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Abstract
Purpose

Anterior clinoidal meningiomas (ACMs) are surgically challenging because of their proximity to critical
neurovascular structures. Existing classifications address resectability but do not provide validated
estimates of postoperative complications. We aimed to develop and validate preoperative machine
learning (ML) models and translate them into an online risk calculator.

Methods

We retrospectively analyzed data of 241 adults who underwent first-time microsurgical ACM resection at
four tertiary centers in three countries between 2010 and 2025. Complications were classified as
medical (systemic), surgical (regional), or neurological. Ridge-penalized logistic regression and gradient
boosting used routine preoperative data to model each category, evaluated by internal and internal–
external (geographical) cross-validation.

Results

Medical complications occurred in 36 patients (14.9%), predicted by tumor diameter, vessel encasement,
comorbidity burden, age, and lower performance status, with an internal area under the curve (AUC) of
0.755 (95% CI 0.667–0.838) and 0.768 across centers. Surgical complications (21, 8.7%) were not
reliably predicted (cross-center AUC 0.686). Neurological deficits (68, 28.2%) were poorly predicted as a
composite (AUC 0.696) and were modelled by domain. Motor deficits (30, 12.4%) were predicted by
tumor diameter, carotid siphon and cavernous sinus involvement, and preoperative motor symptoms
(AUC 0.729; 0.711 across centers). Cognitive decline (28, 11.6%) was predicted by age, preoperative
motor symptoms, and lower performance status (external AUC 0.731). New visual deficits (19, 7.9%)
resolved by 12 months and could not be predicted.

Conclusion

Preoperative data predicted medical complications, motor deficits, and cognitive decline. The models
were translated into an investigational online calculator; external validation in independent cohorts is
warranted.

INTRODUCTION
Anterior clinoidal meningiomas (ACMs), first described by Cushing and Eisenhardt in 1938 as “inner
sphenoid wing meningiomas,”[1] arise from the dura of the anterior clinoid process (ACP) and account
for approximately 34–43.9% of all sphenoid wing meningiomas[2–5]. [2–5] Owing to their close
relationship with critical neurovascular structures, including the optic nerve, oculomotor nerve, and
internal carotid artery (ICA), ACMs remain among the most surgically challenging skull base
meningiomas (SBMs). [2–4, 6–10]
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Several classification systems have been proposed to guide surgical decision-making for ACMs. The
systems developed by Al-Mefty and Goel incorporate factors such as tumor origin, size, ICA involvement,
and visual impairment[6, 7]. However, these classifications were designed to predict resectability based
on anatomical characteristics, without accounting for patient-level vulnerability. More recent studies of
surgical outcomes in ACMs have identified older age, particularly > 60 years, as a predictor of less
favorable outcomes [11–15]. Nevertheless, chronological age alone may not adequately capture patient
vulnerability, which may also be influenced by cardiovascular, metabolic, psychiatric, and other systemic
comorbidities.

Furthermore, existing evidence is largely derived from regression-based analyses, and machine learning
(ML)-based risk stratification remains unexplored in ACMs. Therefore, we developed preoperative ML
risk models and implemented them in a web-based calculator to support individualized risk estimation
and future external validation.

METHODS

Study Design and Setting
We conducted a retrospective multicenter cohort study of consecutive patients who underwent first-time
microsurgical resection of anterior clinoid meningioma (ACM) at four tertiary referral centers in three
countries between 2010 and 2025. ACM was defined as a meningioma arising predominantly from the
lesser wing of the sphenoid bone with a tumor epicenter or adjacent hyperostosis involving the ACP.[3]
The study investigators reviewed all radiographs to confirm anatomical diagnostic consistency.
Meningiomas from locations other than the ACP or with less than 12 months of clinical and radiographic
follow-up were excluded. The research adhered to the Declaration of Helsinki, the STROBE guidelines[16],
and the TRIPOD + AI guidelines[17]. Approval for the study was granted by our ethics committee, which
waived the requirement for informed consent due to the retrospective nature of the study (CE-AVEC;
approval no. 19029).

Data Collection
Data were collected from prospectively maintained institutional databases. The preoperative variables
collected were age, sex, cardiovascular, endocrinological, oncological, and psychiatric comorbidities;
Charlson Comorbidity Index (CCI)[18]; ASA class[19]; baseline KPS[20]; presenting symptoms; and tumor
characteristics on preoperative MRI. Operative data included surgical approach, use of neuronavigation,
neurophysiological monitoring, intraoperative ultrasound, performance of anterior clinoidectomy and
optic canal unroofing, and intraoperative neurovascular findings. The extent of resection was
documented according to the Simpson grade and postoperative MRI classification as gross-total
resection (GTR) or subtotal resection (STR), defined by the presence of ≥ 2 mm of nodular enhancement
at the resection site.[21] Postoperative complications were recorded and classified according to the
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Landriel–Ibáñez system as mild-to-moderate or severe based on the type of complication and treatment
required.[22] Non-neurological complications and new or exacerbated motor, visual, and
neuropsychological impairments were recorded at discharge, four weeks post-surgery, and at the final
available follow-up.

Imaging
Radiological characteristics were assessed using standardized contrast-enhanced T1-weighted and T2-
weighted MRI sequences, together with MR angiography. The evaluated features included the maximum
tumor diameter and involvement of the internal carotid artery (ICA), carotid siphon, and adjacent major
cerebral arteries (ACA, MCA, and PCA). Circumferential vessel involvement was graded as 0, absent; 1, < 
90°; 2, 90° to < 180°; 3, 180° to 270°; and 4, > 270°. Additional features included optic canal involvement,
cavernous sinus (CS) infiltration, peritumoral edema, midline shift, calcification, dural tail, hyperostosis,
and bone invasion. MRI-based estimates of tumor consistency, perforator involvement, and distal dural
ring involvement were not systematically recorded at all centers.

Descriptive statistics
Continuous variables are presented as mean ± standard deviation (SD) for normally distributed data or
median and interquartile range (IQR) for non-normally distributed data. Categorical variables are
reported as absolute and relative frequencies (%).

Machine Learning Workflow
Ten patients from one center were excluded from the modelling because no complication of any type
had been recorded (0 of 10 versus 40.3% elsewhere; Fisher exact p = 0.008) and their records were
otherwise not comparable with the cohort (Online Resource 1, Table S1); 231 patients were included in
the model.

Predictors and Outcomes
All predictors were recorded preoperatively and were available at the time of surgical consultation. The
variables included demographics, comorbidities, preoperative functional and neurological status, and
radiological tumor characteristics (Online Resource 1, Table S2). Postoperative complications were
assigned to three domains following the neurological, regional, and systemic classification of
craniotomy morbidity, hereafter termed neurological, surgical, and medical complications[23, 24].
Medical complications included systemic infection, deep vein thrombosis, acute respiratory insufficiency,
and heart failure; surgical complications included postoperative hematoma, seizure, wound infection,
CSF leak, and hydrocephalus; and new ischemic stroke was assigned to the neurological domain. Each
category was defined as a separate outcome and ascertained at discharge. For the neurological domain,
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we modelled the composite of any new or worsened deficit and each of its components: motor deficit,
cognitive decline, and visual deterioration. New psychiatric syndromes were not modelled because only
three occurred. Cognitive decline was not recorded in Cesena; therefore, the cognitive model was
developed in Bologna and validated in Liverpool. The pooled non-neurological composite was retained
for sensitivity analysis.

Model Development
Two prediction analyses were performed independently so that the findings would not depend on a
single method: a histogram gradient boosting classifier (HGBC) and logistic regression with ridge (L2)
penalization. Gradient boosting was chosen because it accommodates non-linear effects and
interactions among many candidate variables without prior specification[25], while ridge regression was
chosen because it remains stable when events are few and yields an explicit equation for a
calculator[26]. Both analyses used constrained settings because the outcome events were few relative
to the variables: gradient-boosting hyperparameters were preset without tuning, and training was
stopped when performance ceased to improve; the ridge penalty was selected within each training fold
by minimizing the log-loss after standardization. Data from held-out centers were withheld from
predictor specification, penalty selection, and all model fitting (Online Resource 1, Fig. S1).

Validation and Performance Assessment
Internal validation used repeated stratified five-fold cross-validation for gradient boosting, during which a
high-sensitivity operating threshold was estimated and frozen before external testing, and nested 10-fold
cross-validation was repeated five times with 200-replicate bootstrap optimism correction for the ridge
models. Transportability was assessed by internal–external cross-validation, each center held out in
turn, and the held-out AUCs pooled by random-effects meta-analysis[27, 28] and by geographical
external validation; details are given in Online Resource 1. Performance was evaluated using the AUC,
calibration slope and intercept, Brier score, threshold-based sensitivity, specificity, predictive values, and
decision curve analysis. Specifications, confidence interval methods, and sample size handling are
provided in Online Resource 1 (Tables S3–S7).

Software and use of Large Language Models
Analyses were performed using Python 3.11.15 with scikit-learn 1.8.0, NumPy 2.4.4, pandas 3.0.2, and
SciPy 1.17.1; figures were drawn with matplotlib 3.10.9 (Table S7). A fixed random seed (2026) was used
throughout the study. Claude Opus 5 (Anthropic) was used to accelerate code development and to
improve the readability and language of the manuscript. All code was reviewed, tested, and approved by
a software engineer (G.Z.), and the authors take full responsibility for the content of the manuscript and
the correctness of the analyses.
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RESULTS

Cohort Characteristics
Two hundred forty-one patients were included (115, 68, 48, and 10 from the four centers); baseline
characteristics are summarized in Table 1 and Online Resource 2 (Table S8). The pterional approach[29]
was used in 237 patients (98.3%), and the subfrontal approach[30] was used in four (1.7%); anterior
clinoidectomy was performed in 59 (24.5%), Simpson grade I–II resection was achieved in 165 (68.5%),
and the radiographic extent of resection was GTR in 152 (63.1%) and STR in 89 (36.9%). Most tumors
were WHO grade 1 (84.6%), whereas 15.4% were WHO grade 2[31] (Online Resource 2, Table S8).

Page 7/24



Table 1
Patient baseline characteristics and preoperative presentation, overall and by center

Characteristic Overall

(N = 241)

Bologna

(n = 115)

Cesena

(n = 68)

Liverpool

(n = 48)

China

(n = 10)

DEMOGRAPHICS

Age, years — mean ± SD 60.3 ± 
12.3

61.0 ± 12.7 60.4 ± 
10.6

59.8 ± 13.9 55.0 ± 
12.4

Sex          

Female 168
(69.7)

81 (70.4) 47 (69.1) 36 (75.0) 4 (40.0)

Male 73 (30.3) 34 (29.6) 21 (30.9) 12 (25.0) 6 (60.0)

COMORBIDITY BURDEN

Charlson Comorbidity Index
— mean ± SD

2.4 ± 1.6 2.8 ± 1.7 2.2 ± 1.6 2.1 ± 1.4 0.2 ± 0.4

≤ 2 133
(55.2)

50 (43.5) 41 (60.3) 32 (66.7) 10 (100.0)

≥ 3 108
(44.8)

65 (56.5) 27 (39.7) 16 (33.3) 0 (0.0)

ASA class III–IV 120
(49.8)

50 (43.5) 55 (80.9) 15 (31.2) 0 (0.0)

Cardiorespiratory disease 119
(49.4)

69 (60.0) 25 (36.8) 21 (43.8) 4 (40.0)

Hyperlipidemia 40 (16.6) 20 (17.4) 14 (20.6) 6 (12.5) 0 (0.0)

Other neoplasms 38 (15.8) 23 (20.0) 11 (16.2) 4 (8.3) 0 (0.0)

Diabetes mellitus 28 (11.6) 17 (14.8) 4 (5.9) 5 (10.4) 2 (20.0)

PREOPERATIVE FUNCTIONAL STATUS

Karnofsky Performance
Status — median [IQR]

80 [70–
90]

80 [70–90] 90 [80–
90]

80 [70–80] 90 [82–
98]

< 70 22 (9.1) 12 (10.4) 2 (2.9) 7 (14.6) 1 (10.0)

Values are n (%) unless otherwise indicated; percentages are calculated within each column.
Categories are not mutually exclusive except where presented as complete groupings (sex, Charlson
Comorbidity Index, Karnofsky Performance Status and vessel encasement grade). ICA / carotid
siphon involvement and the vessel encasement grade are the variables used in the prediction
models. The ten patients from China were excluded from modelling (see Methods). ASA, American
Society of Anesthesiologists; ACA, anterior cerebral artery; ICA, internal carotid artery; IQR, interquartile
range; MCA, middle cerebral artery; PCA, posterior cerebral artery; SD, standard deviation.
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Characteristic Overall

(N = 241)

Bologna

(n = 115)

Cesena

(n = 68)

Liverpool

(n = 48)

China

(n = 10)

DEMOGRAPHICS

≥ 70 219
(90.9)

103 (89.6) 66 (97.1) 41 (85.4) 9 (90.0)

CLINICAL PRESENTATION

Cognitive or psychiatric
disorder

74 (30.7) 36 (31.3) 19 (27.9) 19 (39.6) 0 (0.0)

Headache 58 (24.1) 28 (24.3) 11 (16.2) 12 (25.0) 7 (70.0)

Motor deficit 56 (23.2) 32 (27.8) 12 (17.6) 12 (25.0) 0 (0.0)

Seizures 54 (22.4) 28 (24.3) 11 (16.2) 15 (31.2) 0 (0.0)

Visual loss 54 (22.4) 20 (17.4) 25 (36.8) 9 (18.8) 0 (0.0)

Language deficit 21 (8.7) 12 (10.4) 4 (5.9) 5 (10.4) 0 (0.0)

Cranial nerve palsy 16 (6.6) 12 (10.4) 4 (5.9) 0 (0.0) 0 (0.0)

RADIOLOGICAL FINDINGS

Maximum axial diameter,
mm — median [IQR]

35 [25–
45]

33 [24–43] 36 [29–
49]

40 [28–53] 40 [29–
44]

Optic canal invasion 31 (12.9) 14 (12.2) 9 (13.2) 8 (16.7) 0 (0.0)

Optic nerve / chiasm
compression

106
(44.0)

44 (38.3) 35 (51.5) 27 (56.2) 0 (0.0)

Midline shift 97 (40.2) 37 (32.2) 27 (39.7) 30 (62.5) 3 (30.0)

Peritumoral edema 150
(62.2)

67 (58.3) 46 (67.6) 34 (70.8) 3 (30.0)

Dural tail 110
(45.6)

61 (53.0) 13 (19.1) 26 (54.2) 10 (100.0)

Hyperostosis 73 (30.3) 55 (47.8) 6 (8.8) 12 (25.0) 0 (0.0)

Bone invasion 25 (10.4) 12 (10.4) 5 (7.4) 8 (16.7) 0 (0.0)

ICA / carotid siphon
involvement

131
(54.4)

83 (72.2) 25 (36.8) 23 (47.9) 0 (0.0)

Values are n (%) unless otherwise indicated; percentages are calculated within each column.
Categories are not mutually exclusive except where presented as complete groupings (sex, Charlson
Comorbidity Index, Karnofsky Performance Status and vessel encasement grade). ICA / carotid
siphon involvement and the vessel encasement grade are the variables used in the prediction
models. The ten patients from China were excluded from modelling (see Methods). ASA, American
Society of Anesthesiologists; ACA, anterior cerebral artery; ICA, internal carotid artery; IQR, interquartile
range; MCA, middle cerebral artery; PCA, posterior cerebral artery; SD, standard deviation.
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Characteristic Overall

(N = 241)

Bologna

(n = 115)

Cesena

(n = 68)

Liverpool

(n = 48)

China

(n = 10)

DEMOGRAPHICS

ICA compression 108
(44.8)

75 (65.2) 16 (23.5) 17 (35.4) 0 (0.0)

ICA encasement 48 (19.9) 15 (13.0) 24 (35.3) 9 (18.8) 0 (0.0)

ACA/MCA/PCA involvement 137
(56.8)

64 (55.7) 38 (55.9) 35 (72.9) 0 (0.0)

Circumferential vessel
encasement (grade ≥ 1)

166
(68.9)

88 (76.5) 39 (57.4) 39 (81.2) 0 (0.0)

Grade 1 — < 90° 30 (12.4) 15 (13.0) 8 (11.8) 7 (14.6) 0 (0.0)

Grade 2 — 90° to < 180° 57 (23.7) 33 (28.7) 14 (20.6) 10 (20.8) 0 (0.0)

Grade 3 — 180° to 270° 43 (17.8) 26 (22.6) 9 (13.2) 8 (16.7) 0 (0.0)

Grade 4 — > 270° 36 (14.9) 14 (12.2) 8 (11.8) 14 (29.2) 0 (0.0)

Cavernous sinus invasion 45 (18.7) 20 (17.4) 9 (13.2) 16 (33.3) 0 (0.0)

Cranial nerve involvement 39 (16.2) 13 (11.3) 16 (23.5) 10 (20.8) 0 (0.0)

Values are n (%) unless otherwise indicated; percentages are calculated within each column.
Categories are not mutually exclusive except where presented as complete groupings (sex, Charlson
Comorbidity Index, Karnofsky Performance Status and vessel encasement grade). ICA / carotid
siphon involvement and the vessel encasement grade are the variables used in the prediction
models. The ten patients from China were excluded from modelling (see Methods). ASA, American
Society of Anesthesiologists; ACA, anterior cerebral artery; ICA, internal carotid artery; IQR, interquartile
range; MCA, middle cerebral artery; PCA, posterior cerebral artery; SD, standard deviation.

Postoperative Course
Ninety-three patients (38.6%) experienced at least one complication (Fig. 1 and Table 2). According to
the Landriel–Ibáñez classification[22], complications were mild-to-moderate in 72 (29.9%) and severe in
21 (8.7%) patients, including four deaths (1.7%). Neurologic status worsened in 68 patients (28.2%):
motor in 30 (12.4%), cognitive in 28 (11.6%), visual in 19 (7.9%), and psychiatric in three (1.2%). Overall,
36 patients (14.9%) experienced a medical complication and 21 (8.7%) experienced a surgical
complication; 50 (20.7%) had at least one non-neurological complication. The most common were
systemic infection (21, 8.7%) and deep vein thrombosis (17, 7.1%). Functional deterioration, defined as a 
≥ 10-point reduction in the KPS score from baseline to discharge, occurred in 35 (14.5%) patients. The
median length of hospital stay was 10 days (IQR: 7–16). At 12 months, 11 of the 30 motor deficits
persisted (4.6%), all 19 new visual deficits had resolved, and five patients (2.1%) reported new
psychiatric disturbances that were not present at discharge (Online Resource 2, Table S8).
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Table 2
Number and types of postoperative complications

Complication Overall

(N = 241)

NEW OR WORSENED NEUROLOGICAL DEFICITS AT DISCHARGE

Motor deficit 30 (12.4)

Cognitive impairment 28 (11.6)

Visual deficit 19 (7.9)

Psychiatric disturbance 3 (1.2)

MEDICAL COMPLICATIONS

Systemic infection 21 (8.7)

Deep venous thrombosis 17 (7.1)

Acute respiratory insufficiency 4 (1.7)

Heart failure 4 (1.7)

SURGICAL COMPLICATIONS

Hematoma 10 (4.1)

Seizure 8 (3.3)

Wound infection 4 (1.7)

CSF leak 3 (1.2)

Hydrocephalus 2 (0.8)

OTHER EVENTS

New ischemic stroke 7 (2.9)

Death 4 (1.7)

SEVERITY AND MANAGEMENT

Single or multiple organ failure 9 (3.7)

KPS decline at discharge 35 (14.5)

Values are n (%). Patients may have experienced more than one complication; categories are not
mutually exclusive and percentages do not sum to 100%. Three patients with a recorded
complication that had not been assigned a Landriel–Ibáñez grade were classified as mild-to-
moderate. Complications are grouped by domain (medical [systemic]; surgical [regional]); new
ischemic stroke is assigned to the neurological domain and death is a severity grade rather than a
complication type. CSF, cerebrospinal fluid; KPS, Karnofsky Performance Status.
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Complication Overall

(N = 241)

NEW OR WORSENED NEUROLOGICAL DEFICITS AT DISCHARGE

Reoperation under general anesthesia 12 (5.0)

Prolonged or unplanned intensive care stay 9 (3.7)

Values are n (%). Patients may have experienced more than one complication; categories are not
mutually exclusive and percentages do not sum to 100%. Three patients with a recorded
complication that had not been assigned a Landriel–Ibáñez grade were classified as mild-to-
moderate. Complications are grouped by domain (medical [systemic]; surgical [regional]); new
ischemic stroke is assigned to the neurological domain and death is a severity grade rather than a
complication type. CSF, cerebrospinal fluid; KPS, Karnofsky Performance Status.

Machine-learning predictive models
The compositions of the development and external cohorts are summarized in Online Resource 1, Table
S1.

Medical complications
Tumor diameter contributed most strongly, followed by vessel encasement grade, comorbidity burden,
age, and cardiorespiratory disease, whereas a higher KPS was protective (Fig. 2a). The parsimonious
ridge model achieved an internally cross-validated AUC of 0.755 (95% CI, 0.667–0.838; optimism-
corrected, 0.772), a pooled cross-center AUC of 0.768 (95% CI, 0.665–0.846), and an external AUC of
0.847 (95% CI, 0.641–0.972) in the geographical split. Gradient boosting achieved a repeated-cross-
validation AUC of 0.728 (95% CI, 0.644–0.829), 0.722 across centers, and 0.834 (95% CI, 0.650–0.967)
externally. External calibration preserved the risk ranking (slope, 1.25), although absolute risk was over-
predicted in Liverpool (calibration-in-the-large, − 0.74). Observed complication rates rose from 3.9% in
the lowest tertile of held-out predicted risk to 29.9% in the highest; at a 10% threshold, sensitivity was
77.8% and the negative predictive value was 92.5% (Fig. 2b, c; Online Resource 3, Tables S9–S13 and
Fig. S2a).

Surgical complications
With the same predictor set, ACA/MCA/PCA involvement was the strongest predictor, whereas the
comorbidity terms fell to unity or below (Online Resource 3, Fig. S2b). Neither algorithm discriminated
reliably: the ridge model reached an internal AUC of 0.659 (95% CI, 0.526–0.783) and a pooled cross-
center AUC of 0.686 (95% CI, 0.518–0.816), with held-out estimates ranging from 0.565 (Bologna) to
0.759 (Cesena), and gradient boosting performed no better (0.624 internally; 0.601 across centers).
Pooling medical and surgical complications with ischemic stroke into a single non-neurological
composite (50 events) yielded lower and less consistent discrimination than the medical endpoint alone
(ridge, 0.707 internally and 0.700 across centers; gradient boosting, 0.697, 0.674) (Online Resource 3,
Table S9 and Fig. S2a).
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Neurological complications
The composite of any new or worsened neurological deficit was mainly informed by cavernous sinus
involvement, preoperative motor symptoms, and vessel encasement grade, but it was predicted less well
than its components and did not transport across centers: the internal AUC was 0.696 (95% CI, 0.614–
0.776) with ridge and 0.652 with gradient boosting, and the held-out AUC ranged from 0.596 in Cesena
and 0.623 in Bologna to 0.834 in Liverpool, where calibration was poor (slope, 2.39) (Online Resource 3,
Table S14 and Fig. S3). Each component was therefore modelled separately.

For new or worsened motor deficits, the strongest predictors were tumor diameter (standardized OR
1.28), ICA/carotid siphon involvement (1.18), preoperative motor symptoms (1.18), cavernous sinus
involvement (1.13), and vessel encasement (1.09), with a higher preoperative KPS being protective (0.78)
(Fig. 3a). Performance was similar inside and outside the development centers (internal AUC, 0.729; 95%
CI, 0.639–0.805; optimism-corrected, 0.740; pooled cross-center, 0.711; 95% CI, 0.596–0.803;
geographical external, 0.684; 95% CI, 0.481–0.865); removing preoperative motor symptoms barely
changed discrimination (0.729 to 0.709); therefore, the model did not simply detect a persistent baseline
deficit (Fig. 3b, c; Online Resource 3; Tables S9–S12).

For cognitive decline, age, preoperative motor symptoms, and lower KPS carried the most weight,
followed by cavernous sinus involvement, comorbidity burden, and tumor diameter (Fig. 3d; Online
Resource 3, Table S15). Internal discrimination was modest (nested cross-validated AUC, 0.592; 95% CI,
0.424–0.757; optimism-corrected, 0.653), whereas the external AUC was 0.731 (95% CI, 0.572–0.871).
Predicted risks were under-dispersed and too low on average (calibration slope, 4.03; calibration-in-the-
large, 0.71), because the penalty compressed them and the event rate in the validation cohort was higher
(25.0% versus 13.9%). Gradient boosting reached 0.579 internally and 0.632 externally, and the nested
cross-validated AUC with the two centers pooled was 0.681 (95% CI, 0.575–0.786) (Fig. 3e, f; Online
Resource 3, Table S15 and Fig. S3). Visual deterioration was not predictable (AUC 0.420, 95% CI, 0.265–
0.497).

DISCUSSION
Over the past decade, surgical management has shifted from radical resection to maximal safe
resection tailored to neurovascular risk, with an increasing acceptance of planned subtotal resection
followed by adjuvant radiosurgery in selected cases.[3, 4, 32–38] In such tailored strategies, decisions
on whether, when, and how to operate rely primarily on preoperative information, and preoperative ML
risk-prediction models may support patient selection, anticipatory planning, and perioperative resource
allocation. Accordingly, we developed and evaluated preoperative ML models that integrate routinely
available patient-level characteristics and tumor–neurovascular features to predict adverse
postoperative outcomes after ACM surgery.
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Surgical outcomes in our cohort in the context of the most
recent literature
Overall morbidity in our cohort was 38.6%: 28.2% of patients had neurological deficits, 20.7% had non-
neurological complications, 8.7% had severe complications, and mortality was 1.7%. These figures align
with modern series: pooled rates of major vessel injury were 1.0% intraoperatively and 1.9%
postoperatively, and the pooled mortality rate was 1.2% (95% CI, 0.6–1.8%).[4, 12, 14, 39] Visual
deterioration occurred in 7.9% of our patients, compared with 4.5% in the pooled meta-analytic
estimate[4, 40], although all such deficits resolved by 12 months.

A particularly relevant finding was the frequency of postoperative motor deficits, an outcome that has
received limited attention in previous studies.[14] Motor impairment occurred in 12.4% of patients; half
of these deficits were de novo, and 4.6% of the overall cohort had persistent impairment at 12 months.
Notably, intraoperative neurophysiological monitoring was not used in 90% of the affected patients,
although the retrospective design precludes conclusions regarding its protective effect. Therefore, motor
impairment is a clinically meaningful source of morbidity that warrants careful planning and
postoperative surveillance, particularly in large vessel-encasing ACMs.

Predictors of Medical and Neurological Complications
Our study suggests that postoperative risk reflects both anatomical complexity and patient vulnerability.
Consistent with previous studies, the principal anatomical correlates were tumor diameter, CS invasion,
and the degree of ICA and its major branch encasement.[12, 14, 15, 39, 41, 42] Tumor diameter was the
strongest predictor of both medical complications and motor injuries. Baseline KPS informed both
outcomes, and comorbidity burden and age additionally informed medical complications, supporting
evidence that vulnerability is better characterized by comorbidity burden and functional reserve than by
age alone.[43–46] In the cognitive model, age, preoperative deficits, and functional status carried more
weight than tumor–vessel relationships, although with 16 development events the ranking of its
predictors is imprecise. No reproducible model could be developed for visual deterioration. A recent
study identified severe baseline visual impairment, radiographic optic nerve encasement, and abnormal
optical coherence tomography findings as predictors of unfavorable visual outcomes.[21] These
ophthalmological variables were not systematically available in our cohort, which likely limited the
prediction.

Preoperative ML Models for Risk Estimation
We developed three parsimonious preoperative ML models with fixed predictor sets (seven variables for
medical complications and eight for neurological outcomes) and evaluated them by internal–external
cross-validation across centers and in geographically withheld cohorts. The medical model
discriminated consistently in every center (pooled AUC 0.768) and reached 0.847 in the withheld cohort
despite its more anatomically demanding tumors (Online Resource 1, Table S1); gradient boosting with
25 candidate variables reached 0.834 in the same cohort. Its clearest use is identifying lower-risk
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patients: at a 10% threshold, the negative predictive value was 92.5%, and observed rates rose from 3.9%
in the lowest tertile of predicted risk to 29.9% in the highest. The cognitive model, developed in a single
center with 16 events, was the least mature; it discriminated modestly on internal validation, and its
external AUC of 0.731 came with underestimation of absolute risk, so it requires recalibration before use.
No clinically useful preoperative model could be built for surgical complications, consistent with the
predominantly intraoperative and technical determinants of hematoma, wound infection, CSF leak, and
hydrocephalus [47–49]. The medical and motor models, which were discriminated across centers, and
the cognitive model, flagged as exploratory, were implemented in the online calculator.

Strengths and Limitations
The main strengths of our study are the large multinational cohort, the incorporation of a substantial
number of patient-related variables to reflect vulnerability, and the development and validation of ML-
derived preoperative risk models that have not been applied in this setting. This study had several
limitations. The retrospective design, center-specific accrual periods spanning 2010–2025, and
differences in case selection, surgical strategy, and perioperative practice introduced heterogeneity,
affecting transportability. Event counts were small for the surgical (21) and cognitive (16 in the
development center) endpoints, and neurological deficits were recorded unevenly across centers. The
domain-specific neurological models were examined after the composite, so their confidence intervals
did not account for the number of endpoints evaluated. Limited follow-up granularity and the absence of
recurrence, radiotherapy, survival, and nonoperative comparison data preclude the determination of
whether conservative resection improves the long-term balance between neurological preservation and
tumor control. Given the imprecision and imperfect external calibration, the thresholds and calculators
remain investigational and require validation and local recalibration before use.

CONCLUSION
In this multinational cohort study of first-time ACM resections, routinely available preoperative data
enabled the prediction of medical complications, motor deficits, and cognitive decline. Shared predictors
included tumor diameter, vessel encasement grade, and KPS. Comorbidity burden and age additionally
informed medical risk; preoperative motor symptoms and involvement of the carotid siphon and
cavernous sinus informed motor risk; and age, preoperative deficits, and functional status informed
cognitive risk. The resulting models demonstrated consistent discrimination across geographically
independent centers, although further external validation remains necessary. To support clinical
translation, the models were incorporated into an investigational web-based calculator
(https://neurosurgpredict.com/anterior-clinoidal-meningioma/). Subject to further validation and center-
specific recalibration, this tool may help clinicians identify patients at increased risk of postoperative
morbidity and tailor counseling, preoperative optimization, and surgical planning.
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Figure 1

Postoperative complications in the pooled cohort (N = 241). a, Overall complication burden and
maximum severity per patient graded by the Landriel-Ibáñez classification. b, Type and frequency of new
or worsened neurological deficits at discharge, medical and surgical complications, new ischemic stroke
(assigned to the neurological domain), and the pooled non-neurological endpoint. Bold bars indicate
composite endpoints; categories are not mutually exclusive; therefore, components do not sum to the
composite, and percentages do not total 100%. The severity and management outcomes are presented
in Table 2. Three patients with recorded complications but no assigned Landriel-Ibáñez grade were
classified as mild-to-moderate. CSF, cerebrospinal fluid
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Figure 2

Medical complications (n = 231, 36 events): preoperative predictors, discrimination, and operating
characteristics of the ridge-penalized model. a, Standardized odds ratios per 1-SD increase on a
logarithmic scale; the dashed line marks unity. Estimates are ridge-penalized and therefore shrunk
toward 1, and confidence intervals are not shown because penalized coefficients have no valid closed-
form standard errors. †Binary predictor: the 1-SD scaling is a statistical convention and does not
correspond to the presence or absence of a condition. b, Receiver operating characteristic curves. The
solid line indicates internal cross-validation in all 231 patients (out-of-fold predictions averaged over the
five repeats; the AUC given is the mean across repeats); the dashed line indicates geographical external
validation in Liverpool (48 patients) of the model fitted in Bologna and Cesena; the dotted diagonal
indicates chance. Areas under the curve are given with 95% percentile bootstrap confidence intervals. c,
Sensitivity, specificity, positive predictive value, and negative predictive value of the held-out predictions
from internal–external cross-validation across probability thresholds. AUC, area under the receiver
operating characteristic curve; CV, cross-validation; KPS, Karnofsky Performance Status; NPV, negative
predictive value; OR, odds ratio; PPV, positive predictive value
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Figure 3

New or worsened motor deficit (a–c; n = 231, 30 events) and cognitive decline (d–f; model developed in
Bologna, 115 patients, 16 events): preoperative predictors, discrimination, and operating characteristics
of the ridge-penalized models. a, d, Standardized odds ratios per 1-SD increase on a logarithmic scale,
shown as in Fig. 2a; †binary predictor. b, e, Receiver operating characteristic curves. Solid lines indicate
internal cross-validation (out-of-fold predictions averaged over the five repeats; the AUC given is the
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mean across repeats), in all 231 patients for the motor model and in Bologna (115 patients) for the
cognitive model; dashed lines indicate geographical external validation in Liverpool (48 patients) of
models fitted in Bologna and Cesena (motor) or in Bologna alone (cognitive); dotted diagonals indicate
chance. Areas under the curve are given with 95% percentile bootstrap confidence intervals. c,
Sensitivity, specificity, positive predictive value, and negative predictive value of the held-out predictions
from internal–external cross-validation across probability thresholds. f, The same for the external
predictions of the cognitive model in Liverpool; because its predicted risks ranged from 9.6% to 20.2%,
thresholds are shown within that range. AUC, area under the receiver operating characteristic curve; CV,
cross-validation; KPS, Karnofsky Performance Status; NPV, negative predictive value; OR, odds ratio; PPV,
positive predictive value
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