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Purpose: Early prediction of post-craniotomy meningitis (PCM) is critical for optimizing prognosis. Given the limitations of existing
prediction tools, this study sought to develop and externally validate a novel model for early postoperative risk stratification and
prediction of PCM.

Patients and Methods: Data were retrospectively collected from three Chinese hospitals. Least absolute shrinkage and selection
operator (LASSO) and backward stepwise logistic regression were utilized to select independent predictors for nomogram construc-
tion. Nomogram performance was further evaluated by areas under the receiver operating characteristic curves (AUC) (discrimina-
tion), calibration plots (calibration) and decision curve analysis (clinical applicability). Meanwhile, pairwise comparisons of AUCs
were performed to compare predictive performance between the model and the individual independent predictors. Additionally,
a practical probability threshold of 30% was proposed based on the decision curve analysis to evaluate the model’s performance in
terms of sensitivity and specificity.

Results: According to their admitted hospitals, 694 patients were allocated to the training cohort, and 309 comprised the external
validation cohort. Within the training cohort, postoperative CSF leak, intraoperative/postoperative ventricular drain placement, and
trans-sinusal surgery were identified as independent predictors (all P<0.001). Then, a new nomogram was built based on these
predictors and demonstrated good discrimination in both the training (AUC=0.890, 95% CI 0.864-0.912) and external validation
(AUC=0.824, 95% CI 0.777-0.865) cohorts, alongside satisfactory calibration and clinical utility. Further pairwise comparisons
confirmed the nomogram’s superiority over each single predictor across both cohorts (all P<0.001). Furthermore, applying a practical
decision threshold of 30% yielded well-balanced early-warning performance for the model, with sensitivities >0.70 and specificities
>0.90 in both groups.

Conclusion: Our novel model exhibited favorable performance and clinical applicability, and was found to outperform the individual
predictors. Accordingly, this newly built model seems a practical warning tool, though better-designed studies are needed for its further
refinement.
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Introduction
Post-craniotomy meningitis (PCM) is known to be a major infectious complication after neurosurgery, with high rates of
mortality and disability.' > Inspiringly, there is growing evidence that the disastrous outcomes of this severe infection can
be potentially improved through timely diagnosis and treatment.*® Accordingly, early postoperative risk stratification of
PCM appears crucial, as it may facilitate earlier case identification and initiation of infection control measures.

In previous studies, numerous predictors of PCM, such as postoperative cerebrospinal fluid (CSF) leakage, external
lumbar or ventricular drainage, surgical duration, surgery through a sinus, diabetes mellitus, perioperative steroid use,
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etc., have been intensively investigated.” "> However, to date, the predictive modeling of PCM remains little explored.
Even among the very few prediction models reported in the literature, neither were further validated using an external
cohort.'*! Thus, it is necessary to continue the development of new stratification and forecasting models for PCM,
particularly those with external validation.

Over recent years, the nomogram, a visual modeling tool capable of integrating diverse variables, has been
increasingly utilized in clinical research settings. So far, this modeling tool has shown good performance for predicting

the occurrence, progression and prognosis of various diseases,'®"°

including certain neurosurgical central nervous
system (CNS) infections. For example, the nomogram has been reported to be predictive of mortality in patients infected
with post-neurosurgical meningitis and the development of external ventricular or lumbar drainage-related meningitis
(though no external verification was performed for the corresponding models either).>* %2

In light of the above, we designed this retrospective multi-institution investigation and employed a nomogram-based
approach to establish a novel model for predicting PCM through early postoperative risk stratification. Moreover,
considering the main limitation of the existing studies, our newly developed model was evaluated on an independent

external dataset curated in the present multicenter study.

Material and Methods
Study Design and Population

This is a multicenter, retrospective cohort study conducted at three medical institutions (one university-affiliated and two
public hospitals) in China. We retrospectively reviewed patients who underwent scheduled or emergency craniotomy
consecutively at the university-affiliated hospital (Beijing Tiantan Hospital affiliated to Capital Medical University)
between October 2021 and March 2022. We also screened a consecutive series of cases receiving craniotomy from
August 2022 to January 2023 at the two other public hospitals (Inner Mongolia Peoples’ Hospital and Shanxi Provincial
People’s Hospital).

Patients were excluded from the study if they were under 18 years old. Those who died within the first 48 hours
following craniotomy and had no clear diagnostic clues to PCM during this period were excluded as well. This exclusion
criterion was set to avoid a possible underestimation of the occurrence of PCM in our study, given that this infectious
complication typically presents 3 to 7 days postoperatively.?>** In addition, patients with suspected or confirmed CNS
infections (eg, bacterial meningitis or ventriculitis, fungal meningitis or meningoencephalitis, viral encephalitis or
meningitis, intracranial or spinal abscess, etc) prior to the craniotomy were excluded. Lastly, we also eliminated patients
lacking sufficient data to determine the study outcome (ie, the diagnosis of PCM based on the criteria published by the
Centers for Disease Control and Prevention/National Healthcare Safety Network [CDC/NHSN] in 2008;% for the specific
contents of the criteria, see the section “Study Outcome” below), as well as those with incomplete medical records for
any of the key variables included in our final analysis (see the “Data Collection” section for details).

After the above exclusion, the remaining patients were included in the final analysis. The enrolled patients were then
divided into training and external validation cohorts according to the hospitals where they were admitted. That is, those
treated at the university-affiliated hospital (Beijing Tiantan Hospital of Capital Medical University) were categorized as
the training cohort, while the others who were hospitalized at the two public hospitals (Shanxi Provincial People’s
Hospital and Inner Mongolia Peoples’ Hospital) comprised the external validation cohort.

Data Collection

To ensure stringent data quality control and cross-center consistency, a standardized and unified paper-based case report
form was designed in advance and utilized across all three participating institutions. Prior to data extraction, all data
collectors (LW, CL, and WZ) underwent standardized training to align and unify their understanding of variable
definitions and the study outcome (see the following two paragraphs). After the initiation of data collection, data for
analysis were manually extracted by a single dedicated investigator at each center through reviewing the medical charts

of the patients enrolled, and subsequently recorded into the standardized case report forms. Following the completion of
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data entry, the principal investigator of this study (GS) comprehensively cross-checked and verified all the extracted data
across all three centers based on the submitted case report forms to ensure absolute accuracy and consistency.

Taking into account that the present study aimed to develop a model for early postoperative risk stratification of PCM
(as stated above in the “Introduction” section), our focus was mainly on data recorded during the perioperative period
(defined in this article as the time window from 24 hours before to 48 hours after craniotomy), such as whether the
patients used perioperative prophylactic antibiotics or steroid therapy, whether they were operated via a trans-sinusal
approach, whether they were implanted with foreign bodies (eg, vascular clips, dural substitutes, etc) or intracranial
pressure (ICP) monitoring devices during surgery, and whether they had lumbar or ventricular drain placed intraopera-
tively or postoperatively. Moreover, we documented whether those patients underwent emergency re-do craniotomy
through the same surgical incision within the first postoperative 48 hours, and if they received invasive ventilation in the
same time frame. Apart from these, other perioperative variables including surgical type (emergent or elective), operative
826 and the

occurrence of postoperative CSF leakage, were gathered as well. Additionally, information regarding demographics

duration, volume of intraoperative bleeding, surgical wound class (clean, clean-contaminated, or dirty)

(age, gender), chronic comorbidities (diabetes mellitus [DM], hypertension, cardiovascular disease [CVD], chronic renal
failure [CRF], chronic obstructive pulmonary disease [COPD] and malignancies), smoking status (current, former, or
never smokers) and alcohol consumption (non-, light, moderate, or heavy drinkers) was also extracted from those
patients’ medical charts.

Study Outcome

The final outcome of this study was the development of PCM as defined by the 2008 CDC/NHSN criteria.”® Details of
the criteria were as follows: 1) pathogens cultured from CSF; 2) at least one of the following signs or symptoms with no
other recognized cause: fever (>38°C), headache, stiff neck, meningeal signs, cranial nerve signs, or irritability, and at
least one of the following: a) increased white blood cells, elevated protein level, and/or decreased glucose level in CSF,
b) pathogens seen on gram stain of CSF, ¢) pathogens cultured from blood, d) positive antigen test of CSF, blood, or
urine, e) diagnostic single antibody titer (Immunoglobulin M) or 4-fold increase in paired sera (Immunoglobulin G) for
pathogen. PCM diagnosis required the presence of either criteria 1) or 2), or both, and the diagnosis was also determined
by reviewing the medical records. Each record was thoroughly and comprehensively examined until patient discharge or
hospital death to ascertain whether or not PCM had occurred during hospitalization. In addition, if a foreign body was
implanted at the craniotomy, then the time period of the record review was extended to 1 year postoperatively. It must be
mentioned that, generally, patients who have undergone craniotomy at our participating centers will return to their
original hospitals for follow-up visits every three to six months for at least 1 year after surgery. Thus, complete medical
records over the first year following the craniotomy were available for our study participants. Also, for patients diagnosed
with PCM, the time from surgery to infection onset was calculated (in days).

Statistical Analyses

All statistical analyses in our study were performed with R software (version 3.6.3; R Foundation for Statistical
Computing), and each statistical test was two-sided. Categorical data were expressed as numbers and percentages (%).
Continuous variables were presented as mean + standard deviation (SD) or median with interquartile range (IQR) based
on the normality of the data distribution. The normality of distribution was assessed by Shapiro—Wilk test. Differences in
variables between the training and external validation cohorts were compared using independent sample # test, Chi-square
test, and Mann—Whitney U-test, as appropriate, and a P value<0.05 was considered statistically significant. In the training
cohort, potential predictive factors for PCM were screened out via least absolute shrinkage and selection operator
(LASSO) regression, and the factors selected in LASSO regression were further incorporated into a multivariate logistic
regression model using backwards stepwise selection to identify the independent predictors of PCM. The results of the
multivariate logistic regression analysis were reported as odds ratios (OR) plus 95% confident intervals (CI) with the
P values, and the variables with P<0.05 were taken as independent predictors. Subsequently, those independent
predictors identified in the logistic regression analysis were integrated to build a nomogram model. Then, the graphic
model was subject to both internal and external validations using the training and external validation cohorts,
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respectively. Validation of the model (either internal or external) included evaluations of discrimination, calibration and
clinical applicability. The model’s discrimination abilities were reflected by the area under the receiver operating
characteristic curves (AUC) with their corresponding 95% Cls, while its calibration and clinical applicability were
estimated via the calibration plots and decision curve analysis (DCA), respectively. Besides, a pairwise comparison
between the nomogram model and each of the independent predictors was done separately for the training and external
validation cohorts. The comparison results were also displayed as the AUCs along with the associated 95% Cls, and the
pairwise differences between those AUCs were further calculated together with their according 95% Cls as well as the
respective standard errors (SE) and P values (statistical significance set at P<0.05 as well). Furthermore, to assess model
capabilities in real-world clinical decision-making scenarios, a practical probability threshold of 30% was proposed based
on the DCA, and its corresponding sensitivity and specificity, along with their respective 95% CI as well, were calculated
for both cohorts to determine its actual risk-stratification ability and predictive performance. This 30% threshold was
specifically chosen considering the high severity of PCM and the critical clinical need for its early identification, where
even a moderate pre-test probability justifies aggressive early surveillance and timely clinical intervention.?’

Results

General Characteristics and Study Outcome

In total, 2109 consecutive patients from the 3 participating hospitals who had undergone craniotomy during the
respective study period (ie, October 2021 to March 2022, or August 2022 to January 2023) were retrospectively screened
for potential eligibility Of these, 328 cases were aged under 18 years and 167 cases died within 48 hours postoperatively
without any documented clinical or laboratory signs suggestive of PCM,; all of them were therefore first eliminated. Then,
among the remaining 1614 patients, 611 were further excluded, including 19 who lacked information on PCM diagnosis,
438 with incomplete data for the other key study variables, and 54 with suspected or proven CNS infections prior to
craniotomy. Eventually, 1003 subjects were retained for the final analyses. These 1003 individuals were subsequently
divided into the training (n=694) and external validation (n=309) cohorts according to the hospital where the craniotomy
was performed (Training: the university-affiliated hospital; External Validation: the two public hospitals). The detailed
flow of the patients’ enrolment and allocation was summarized in Figure 1.

Table 1 presents the comparison of general characteristics and the study outcome for the training and external
validation cohorts. In the training cohort, the mean age was 49.9+14.8 years, 38.2% (265/694) were female and 14.4%
(100/694) eventually developed PCM. Among this cohort, 236 patients (34.0%) reported a history of hypertension, 76
(11.0%) had a history of diabetes mellitus (DM), 160 (23.1%) had a history of cardiovascular diseases (CVD), 13 (1.9%)
had chronic renal failure, 21 (3.0%) had chronic obstructive pulmonary disease and 114 (16.4%) were complicated with
malignancies. Besides, 80.1% of the cohort (556/694) were former or current smokers, and 5.8% (40/694) were moderate
or heavy drinkers. During the perioperative period (from 24 hours before to 48 hours after craniotomy), 340 patients
(49.0%) from this training group were managed with steroids, whereas prophylactic antibiotics were given to the whole
group of subjects (694/694, 100%). Intraoperatively, 616 patients (88.8%) out of this group were implanted with foreign
bodies and 164 (23.6%) had ICP monitors placed. Within the first 48 hours after craniotomy, there were 61 patients
(8.8%) in the group receiving ventricular drain placement, 39 patients (5.6%) undergoing lumbar drainage, 471 patients
(67.0%) experiencing invasive ventilation, 29 (4.1%) having an emergency re-do craniotomy and 20 (2.9%) developing
postoperative CSF leakage. As for the other perioperative characteristics of this study cohort, the distribution of surgical
wound classification was clean 88.6% (615 cases), clean-contaminated 9.1% (63 cases), and dirty 2.3% (16 cases), while
the number of patients operated upon through a trans-sinusal approach was 63 (9.1%). In addition, the median surgical
duration for this cohort was 5.0 (IQR 4.0-6.0) hours, the median volume of intraoperative blood loss was 400 (IQR 300—
600) mL, and 41.6% of these cases (289/694) were subjected to emergency surgery with the others undergoing elective
surgery (58.4% [405/694]). Compared to the training cohort, the external validation cohort showed no significant
differences in most of the general characteristics, except for the duration of surgery (5.0 [IQR 4.0-6.0] hours vs. 4.5
[IQR 3.3-6.0] hours; P<0.001) and the volume of intraoperative bleeding (400 [IQR 300-600] mL vs. 300 [IQR 150—
500] mL; P<0.001). In terms of the study outcome, on the other hand, the proportion of patients suffering from PCM was
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Consecutive patients undergoing craniotomies at a university-affiliated hospital from
October 2021 to March 2022, and those consecutively subjected to craniotomies at
two public medical centers between August 2022 and January 2023
(n=2109, 3 hospitals)

Patients aged less than 18 years (n=328)
» Patients who died within the first 48 postoperative hours and had
not yet been diagnosed with PCM during this period (n=167)

Excluded (n=495)

A

Candidates selected for further analysis
(n=1614, 3 hospitals)

« Patients lacking information to determine whether they met the

Excluded (n=611) criteria of PCM diagnosis (CDC/NHSN, 2008) (n=19)

« Patients with missing data for other key study variables (n=438)

« Patients with suspected or confirmed CNS infections prior to the
craniotomy (n=154)

A4

Participants included in the final data analyses of this study
(n=1003, 3 hospitals)

y y

Training cohort External validation cohort
(n=694, the university-affiliated hospital ) (n=309, the two public hospitals)

Figure | Flowchart of patient enrollment and grouping. Bold text highlights the specific patient sample sizes (n) and the corresponding number of participating medical
centers at key screening milestones and exclusion nodes. Here, “the university-affiliated hospital” represents Beijing Tiantan Hospital of Capital Medical University; “the two
public hospitals” represent Shanxi Provincial People’s Hospital and Inner Mongolia Peoples’ Hospital, respectively.

Abbreviations: PCM, post-craniotomy meningitis; CDC, the Centers for Disease Control and Prevention; NHSN, National Healthcare Safety Network; CNS, central
nervous system.

substantially higher in the external validation group (21.4% [66/309] vs. 14.4% [100/694]; P=0.006). Additionally,
among those who developed PCM, the median time from surgery to infection onset was comparable between the two
cohorts, with 5 (IQR 3-7) days in the training cohort and 5 (IQR 3-8) days in the validation cohort (P=0.612). For more
details on the characteristics and study outcome of these 2 cohorts, please refer to Table 1.

Selection of Independent Predictors for PCM

To seek out potential predictors for PCM, all of the variables mentioned in the above paragraph (see also Table 1), except
for the study outcome as well as the timing of infection onset, were taken into consideration. Hence, a total of 24
candidate variables from the training cohort were involved in the LASSO regression. The results of this regression
analysis are displayed in Figure 2. Specifically, the binomial deviance curve for penalty parameter selection is
summarized in Figure 2A, and the coefficient trajectories of candidate variables are presented in Figure 2B. Through
the LASSO method, 8 potential predictors with nonzero coefficients, including use of perioperative steroids, surgical
duration, surgical type, intraoperative or postoperative placement of ventricular and lumbar drains, surgical wound class,
postoperative CSF leak, and surgery through a sinus, were screened out (Figure 2B).

The 8 potential predictors were then entered into a multivariate backward stepwise logistic regression analysis to
identify independent predictors for PCM. Results from the logistic regression revealed that postoperative CSF leak (OR
78.08, 95% CI 17.04-357.81; P<0.001), intraoperative or postoperative placement of ventricular drains (OR 104.21, 95%
CI 38.79-279.96; P<0.001), and surgery through a sinus (OR 14.75, 95% CI 4.56-47.74; P<0.001) were the factors
independently predictive of PCM (Figure 3), whereas the other five were not (all P values>0.05, Figure 3).
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Table | General Characteristics and Outcome of the Study Population

Training Cohort (n=694) | External Validation Cohort (n=309) | P Values
Age, years, mean + SD 49.9+14.8 49.4+155 0.641
Sex, n (%) 0.368
Female 265 (38.2) 128 (41.4)
Male 429 (61.8) 181 (58.6)
Chronic comorbidities, n (%)
Hypertension 236 (34.0) 114 (36.9) 0.416
DM 76 (11.0) 28 (9.1) 0.427
CVvD 160 (23.1) 88 (28.5) 0.079
CRF 13 (1.9) 7 (23) 0.868
COPD 21 (3.0) 4 (1.3) 0.126
Malignancies 114 (16.4) 54 (17.5) 0.750
Smoking status, n (%) 0.424
Current/former smokers 556 (80.1) 240 (77.7)
Never smokers 138 (19.9) 69 (22.3)
Alcohol consumption, n (%) 0.925
Non-/light drinkers 654 (94.2) 290 (93.9)
Moderate/heavy drinkers 40 (5.8) 19 (6.2)
Use of prophylactic antibiotics?, n (%) 694 (100.0) 309 (100.0) 1.000
Use of steroid®, n (%) 340 (49.0) 165 (53.4) 0.222
Surgical duration, hours, median (IQR) 5.0 (4.0-6.0) 4.5 (3.3-6.0) <0.001
Surgical type, n (%) 0.878
Emergency surgery 289 (41.6) 131 (42.4)
Elective surgery 405 (58.4) 178 (57.6)
Intraoperative blood loss, mL, median (IQR) 400 (300-600) 300 (150-500) <0.001
Surgery through a sinus, n (%) 63 (9.1) 25 (8.1) 0.222
Foreign body placement during surgery, n (%) | 616 (88.8) 263 (85.1) 0.129
ICP monitor placement during surgery, n (%) 164 (23.6) 75 (24.3) 0.889
Placement of ventricular drains®, n (%) 61 (8.8) 32 (10.4) 0.502
Placement of lumbar drains®, n (%) 39 (5.6) 13 (4.2) 0.437
Surgical wound class, n (%) 0.771
Clean 615 (88.6) 277 (89.6)
Clean-contaminated 63 (9.1) 24 (7.8)
Dirty 16 (2.3) 8 (2.6)
Postoperative invasive ventilation®, n (%) 464 (66.9) 210 (68.0) 0.787
Emergent re-do craniotomy®, n (%) 28 (4.0) 18 (5.8) 0.227
Postoperative CSF leakage 20 (2.9) 14 (4.5) 0.253
Study outcome 0.006
PCM 100 (14.4) 67 (21.7)
Non-PCM 594 (85.6) 242 (78.3)
Days from surgery to infection, median (IQR) | 5 (3—7) 5 (3-8) 0.612

Notes: “The medication was administrated between 24 hours before and 48 hours after craniotomy. *The placement of drains was done during or within the
first 48 hours after craniotomy. “Postoperative invasive ventilation was defined here as invasive mechanical ventilation initiated within 48 hours after
craniotomy. “Emergent re-do craniotomy was defined here as an urgent secondary operation performed through the same head skin incision within the
first 48 hours after the primary craniotomy. Bold P values indicate statistical significance (P<0.05).

Abbreviations: n, number of patients; SD, standard deviation; DM, diabetes mellitus; CVD, cardiovascular diseases; CRF, chronic renal failure; COPD, chronic
obstructive pulmonary disease; IQR, interquartile range; ICP, intracranial pressure; CSF, cerebrospinal fluid; PCM, post-craniotomy meningitis.

Construction of the Nomogram

The identified independent predictors (as described above) were integrated to establish a novel nomogram for early
postoperative risk stratification and prediction of PCM (abbreviated as “Nomo-PCM”, Figure 4). To interpret the “Nomo-
PCM”, a procedure could be carried out as follows: first, a variable was located; second, a vertical line was drawn
towards the “Points™ axis (top axis) to determine the points of the variable; next, the above 2 steps were repeated for the
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Figure 2 LASSO regression analysis to select the potential predictors of PCM. (A) Binomial deviance profiles for candidate variables. (B) LASSO coefficient profiles of
candidate variables. “*”: The placement of drains was done during or within the first 48 hours after craniotomy; “®”: The medication was administrated between 24 hours
before and 48 hours after craniotomy; ““”: Postoperative emergent re-do craniotomy was defined here as an emergent operation performed through the same incision
within the first 48 hours after the initial craniotomy.

Abbreviations: LASSO, least absolute shrinkage and selection operator; PCM, post-craniotomy meningitis; COPD, chronic obstructive pulmonary disease; CRF, chronic
renal failure; CSF, cerebrospinal fluid; CVD, cardiovascular diseases; DM, diabetes mellitus; ICP, intracranial pressure.

other variables and the points obtained for each variable were then added up; ultimately, the overall sum of the points
from all those variables were located on the “Total points” axis and a line was plotted downward to the “Risk of PCM”
axis (bottom axis) to determine the possibility of PCM development.

To make the “Nomo-PCM” easier to use in clinical practice, we have developed a free dynamic prediction tool:
https://bjtth-shigz.shinyapps.io/dynnomapp/. Individual, patient-level predictive analyses using this nomogram can be

performed on the above website.

Internal and External Validation of Nomo-PCM
We validated Nomo-PCM internally and externally in the training and the external validation cohorts, respectively, and
the newly built model demonstrated satisfactory performance in both cohorts in terms of discrimination, calibration, and
clinical utility.

Specifically, Nomo-PCM showed good discrimination in the training group, with an AUC of 0.890 (95% CI 0.864—
0.912, Figure 5A). In the external validation cohort, the AUC was 0.824 (95% CI 0.777-0.865, Figure 5B), also revealing
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Periopertive steroid use* ——0— 174 (0.68-4.48, P=0.250)
Surgical duration (hours) %0—1.15 (0.98-1.34, P0.081)
Surgical type - —o—v— 0.56 (0.20-1.59, P=0.279)
Surgery through a sinus @ 1475 (4.56-47.74, P<0.001)*
Placement of ventricular drains - —————8————— 104.21 (38.79-279.96, P<0.001)*

(intraoperative or postoperative)®

Placement of lumbar drains - —-—0— 1.60 (0.55-4.68, P<0.391)
(intraoperative or postoperative)” !

Surgical wound class - ——0— 1.62 (0.66-3.94, P=0.290)
Postoperative CSF leakage - o 78.08 (17.04-357.81, P<0.001)*
0.01 0.1 1 10 100 1000 10000
OR (95% CI, P values)

Figure 3 Forest plot showing the results of multivariate logistic regression analysis for PCM prediction. “A”: The medication was administrated between 24 hours before
and 48 hours after craniotomy; “®”: The placement of drains was done during or within the first 48 hours after craniotomy; “*”: The independent predictors identified for
PCM (all P values<0.01).

Abbreviations: PCM, post-craniotomy meningitis; CSF, cerebrospinal fluid; OR, odds ratio; Cl, confidence interval.

a good discrimination. Moreover, we found that the internal calibration curve of the training cohort was highly coincident
with the ideal diagonal line (Figure 6A), demonstrating good calibration of the model. Likewise, a good consistency
between the predicted results of this model and the observed results was found in the external calibration curve as well
(Figure 6B), though the curve of this validation cohort was not as close to the ideal diagonal line as that derived from the
training group (Figure 6A vs. B). Furthermore, the DCA curve of the training group revealed that Nomo-PCM had
a significant net benefit within the range of threshold probabilities from approximately 20% to 80%, indicating
a favorable clinical applicability (Figure 7A). Similarly, the DCA showed that the clinical utility of Nomo-PCM in the
external validation group was roughly comparable to that in the training cohort (Figure 7A), despite its slightly smaller
net benefit as illustrated in Figure 7B

Additionally, to further verify and highlight the predictive discrimination of Nomo-PCM, its AUCs for predicting
PCM were pairwise compared with those of the three independent predictors identified by the logistic regression
described above (in both the training and external validation cohorts separately) (see also Figure SA and B). Findings
from these pairwise comparisons confirmed that Nomo-PCM was indeed significantly superior to any of the independent
predictors alone in discriminating patients at high risk for PCM (all P values<0.001) (Table 2), regardless of the training
(Nomo-PCM vs. Surgery through a sinus: AUC difference=0.277 [95% CI 0.165-0.288], SE=0.031; Nomo-PCM vs.
Intraoperative or postoperative placement of ventricular drains: AUC difference=0.196 [95% CI 0.143-0.249],
SE=0.027; Nomo-PCM vs. Postoperative CSF leak: AUC difference=0.307 [95% CI 0.247-0.367], SE=0.031) and
external validation (Nomo-PCM vs. Surgery through a sinus: AUC difference=0.233 [95% CI 0.151-0.315], SE=0.042;
Nomo-PCM vs. Intraoperative or postoperative placement of ventricular drains: AUC difference=0.180 [95% CI 0.109—
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Figure 4 Nomogram for early postoperative risk stratification of PCM (Nomo-PCM). “A”: The placement of drains was done during or within the first 48 hours after

craniotomy.

Abbreviations: PCM, post-craniotomy meningitis; CSF, cerebrospinal fluid.
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Figure 5 ROC curves of Nomo-PCM and the other independent predictors of PCM. (A) Training cohort. (B) External validation cohort. ™": The placement of drains was
done during or within the first 48 hours after craniotomy.
Abbreviations: ROC, receiver operating characteristic; Nomo-PCM, nomogram for early postoperative risk of PCM; PCM, post-craniotomy meningitis; AUC, area under
ROC curves; Cl, confidence interval; CSF, cerebrospinal fluid.
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Figure 6 Calibration plots of Nomo-PCM for the training cohort (A) and external validation cohort (B).
Abbreviations: Nomo-PCM, nomogram for early postoperative risk stratification of PCM; PCM, post-craniotomy meningitis.
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Figure 7 Decision curve analysis (DCA) for Nomo-PCM in the training cohort (A) and external validation cohort (B).
Abbreviations: Nomo-PCM, nomogram for early postoperative risk stratification of PCM; PCM, post-craniotomy meningitis.

0.252], SE=0.036; Nomo-PCM vs. Postoperative CSF leak: AUC difference=0.229 [95% CI 0.152-0.306], SE=0.039)
groups (Table 2).

Lastly, to further facilitate the real-world clinical application of Nomo-PCM, a practical decision threshold of 30%
was selected. Its predictive metrics were then calculated across both the training and external validation cohorts. In the
training group, the probability threshold of 30% yielded a sensitivity of 0.840 (95% CI 0.782-0.898) and a specificity of
0.921 (95% CI 0.875-0.967). In the external validation cohort, the 30% threshold presented a sensitivity of 0.716 (95%
CI 0.634-0.798) and a specificity of 0.913 (95% CI 0.851-0.975).

Discussion

In this study, a novel model for early (within 48 hours postoperatively) risk stratification and prediction of PCM was
established by combining three relevant independent predictors, ie, postoperative CSF leak, intraoperative or post-
operative placement of ventricular drains, and surgery through a sinus Moreover, this predictive model was validated
both in the training (internal validation) and external validation cohorts using ROC curves, calibration plots plus DCA,
demonstrating favorable discrimination, calibration, and clinical utility. In addition, we conducted pairwise comparisons

I o https:
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Table 2 Pairwise Comparison of Discrimination Performance Between Nomo-PCM and the Other Independent Predictors for PCM

Cohorts Comparison Pairs AUC Differences SE P Values
(95% ClI)

Training Nomo-PCM vs. Surgery through a sinus 0.227 (0.165-0.288) 0.031 <0.001
Nomo-PCM vs. Placement of ventricular drains during or after surgery® 0.196 (0.143-0.249) 0.027 <0.001
Nomo-PCM vs. Postoperative CSF leakage 0.307 (0.247-0.367) 0.031 <0.001

External Validation Nomo-PCM vs. Surgery through a sinus 0.233 (0.151-0.315) 0.042 | <0.001
Nomo-PCM vs. Placement of ventricular drains during or after surgery® | 0.180 (0.109-0.252) 0.036 | <0.001
Nomo-PCM vs. Postoperative CSF leakage 0.229 (0.152-0.306) 0.039 | <0.001

Notes: ® The placement of drains was done during or within the first 48 hours after craniotomy. Bold P values indicate statistical significance (P<0.05).
Abbreviations: Nomo-PCM, nomogram for early prediction of PCM; PCM, post-craniotomy meningitis; AUC, area under ROC curves; Cl, confidence interval; SE,
standard error; CSF, cerebrospinal fluid.

between the model and each of the three independent predictors mentioned above, and found that the discriminative
performance of our model was significantly superior to that of any single one of those independent predictors in either the
training or external validation groups. Furthermore, a pragmatic decision threshold of 30% was proposed based on DCA,
yielding a well-balanced clinical early-warning performance of the new model with acceptable sensitivity and specificity
across both cohorts.

Our analyses identified postoperative CSF leak as one of the independent predictors for PCM. Likewise, similar
findings had also been documented in previous studies, and there have been almost no other conflicting reports about this
risk factor to date.®!'''*'> Such consistent results strongly suggested that the presence of CSF leak after craniotomy was
a relatively robust and reliable predictor of PCM. Furthermore, the present research exhibited that the occurrence of
postoperative CSF leak was correlated with an over 70-fold increased risk for PCM. This observed risk is much higher

than those described in prior literature,®!' 1313

which means that the presence of postoperative CSF leak is not only
a reliable but also a somewhat strong predictor. It is therefore not difficult to understand why this predictor could be
successfully used for the construction of our nomogram. In fact, the reason why postoperative CSF leak can become
a valid and strong predictor of PCM is evident: CSF leak is a result of dural and arachnoid laceration with fistula
formation and this meningeal injury can easily lead to the invasion of pathogenic bacteria.”’

Placement of ventricular drain during or after craniotomy is another frequently reported factor that is independently
predictive of PCM.”*"'* This finding is further supported by the results of our study. Moreover, our study revealed that
the external ventricular drain placement (intraoperative or postoperative) was a stronger predictor of PCM, with a more
than 100 times increased risk. Such an observation can obviously be attributed to the invasive nature of external
ventricular drain insertion, which carries a high risk of intracranial contamination, particularly when the procedure is
performed postoperatively in non-sterile or non-operating room settings (eg, intensive care units)*>>° In fact, infectious
meningitis is highly prevalent not only among patients undergoing craniotomy but also in those managed with external
ventricular drainage alone.***' It is thus quite understandable why the placement of ventricular drain (intraoperative or
postoperative) could also play a key role in our modeling process.

In the present work, we also identified surgery through a sinus as an independent predictor associated with PCM.
Compared to the other two predictors discussed above, this one has rarely been investigated in the existing literature.
Even so, our study’s results regarding this predictor are quite similar to the findings from the limited extant research,’
indicating the reliability of this surgical approach for predicting PCM, at least to some extent. In addition, our current
work demonstrated that surgery through a sinus was also a relatively strong predictor, conferring a nearly 14 times
greater risk for developing PCM, although this risk value was somewhat lower than those for the other two independent
predictors (ie, postoperative CSF leak and placement of ventricular drains during or after surgery) The underlying
mechanism behind the observed association between this surgical approach and the occurrence of PCM might be that

trans-sinus surgery would lead to an abnormal intracranial-extracranial communication via the anterior cranial fossa,
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thereby increasing the possibility of intracranial bacterial contamination.**** In view of this mechanism, it is not
surprising then that surgery through a sinus was able to be incorporated into the “Nomo-PCM”.

Notably, the exceptionally high ORs for postoperative CSF leak and placement of ventricular drain were accompanied
by wide confidence intervals, which reflects a potential sparse data bias or quasi-complete separation in our training
cohort. This statistical bias potentially inflates the individual effect sizes of these two variables within our newly
developed model. Fortunately, we subsequently performed an external validation on an independent cohort and obtained
favorable discriminative ability and relatively stable calibration, thereby partially addressing the generalizability issue of
our model to some extent. Still, it must be acknowledged that external validation alone is insufficient to fully guarantee
the model’s stability and reproducibility in broader, more diverse populations.

As described above, one significant highlight of this study is that our newly established predictive model was
validated using external as well as internal datasets. Prior to this study, however, none of the similar models that have
been reported had, to our knowledge, undergone independent external validation. That is to say, our model seems to be
more reliable and generalizable compared to the existing ones, suggesting its better potential for clinical use. Another
highlight of the present work is the investigation into the discriminative abilities of those independent predictors
identified by our analyses, along with further comparisons of these abilities with that of the newly developed model.
Also, as far as we are aware, there is currently little to no research available specifically seeking to explore the individual
predicting power of those PCM-related predictors, although many risk factors for this infection have been reported in
literature.” "> Our study precisely addressed this knowledge gap and found that none of the single predictors was superior
to the “Nomo-PCM” in predicting PCM, which underscores the value of the current modeling analysis. A third strength
of this study is that we did not merely present a theoretical model, but further proposed a practical probability threshold
of 30% to directly guide real-world application of the model. As this threshold demonstrated satisfactory predictive
performance in both cohorts, Nomo-PCM appears to be a potential early warning tool that allows clinicians to
confidently risk-stratify PCM patients and initiate timely clinical interventions.*'-**

Additionally, in the present study, it is worth noting that the baseline incidence of PCM was significantly higher in the
external validation group than in the training cohort (P=0.006). Conversely, the vast majority of clinical characteristics,
including chronic comorbidities, surgical wound classification, and the independent predictors (ie, postoperative CSF
leakage, ventricular drain placement and surgery through a sinus), etc, showed no statistically significant differences between
the two groups. This relative homogeneity largely implies that the overall disease severity and underlying patient risk profiles
were comparable across groups and centers. Interestingly, the only significant variances in clinical parameters were that the
training cohort had longer surgical durations and greater intraoperative blood loss (both P<0.001), which traditionally
correlate with increased infectious risks.'*'**® Thus, the observed disparity in PCM rates between the two cohorts is more
likely reflective of inter-institutional heterogeneity regarding localized infection control, perioperative care, or empirical
antibiotic management, etc. Despite this, our model still exhibited consistent discriminative performance across centers (both
AUCs>(0.8). To a certain extent, such a relatively stable performance further contextualizes and highlights the generalizability
and clinical validity of this model when applied to actual, real-world clinical settings.

Still, there are several limitations of note in the present work. The first major limitation is the potential exclusion bias
introduced by excluding patients who died without clear diagnostic clues to PCM within 48 hours postoperatively. Although
this exclusion criterion was intended to minimize possible confounding from early post-surgical mortality, such a design
might have theoretically underestimated the true incidence of PCM and thus affected model performance. To address this
concern, a sensitivity analysis was performed in parallel, evaluating the model under two extreme scenarios: either
classifying a baseline-proportional subset of the 167 excluded patients as PCM cases or treating them all as non-PCM
controls. In both scenarios, the analysis consistently demonstrated that the independent predictors remained robustly
significant (P<0.01) with negligible AUC fluctuations (<0.01), suggesting minimal pragmatic impact on model stability.*’
Furthermore, it must be acknowledged that a robust comparison of baseline characteristics and disease severity between the
included and excluded patients was not performed. Consequently, in addition to the aforementioned exclusion bias, the
potential for subtle selection bias cannot be entirely ruled out.*> The second drawback is the retrospective nature of this study,
which restricted our analyses only to the information available in the medical records. As a result, several other factors which
have been identified in previous literature as important independent predictors of PCM, such as the acute physiology and
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chronic health evaluation (APACHE) III score and the American Society of Anesthesiologists (ASA) score, etc.,”” were
unable to be analyzed in this study due to incomplete or missing data, and thus were not incorporated into our nomogram.
Another limitation was the lack of inclusion of laboratory variables in our modeling analysis, whereas there have been
findings that certain laboratory risk factors (eg, serum C-reactive protein levels, CSF lactate, and CSF neutrophils, etc) are
also independently associated with the occurrent of PCM.'> A further notable shortcoming of this retrospective work is the
lack of detailed microbiological characterization of the PCM cases, particularly regarding the specific pathogen profiles.
Considering the substantial microbiological variations in PCM across regions, this deficiency may theoretically limit the
interpretability and broader applicability of our findings.*'*'> Moreover, within the current retrospective study, advanced
strategies for handling missing data, such as multiple imputation, were unable to be implemented due to the present data
availability.>=® As can be seen, the major reason for all the above defects was incomplete medical records due to the
retrospective design, which suggests that our current model still has great potential to be further improved in the future by
optimizing the study design, as well as by integrating more diverse data. The third drawback of this work lies in the relatively
limited representation of our study cohort. In spite of the fact that the study population were drawn from more than one
hospital, our current research actually is a small-scale, multicenter study involving only three medical institutions. Moreover,
the three institutions were all major tertiary hospitals in their respective regions, which are equipped with the finest available
medical resources and thus able to provide the best possible clinical care. As a consequence, it remains uncertain whether our
model can be generalized to a larger patient population, especially those in low-resources clinical settings such as secondary
care hospitals.

Conclusion

Despite the limitations discussed above, we have successfully developed and provided a novel model for early
postoperative risk stratification of PCM (ie, Nomo-PCM) in the present study, and this new predictive model was
internally and externally validated with satisfactory discrimination, calibration, and clinical applicability
Furthermore, our newly developed model has been demonstrated to outperform the individual independent
predictors in its discriminative power. In addition, the established practical decision threshold of 30% further
enhances the model’s clinical utility by offering a quantified early-warning benchmark. As such, “Nomo-PCM”
appears to be a practical tool for earlier identification of PCM and may potentially assist in more timely
management of this infectious complication. Still, future larger-scale, multi-center studies that involve hospitals
with more diverse representations and employ more rigorous designs (eg, perspective designs capable of incorpor-
ating more comprehensive data) would be needed, to further verify and refine the present model.
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PCM, post-craniotomy meningitis; LASSO, least absolute shrinkage and selection operator; AUC, area under the
receiver operating characteristic curves; CSF, cerebrospinal fluid; CI, confidence interval; CNS, central nervous
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DM, diabetes mellitus; CVD, cardiovascular disease; CRF, chronic renal failure; COPD, chronic obstructive pulmon-
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