Gram- 
negative bacterial meningitis/encephalitis. The higher mortality rate observed in patients with persistent gram-negative bacterial 
meningitis/encephalitis suggests that performing FUCC is a crucial component of proper patient care and management, and is therefore 
recommended for use by clinicians as a standard practice. This finding underscores the significance of consistent implementation of 
FUCC in the management and prognosis of patients with Post-neurosurgical infections.
Keywords: gram-negative bacterial meningitis/encephalitis, follow-up cerebrospinal fluid cultures, all-cause 28-day mortality, 
persistent meningitis/encephalitis, risk factors

Introduction
In patients who undergo invasive operations such as drainage tube insertion, disruptions in the cranial closure state can 
predispose them to Gram-negative bacterial meningitis/encephalitis. Consequently, these patients can have a negative 
effect on their recovery, increase medical costs, consume medical resources, and increase postoperative mortality rates1–3 

(Emerson et al, 2012; Hu et al, 2019; van et al, 2022). Intracranial infections occur in 3% to 20% of patients admitted to 
neurosurgical intensive care units (NICUs), with bacterial infections being the main type of central nervous system 
infections (CNSIs)4 (Shaban et al, 2016). Reports have shown that most Gram-negative bacteria isolated from neuro-
surgical intracranial infections were Acinetobacter baumannii, Klebsiella pneumoniae, and Pseudomonas aeruginosa, 
accounting for 42.1% of the pathogens5 (Wang et al, 2014). Furthermore, the escalation and long-term use of 
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antimicrobials, as well as prolonged hospitalizations, has led to an increase in intracranial infections caused by Gram- 
negative bacteria, which pose a greater challenge to treat than Gram-positive bacteria because of their resistance to 
antibiotics and production of highly virulent toxins. To illustrate, Tuon et al reported a mortality rate of 72.7% for 
nosocomial A. baumannii meningitis/encephalitis6 (Tuon et al, 2010). Therefore, the identification of high-risk Post- 
neurosurgical patients with Gram-negative bacterial meningitis/encephalitis, combined with early and effective anti- 
infection treatment, is crucial to reducing mortality rates and improving patient prognosis7 (Vetter et al, 2020).

Moreover, it has been strongly suggested that follow-up blood cultures (FUBC) for particular pathogens, such as 
Staphylococcus aureus for ruling out multiple bloodstream infections (BSI) is related to positive prognosis8 (Van 
Goethem et al, 2022). Conversely, performing FUBCs in patients with gram-negative (GN) BSIs is contentious9–12 

(Maskarinec et al, 2020; Kang et al, 2011; Canzoneri et al, 2017; Mitaka et al, 2022). Similar to BSI, gram- 
negative bacterial meningitis/encephalitis is associated with body fluid infection, wherein follow-up CSF cultures 
(FUCCs) may be clinically important. However, the role of FUCC in the management of Gram-negative bacterial 
meningitis/encephalitis is not yet known. The specific definition of follow-up CSF cultures (FUCC) in our study 
population was a repeated CSF cultures obtained between 24 h and 72 h after the index CSF culture.

Therefore, this study aimed to establish a cohort to evaluate the relationship between FUCC and patient prognosis, 
and its associated factors. To the best of our knowledge, this is the first global cohort study to evaluate the clinical 
significance of FUCC.

Methods
Study Design and Setting
We conducted a retrospective cohort of Post-neurosurgical patients with Gram-negative bacterial meningitis/encephalitis 
between January 2012 and January 2022. We conducted the study at the Beijing Tiantan Hospital, affiliated with Capital 
Medical University, which is a tertiary care institution and houses the largest neurology and neurosurgery centers in 
Asian.

The attending physicians requested an index and FUCCs based on clinical judgment without being indicated by the 
study protocol. A microbiological database was used to identify pathogens. Clinical charts and hospital records were 
reviewed to collect the study variables. FUCC is defined as obtaining one and more CSF cultures repeatedly 24–72h after 
the index CSF cultures. An investigator systematically checked the accuracy of the data before uploading onto the 
database.

The local institutional ethics committee approved this study. Informed consent was not required because the data were 
collected anonymously.

Study Population
All adult Post-neurosurgical patients (≥18 years of age) with gram-negative bacterial meningitis/encephalitis, and one or 
more positive CSF cultures obtained to rule out infection, were eligible for inclusion. They were evaluated only once 
during their first episode (index CSF culture).

The inclusion criteria were as follows:
Positive CSF culture results in Gram-negative bacteria and a CSF leukocyte count of > 250 cells/L to confirm 

CNSI13,14 (Tunkel et al, 2017; Hernández Ortiz et al, 2018).
The exclusion criteria were as follows: (1) patients <18 years, (2) those with polymicrobial CNSI, (3) those with 

insufficient data, and (4) those experiencing death within 24 h after drawing index CSF for cultures (Figure 1).

Variables and Definitions
We used the Beijing Tiantan Hospital clinical database to collect demographic data and medical history, including age, 
sex, index CSF culture result, FUCC result, infectious pathogens identified, presence of tumor, malignancy, diabetes, and 
hypertension, traumatic brain injury, duration of surgery, requirement of reoperation, specifics of craniotomy, ICU 
admission, CSF leakage, extra-ventricular drainage (EVD), and lumbar drainage (LD), mechanical ventilation. 
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Peripheral venous blood and CSF were used to measure leukocytes (C-Leu), neutrophils (C-Neu), protein (C-Pro), and 
glucose (C-Glu, B-Glu). The primary outcome was 28-day mortality, defined as all-cause mortality within 28 days of the 
index CSF cultures.

De-escalation therapy: De-escalation was defined as changing an initially covering antibiotic regimen to a narrower 
spectrum regimen based on index/follow-up antibiotic susceptibility testing (AST) results within 96 hours.15

Peripheral blood samples were collected in the morning after the patients fasted for 12-hours. A lumbar puncture was 
used to collect the CSF samples. CNSI was classified according to the Infectious Diseases Society of America (IDSA) 
standards.

Microbiology
All pathogens were classified using standard microbial identification procedures, using the identification systems, 
VITEK-2 Compact system (bioMerieux, Marcy l ‘etoile, France; based on biochemical reactions) and VITEK MS 
(bioMerieux, Marcy l ‘etoile, France; based on matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry).

Statistical Analysis
For the primary endpoint, univariate and multivariate Cox analyses were used to investigate risk factors for death within 
28 days. After validating the proportional hazards and multicollinearity, all variables in the univariate analysis with P < 
0.05, were incorporated into a multivariable Cox regression model. Analysis was conducted with the data from the day of 
CSF culture indexing until death or 28 days later. SPSS 26.0 (IBM, Armonk, NY, USA) and R Studio (version 3.6.1) 
were used for the analyses. The number of days from the first CSF bacteria positive culture to death in the hospital within 
28 days was displayed on Kaplan–Meier curves, and the rates of survival were compared using Log rank testing.

Patients with and without FUCC were compared using the Mann–Whitney and Kruskal–Wallis tests for continuous 
variables, and the Pearson chi-square or Fisher exact test for categorical variables. Next, we compared the three groups: 
“positive FUCC”, “negative FUCC”, and “without FUCC”. Patients with positive FUCC results for a pathogen other than 
the pathogen discovered in the index CSF cultures were excluded from this analysis. In this descriptive analysis, 

Figure 1 Flow diagram of the study cohort. 
Abbreviation: FUCC, follow-up cerebrospinal fluid culture.
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categorical variables are expressed as absolute numbers and relative frequencies. When continuous variables were 
normally distributed, they are presented as means and standard deviations. When they were not normally distributed, 
they are presented as median and interquartile range (IQR).

Result
Factors Affecting Survival Among All Patients
The included 844 patients were categorized into the survival and non-survival groups, the potential mortality risk 
and protective factors screened out were FUCC (p=0.002), C-Leu (p=0.033), C-Pro (p<0.001), CSF to blood 
glucose ratios (p<0.001), AST (p<0.001), Traumatic Brain injury (p=0.031), Hypertension (p=0.003), Reoperation 
(p<0.001), Craniotomy (p=0.010), ICU admission (p<0.001), EVD (p=0.009), LD (p=0.008) and Mechanical 
ventilation (p<0.001)(Table 1). It is worth noting that after the 28-day mortality Kaplan–Meier analysis of patients, 
we discovered FUCC has a significant difference in both all-cause and attributable mortality between the two 
groups (p=0.001/0.006) (Figure 2A and B). Furthermore, a risk factor analysis of death in Post-neurosurgical 

Table 1 Comparison of the Factors of the Non-Survivor Group versus the Survivor Group

ALL Survivor Non-Survivor
pN=844 N=772 N=72

FUCC 504 (59.72%) 474 (61.40%) 30 (41.67%) 0.002
Age (years) 41.00 [27.00; 54.00] 41.00 [26.00; 54.00] 42.00 [28.00; 51.00] 0.670
Female 373 (44.19%) 338 (43.78%) 35 (48.61%) 0.506

C-Leu (pcs/µL) 585.50 [89.75; 2394.00] 576.50 [87.25; 2216.25] 1178.50 [99.75; 4894.00] 0.033
C-Neu (%) 81.40 [57.77; 90.00] 81.30 [56.98; 89.80] 82.55 [64.42; 92.10] 0.178
C-Pro (mg/dL) 123.31 [69.47; 228.08] 119.22 [68.62; 215.98] 174.15 [95.23; 415.23] <0.001
CSF to blood glucose ratios (mmol/L) 0.43±0.27 0.44±0.27 0.29±0.29 <0.001
Index CSF bacterial species 0.505

Klebsiella pneumoniae 209 (24.76%) 191 (24.74%) 18 (25.00%)

Acinetobacter baumannii 143 (16.94%) 128 (16.58%) 15 (20.83%)

Pseudomonas aeruginosa 90 (10.66%) 80 (10.36%) 10 (13.89%)
Escherichia coli 84 (9.95%) 75 (9.72%) 9 (12.50%)

Serratia spp 58 (6.87%) 55 (7.12%) 3 (4.17%)

Others 260 (30.81%) 243 (31.48%) 17 (23.61%)
Antimicrobial susceptibility testing <0.001

ESBL-producing 133 (15.76%) 112 (14.51%) 21 (29.17%)

Carbapenem-resistance 50 (5.92%) 39 (5.05%) 11 (15.28%)
Others 82 (9.72%) 75 (9.72%) 7 (9.72%)

All sensitive 462 (54.74%) 451 (58.42%) 11 (15.28%)

Tumor 593 (70.26%) 542 (70.21%) 51 (70.83%) 1.000
Malignant tumors 265 (31.40%) 236 (30.57%) 29 (40.28%) 0.118

Traumatic Brain injury 50 (5.92%) 41 (5.31%) 9 (12.50%) 0.031
Diabetes 37 (4.38%) 32 (4.15%) 5 (6.94%) 0.235
Hypertension 128 (15.17%) 108 (13.99%) 20 (27.78%) 0.003
Duration of surgery (h) 4.00 [2.50; 6.00] 4.00 [2.50; 6.00] 4.55 [3.00; 6.62] 0.244
Reoperation 187 (22.16%) 154 (19.95%) 33 (45.83%) <0.001
Craniotomy 585 (69.31%) 525 (68.01%) 60 (83.33%) 0.010
ICU admission 351 (41.59%) 290 (37.56%) 61 (84.72%) <0.001
CSF leakage 118 (13.98%) 107 (13.86%) 11 (15.28%) 0.878

Extra-ventricular drainage 286 (33.89%) 251 (32.51%) 35 (48.61%) 0.009
Lumbar drainage 254 (30.09%) 222 (28.76%) 32 (44.44%) 0.008
Mechanical ventilation 326 (38.63%) 267 (34.59%) 59 (81.94%) <0.001

Notes: Data are Presented as Number (%) of Patients, Mean ± SD, or Median [IQR] Unless Indicated Otherwise. Bold text: p<0.05. 
Abbreviations: FUCC, follow-up cerebrospinal fluid culture; CSF, cerebrospinal fluid; ICU, intensive care unit; ESBL, Extended-Spectrum β-Lactamases; 
C-Leu, cerebrospinal fluid leukocytes; C-Neu, cerebrospinal fluid neutrophils; C-Pro, cerebrospinal fluid protein.
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patients with gram-negative bacterial meningitis/encephalitis was performed using propensity score-weighted multi-
factorial Cox proportional hazards. Obtaining FUCCs was found to be associated with lower rates of both all-cause 
(hazard ratio (HR) 0.391; 95% confidence interval (CI), 0.235–0.651; p<0.001) and attributable mortality (HR 
0.463; 95% CI, 0.239–0.897; p=0.023). Hypertension (HR 1.778; 95% CI, 1.025–3.083; p=0.040), Reoperation (HR 
1.719; 95% CI, 1.008–2.930; p=0.047), ICU admission (HR 3.703; 95% CI, 1.812–7.566; p<0.001) and Mechanical 
ventilation (HR 3.649; 95% CI, 1.890–7.046; p<0.001) are the mortality risk factors. In addition, antibiotic 
resistance other than ESBLs and Carbapenem-resistance (HR 0.276; 95% CI, 0.105–0.730; p=0.009), as well as 
the all sensitive group (HR 0.081; 95% CI, 0.034–0.191; p<0.001), were protective factors for mortality in post- 
neurosurgical patients with Gram-negative bacterial meningitis/encephalitis. More details from survival analysis 
were shown in Figure 2C and D.

Figure 2 Differences in unadjusted Overall 28-day (A) all-cause and (B) attributable in-hospital mortality in post-neurosurgical patients with gram-negative bacterial 
meningitis/encephalitis. Differences in hazard ratios of (C) all-cause and (D) attributable in-hospital mortality in patients with GNB, as determined by propensity score 
weighted Cox proportional hazards analyses. 
Abbreviations: FUCC, follow-up cerebrospinal fluid culture; CI, confidence interval; C/B-Glu, CSF to blood glucose ratios; EVD, Extra-ventricular drainage; LD, Lumbar 
drainage; AST, Antimicrobial susceptibility testing; CR, Carbapenem-resistance.
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Patient Characteristics and Factors Linked to FUCC Acquisition
Of the 1069 Post-neurosurgical patients with Gram-negative bacterial meningitis/encephalitis, 225 were excluded (42 
patients had co-infections, 83 with incomplete case information or laboratory data, 23 died within 24 h of the initial CSF 
culture, and 77 were aged < 18 years).

Of the 844 patients enrolled, 504 (59.7%) had FUCC (Figure 1). The clinical features of the patients with FUCC 
differed considerably from those without (Table 2). Overall, patients with FUCC were significantly more likely to have 
higher C-Leu (248.00 [39.75; 1629.50] / 818.00 [180.25; 3148.00]; p<0.001), C-Neu (75.10 [43.40; 87.50] / 84.00 
[68.88; 90.93]; p<0.001, C-Pro (109.65 [59.15; 196.96] / 136.00 [77.52; 240.05]; p=0.001). Patients with FUCC had 
more CSF leakage (37/81; p=0.042), EVD (92/194; p=0.001), LD (87/167; p=0.023), Mechanical ventilation (147/179; 
p=0.029) than those without performing FUCC (Table 2).

We compared the antibiotic applications performed within 96 hours of obtaining the antibiotic susceptibility testing (AST) 
between patients who underwent FUCC and those who did not and found a significant difference between the two groups. 
Among them, clinicians performed de-escalation antibiotic therapy in 159 (31.5%) of patients who underwent FUCC, which 
was significantly higher than in patients who did not undergo FUCC (p=0.031). Besides, patients with FUCC cost less during 
hospitalization (65,178.20 [39,514.00; 92,327.80]/67,392.07 [33,982.48; 73,720.54]; p=0.09)(Table 3).

The bacteria isolated from FUCC of Post-neurosurgical patients with gram-negative bacterial meningitis/encephalitis 
were mainly Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli, and Serratia 
spp. (Figure 3).

Among the patients who underwent FUCC, 39 patients had different bacteria grow from the repeat culture. The ratio 
of patients with different culture results underwent EVD are higher than those possess the same culture bacteria 
significantly (22, 56.41%; 172, 36.99%, p=0.017). (Supplemental Table 1)

Table 2 Post-Neurosurgical Patients with Gram-Negative bacterial Meningitis/Encephalitis with and without Follow-Up Cerebrospinal 
Fluid Cultures (FUCC)

Parameter N (%) of Patients (n=844) N (%) of Patients (n=465)

Without FUCC 
(n=340)

FUCC (n=504) P value Negative FUCC 
(n=319)

Positive FUCC 
(n=146)

P value

Age (years) 42.00 [25.00; 55.00] 41.00 [27.75; 53.00] 0.762 40.00 [27.00; 52.00] 39.00 [27.00; 53.75] 0.991

Female 153 (45.00%) 220 (43.65%) 0.752 137 (42.95%) 66 (45.21%) 0.723

C-Leu (pcs/µL) 248.00  
[39.75; 1629.50]

818.00  
[180.25; 3148.00]

<0.001 712.00  
[145.50; 2092.50]

1560.00  
[265.25; 6653.25]

<0.001

C-Neu (%) 75.10 [43.40; 87.50] 84.00 [68.88; 90.93] <0.001 83.50 [70.80; 90.60] 86.00 [72.33; 93.20] 0.078

C-Pro (mg/dL) 109.65 [59.15; 196.96] 136.00 [77.52; 240.05] 0.001 124.90 [72.22; 204.05] 184.10 [91.92; 320.61] <0.001

CSF to blood glucose 
ratios (mmol/L)

0.45±0.27 0.42±0.28 0.116 0.46±0.27 0.31±0.26 <0.001

Tumor 235 (69.12%) 358 (71.03%) 0.603 227 (71.16%) 105 (71.92%) 0.954

Malignant tumors 110 (32.35%) 155 (30.75%) 0.678 100 (31.35%) 41 (28.08%) 0.547

Traumatic Brain injury 23 (6.76%) 27 (5.36%) 0.483 17 (5.33%) 9 (6.16%) 0.884

Diabetes 20 (5.88%) 17 (3.37%) 0.115 9 (2.82%) 5 (3.42%) 0.772

Hypertension 51 (15.00%) 77 (15.28%) 0.990 52 (16.30%) 18 (12.33%) 0.331

Duration of surgery (h) 4.00 [2.50; 6.00] 4.00 [2.50; 6.00] 0.641 4.00 [3.00; 6.00] 4.00 [2.06; 6.00] 0.460

Reoperation 74 (21.76%) 113 (22.42%) 0.888 57 (17.87%) 47 (32.19%) 0.001
Craniotomy 243 (71.47%) 342 (67.86%) 0.298 222 (69.59%) 93 (63.70%) 0.248

ICU admission 143 (42.06%) 208 (41.27%) 0.875 120 (37.62%) 71 (48.63%) 0.032
CSF leakage 37 (10.88%) 81 (16.07%) 0.042 43 (13.48%) 28 (19.18%) 0.148

Extra-ventricular drainage 92 (27.06%) 194 (38.49%) 0.001 110 (34.48%) 62 (42.47%) 0.121

Lumbar drainage 87 (25.59%) 167 (33.13%) 0.023 84 (26.33%) 74 (50.68%) <0.001
Mechanical ventilation 147 (43.24%) 179 (35.52%) 0.029 106 (33.23%) 58 (39.73%) 0.209

Notes: Data are Presented as Number (%) of Patients, Mean ± SD, or Median [IQR] Unless Indicated Otherwise. Bold text: p<0.05. 
Abbreviations: FUCC, follow-up cerebrospinal fluid culture; C-Leu, cerebrospinal fluid leukocytes; C-Neu, cerebrospinal fluid neutrophils; C-Pro, cerebrospinal fluid 
protein; CSF, cerebrospinal fluid; ICU, intensive care unit.
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Factors Affecting Survival Among Patients with FUCC
The included 504 patients were categorized into the survival and non-survival groups, the potential mortality risk and 
protective factors screened out were FUCC positive (p=0.001), C-Glu (p=0.001), B-Glu (p<0.001), Hypertension 
(p=0.016), ICU admission (p<0.001), LD (p<0.001) and Mechanical ventilation (p<0.001) (Supplemental Table 2). We 
further compared 28-day mortality rate between the positive and negative FUCC groups, and the findings indicated 
a significant difference in both all-cause and attributable mortality between the two groups (p<0.001/=0.06), whereas 
FUCC positive was linked to a lower short-term survival rate (Supplemental Figure 1). However, when we perform a risk 
factor analysis of death in FUCC using propensity score-weighted Cox proportional hazards, the results indicated FUCC 
positive is not a predictor of mortality (hazard ratio (HR) 2.159; 95% confidence interval (CI), 0.669–7.196; p =0.194, 
0.557–3.695; p=0.455), other details were presented in Supplemental Figure 2.

Factors Influencing Positive vs Negative FUCC
Patients with positive FUCC had higher C-Leu (712.00 [145.50; 2092.50] / 1560.00 [265.25; 6653.25]; p<0.001), C-Pro 
(124.90 [72.22; 204.05] / 184.10 [91.92; 320.61]; p<0.001), CSF to blood glucose ratios (0.46±0.27 / 0.31±0.26; 
p<0.001). Patients with positive FUCC had more reoperation (57/319, 17.87% vs 47/146, 32.19%; p=0.001), ICU 
admission (120/319, 37.62% vs 71/146; 48.63%; p=0.032) and LD (84/319, 26.33% vs 74/146, 50.68%; p<0.001) 
(Table 2).

Table 3 Antibiotic Therapy and Hospitalization Costs with and without Follow-Up Cerebrospinal Fluid Culture 
(FUCC)

Without FUCC (N=340) FUCC (N=504) P value

Antibiotic medication 0.031
De-escalation therapy 84 (24.7%) 159 (31.5%)

Continued empiric antibiotic therapy 256 (75.3%) 345 (68.5%)
Hospitalization costs (¥) 67,392.07 [33,982.48; 73,720.54] 65,178.20 [39,514.00; 92,327.80] 0.090

Notes: Data are Presented as Number (%) of Patients or Median [IQR] Unless Indicated Otherwise. Bold text: p<0.05. 
Abbreviation: FUCC, follow-up cerebrospinal fluid culture.

Figure 3 Bacterial species in patients with FUCC (Out ring: FUCC, inner ring: Without FUCC). 
Abbreviation: FUCC, follow-up cerebrospinal fluid culture.
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Discussion
Patients who undergo neurosurgery are at an increased risk of developing hospital-acquired central nervous system 
infections (CNSI), particularly intracranial infections resulting from traumatic brain injury and neurosurgical procedures. 
Based on a national study, the incidence of intracranial infection after neurosurgery was 14.81%. These infections are 
associated with high rates of disability and mortality. Recent data indicate that CNSI caused by Gram-negative bacteria 
are on the rise, and patients who develop these infections have a high risk of death. For instance, Erdem et al16 reported 
a mortality rate of 45% among patients with A. baumannii meningitis/encephalitis. To diagnose CNSI in these patients, 
positive bacterial culture of specimens like cerebrospinal fluid, implants, and drain tips are considered the gold standard. 
Despite this, meeting clinical needs is challenging due to the low positivity rate and time-consuming nature of the test. 
Başpınar et al17 observed this problem in their recent study.

FUCC was found to be an independent protective factor in the results of survival analysis adjusted for important 
covariates. In addition, a 28-day mortality Kaplan-Meier analysis demonstrated that FUCC was associated with lower 
short-term mortality. These findings are consistent with previous studies on FUBC in gram-negative bacteremia (GNB). 
For instance, Maskarinec et al9 used propensity score-weighted Cox proportional risk models in 1702 GNB patients, 
revealing that access to FUBC was linked to reduced all-cause and attributable mortality. Giannella et al18 further 
confirmed this link in 274 GNB patients matched for severity. Similarly, our study showed that patients lacking FUCC 
had a higher mortality rate, suggesting a missed opportunity for source control, complication identification, and 
optimization of antimicrobial agent management. In specific cases, such as with postoperative extraventricular drainage, 
shunt devices, and Ommaya capsules. We conducted an analysis on antibiotic use in patients within 96 hours after 
FUCCs were performed and antibiotic susceptibility testing (AST) results were obtained. Our findings revealed a higher 
proportion of patients undergoing antibiotic de-escalation after FUCCs. De-escalation refers to adjusting empirical 
antibiotic therapy to the narrowest spectrum based on AST results. Furthermore, we observed that the mean hospitaliza-
tion cost for patients who underwent FUCC was lower compared to those who did not, although this difference was not 
statistically significant. Nonetheless, it demonstrates a certain tendency. It is plausible that with more precise treatment, 
the overall duration of the patient’s illness would be shortened. Similar conclusions were obtained in a previous 
review15,19 on antibiotic de-escalation in bloodstream infections and pneumonia, observational studies show lower 
mortality following antibiotic de-escalation guided by culture results among patients with bacteraemia. Apart from 
this, FUCC can facilitate the prompt removal of persistent CNSI to prevent further complications. For instance, in cases 
where the infection involves bone flaps, cranial osteomyelitis, and post-cranioplasty infection, bone flaps and artificial 
implants can be removed to minimize the likelihood of more serious complications. CNSI are highly susceptible to 
seizures and have a high mortality rate. As such, the typical duration of treatment for these infections is four to eight 
weeks, and antimicrobial therapy should continue for one to two weeks after criteria for clinical cure have been met. 
Patients who have higher levels of C-Leu, C-Neu, and C-Pro, and are more susceptible to experiencing CSF leakage, 
EVD, LD, and mechanical ventilation. Consequently, these patients are more likely to undergo FUCC. The findings 
suggest that timely implementation of FUCC is associated with adjustments in antibiotic therapy to achieve precision 
treatment and improved short-term survival outcomes. This indicates that patients with more severe clinical conditions 
are more likely to benefit from FUCC, as it allows for close monitoring of their condition, shorter illness duration, and 
more targeted therapy.

At the same time, we identified 39 patients with FUCC results that differed from the index culture. Upon reviewing 
the treatment course of these patients, we observed that clinicians did not modify the anti-infective treatment regimen 
after receiving the FUCC results. However, it is noteworthy that the majority of these patients demonstrated improvement 
in their condition. Furthermore, the FUCCs from these 39 patients exhibited diverse pathogen types, including coagulase- 
negative staphylococci, which have a 60% probability of contamination. So the possibility of operational contamination 
cannot be disregarded. To investigate the impact of cerebrospinal fluid (CSF) retention sites on the culture results, we 
compared the types of central nervous system infections (CNSIs) in these 39 patients with those who had concordant 
repeat culture results. Interestingly, patients who underwent external ventricular drainage (EVD) were more likely to 
exhibit different repeat culture results, with a significant difference observed between the two groups. EVD-associated 
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CNSIs are prone to more complicated infections as well as other complications, which may have contributed to this 
result.20

FUCC positivity is defined as Persistent Gram-negative bacterial meningitis/encephalitis in this study. The Cox 
proportional hazard analysis using propensity score weighting revealed that FUCC positivity was not a predictor of 
mortality, which may be due to the insufficient sample size. However, the Kaplan-Meier analysis demonstrated that 
patients with persistent Gram-negative bacterial meningitis/encephalitis had a higher mortality rate than FUCC-negative 
patients, both in terms of infection-related death and all-cause mortality, consistent with previous research21 on 
carbapenem-resistant Gram-negative bloodstream infections. The review22 (Gatti et al, 2023) that collected data from 
a total of 11 observational studies reiterated similar conclusions. Therefore, we believe that FUCC is useful in identifying 
those at high risk of poor prognosis and that, upon a positive FUCC result, these patients should receive more aggressive 
and precise treatment. Furthermore, LD, ICU admission, and mechanical ventilation were found to be independent 
predictors of death according to multivariate analysis.

Our study found FUCC positive in 31.3% of all patients, which is much higher than the rate of FUBC that has been 
reported so far. Maskarinec et al9 found that only about 20% of patients with GNB infection underwent FUBC, which 
laterally indicates that GN-CNSI is not easily cured by antibiotic therapy and that the infection progresses rapidly and is 
more severe. In addition to this, the changes in inflammatory laboratory indicators were more significant in patients who 
underwent FUCC, especially the significant decrease in CSF glucose was highly indicative of infection23 (Davis et al, 
2018). In terms of some clinical operations, patients who underwent FUCC had more CSF leakage symptoms and 
performed more EVD and LD operations, which are themselves an invasive adjuvant therapy with exposed incisions, and 
therefore their infections are less likely to be cured, with high requirements for aseptic maintenance and possible 
contamination of certain medical origin. In contrast, there is a significant difference in inflammatory indexes in the CSF 
of FUCC-positive patients compared to negative patients, we reviewed the literature and found that FUBC-positive 
patients with bacteremic urinary tract infection (UTI), usually showed higher initial inflammatory markers, longer time 
for fever reduction, more frequent ICU admissions, and a higher chance of cancer24 (Shi et al, 2019). Also, FUCC- 
positive patients underwent more reoperation and more ICU admissions. This echoes the findings of Jeannie et al25 for 
Follow-up blood cultures in E. coli and Klebsiella spp. Bacteremia, the study indicated that FUBC-positive patients are 
more likely to have an intravascular source of infection, cardiac device and hemodialysis dependency, and are associated 
with an increased risk of death. Although there is no clear evidence from the literature on FUCC and Gram-negative 
bacterial meningitis/encephalitis, the study of GN-BSI also provide side evidence of the reliability of our findings.

Expert consensus on the diagnosis and management of infections in China indicates positive bacterial cultures of 
specimen smears, drains tips, implants and cerebrospinal fluid are the gold standard for diagnosis, but contamination and 
colonization need to be excluded. Despite the rapid development of new technologies such as metagenomics next 
generation sequencing (mNGS) and multiplex PCR in the diagnosis of CNSI, there is still no substitute for the 
therapeutic guidance of CSF culture in CNSI. This study emphasizes the importance of using CSF culture appropriately 
to maximize therapeutic benefits for Post-neurosurgical patients with Gram-negative bacterial meningitis/encephalitis. 
Further exploration of this topic is warranted.

Our study had limitations. First, this was a single-centered retrospective study with the possibility of unmeasured 
confounding factors. Second, we determined the rate of persistent Gram-negative bacterial meningitis/encephalitis using 
cultural methods such as identifying families and species. Although we reduced survival bias in various ways, it could 
not be eliminated. Finally, given a large number of tested hypotheses, it is crucial to highlight that the p-value may still 
imply false-positive results.

Nevertheless, this study is the first to analyze the FUCC role in Post-neurosurgical patients with Gram-negative 
bacterial meningitis/encephalitis. Our study found that FUCC is an independent protective factor of death. Patients with 
persistent Gram-negative bacterial meningitis/encephalitis are linked to higher mortality, which indicate that perform 
FUCC contributes to the prognosis of patients and is worthy of general promotion by clinicians in managing patients. 
FUCC is commonly used in patients with more severe infections, possess CSF leakage symptoms and perform EVD, LD 
operations. In contrast, FUCC positive patients tend to undergo reoperation and ICU admission, and are more susceptible 
to A. baumannii infection. Further studies are required to confirm whether FUCC can be used as a standard diagnostic 
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measure for Post-neurosurgical patients with Gram-negative bacterial meningitis/encephalitis. Our study underscore the 
importance of incorporating FUCC into clinical practice as a valuable tool for guiding treatment decisions and improving 
patient outcomes. Further research is warranted to explore the long-term benefits and cost-effectiveness of FUCC in 
larger patient populations.
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