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	Abstract

	Objective: To evaluate the outcomes of surgical resection of cerebral cavernous malformations (CCMs) in patients with cavernoma-associated epilepsy and to identify risk factors for adverse outcomes.
Methods: A retrospective analysis was performed on 50 patients diagnosed with supratentorial CCMs who presented with epileptic seizures. CCM resection, including excision of the hemosiderin rim, was performed in all cases except those with CCMs located in eloquent brain regions. Postoperative brain MRI was performed within 24 hours and reviewed by two independent radiologists to assess the completeness of CCM and hemosiderin rim resection. Long-term outcomes were assessed using the Engel Surgical Outcome Scale.
Results: The duration of the follow-up period was 36.5/33 (21.2; 47.8) months, range:11.2-70.6 months. Forty-four patients (88%) were seizure-free postoperatively. Of these, 30 (60%) completely discontinued anticonvulsant medication. Four patients (8%) had infrequent seizures (Engel class 2), and two (4%) had no change in seizure frequency. Complete hemosiderin rim resection was significantly associated with seizure freedom (p = 0.043). Among seizure-free patients, complete hemosiderin rim resection was achieved in 27 of 38 (71%), compared with only one of five (20%) in those with unsatisfactory outcomes. Gender, age, seizure type, and CCM location did not significantly affect postoperative epilepsy outcomes.
Conclusions: Surgical resection of CCMs is an effective treatment for CCM-associated epilepsy with a low risk of surgical complications. Complete excision of the hemosiderin rim is a favorable prognostic factor for seizure control in this patient population.
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Introduction
Cavernous malformations (CCMs) are vascular developmental anomalies characterized by clusters of endothelium-lined cavities lacking a mature vascular wall. CCMs are typically discovered incidentally on brain MRI; however, epileptic seizures are frequently the initial clinical presentation in over 25% of cases (1).
Surgical resection of supratentorial CCMs is routinely performed by both experienced and novice neurosurgeons due to the relative ease of resection, attributed to well-defined anatomical boundaries and low vascularity. The primary challenge lies in determining appropriate surgical indications and the extent of surgical intervention. Currently, there is no clearly established consensus regarding the optimal timing of surgery. According to the International League Against Epilepsy (ILAE) clinical practice recommendations, pharmacoresistant cavernoma-associated structural epilepsy is an absolute indication for surgical intervention (1). However, some surgeons advocate for earlier microsurgical resection (2). The extent of excision during surgery remains debated. In cases of cavernoma-associated structural epilepsy, various resection volumes and strategies have been described. These include isolated CCM resection, resection of the CCM with the adjacent hemosiderin rim, and, when the CCM is located in the temporal lobe, a combined approach involving CCM resection with amygdalohippocampectomy or extended temporal lobe resection (1, 3–9). Different surgical timings and extents have been proposed based on identified risk factors, complications, and predictors of adverse outcomes. In this paper, we present our study findings on surgical treatment outcomes for CCMs in patients with a history of seizures. We assessed both short-term and long-term results, as well as risk factors for adverse outcomes following microsurgical procedures.
	
Materials and methods
This study evaluated treatment outcomes in 50 of 60 patients who underwent surgery for CCMs with epileptic seizures between 2014 and 2020. Ten patients were excluded from the study due to loss to follow-up. The cohort included patients with sporadic seizures (up to two seizures) and those with structural epilepsy (three or more seizures). All patients underwent preoperative electroencephalography (EEG), supplemented by ictal video-EEG when clinically indicated. Preoperative magnetic resonance imaging (MRI) and neurological examination were also performed. 
During surgery, the surgeon aimed to resect the CCM and the surrounding hemosiderin rim (visible as yellow or gliotic tissue), unless the CCM was located in an eloquent brain region. All procedures were performed using a surgical microscope and frameless stereotactic neuronavigation, with intraoperative ultrasonography used as needed. 
Postoperative brain MRI was routinely performed within 24 hours to assess the completeness of resection. Brain MRI was performed using 1.5 and 3 Tesla MR systems according to a standard protocol. Images were reviewed by two independent radiologists.
Postoperatively, all patients received anticonvulsant medication under the supervision of a clinical epileptologist. Patients were typically discharged within 4–6 days postoperatively and remained under the care of an epileptologist, with consideration for antiepileptic medication tapering no sooner than six months after surgery.
Long-term outcomes were assessed via in-person clinic visits or telephone interviews. Surgical effectiveness for epilepsy was evaluated using the Engel Surgical Outcome Scale. Due to limited sample size, Engel class subgroups were not analyzed separately. Patients with Engel class 1 outcomes were categorized as having satisfactory outcomes, while those with Engel classes 2 – 4 were categorized as having unsatisfactory outcomes.
Statistical analysis
Since most of the data were not normally distributed, the following format was used to describe the numerical data: M/Me (Q1; Q3), where M is the arithmetic mean, Me is the median, Q1 and Q3 are the first and third quartiles. Group comparisons were conducted using the two-tailed Fisher's exact test and the two-tailed Mann–Whitney U test, with statistical significance set at p < 0.05. Statistical analyses were performed using R Statistical Software (version 4.3.1) (10).
Results
Postoperative seizure control
Long-term outcomes were evaluated in 50 of 60 patients (83.3%). The follow-up duration was 36.5/33 (21.2; 47.8) months (range: 11.2 - 70.6 months). During the follow-up period, 44 patients (88%) remained seizure-free. Of these, 30 patients (60%) were able to discontinue anticonvulsant medication completely. Four patients (8%) experienced infrequent seizures (Engel class II), and two patients (4%) reported no reduction in seizure frequency.
Demographic distribution
Of the 50 patients included in this study, 27 (54%) were male. The age of the patients at the time of surgery was 41/38 (32.2; 48.5) years (range: 19 - 70 years old). No statistically significant association was found between demographic factors and intervention outcomes (Table 1).
Clinical data
The duration of the disease before surgery ranged from 1 to 437 months. The mean/median duration was 83.4/24 (8.2; 144) months. In the Engel class 1 group, the median duration was 13.5 months (7; 144), while in the Engel classes 2-4 group, it was 108 months (90; 144). Although no statistically significant difference was observed between these groups (p = 0.1) (Table 1), earlier intervention appears to be associated with a more favorable outcome. 
Rare episodic seizures (up to three) occurred in 13 patients (26%), epilepsy was present in 36 patients (72%), and one patient (2%) presented with status epilepticus.


Table 1. Demographic and Clinical Characteristics of Patients
	Category
	Total (n=50)
	Engel Class 1 (n=44)
	Engel Classes 2-4 (n=6)
	p-value

	Gender
	Male
	27 (54%)
	25 (56.8%)
	2 (33.3%)
	0.395

	
	Female
	23 (46%)
	19 (43.2%)
	4 (66.7%)
	

	Age at surgery(years)
	41/38 (32.2; 48.5)
	41.2/38 (33; 49.8)
	39.8/37.5 (32; 43.8)
	0.754

	Disease duration (months)
	83.4/24 (8.2; 144)
	76/13.5 (7; 144)
	137.7/108 (90; 144)
	0.100

	Seizure type
	Sporadic seizures
	13 (26%)
	13 (29.5%)
	-
	0.274

	
	Epilepsy
	36 (72%)
	30 (68.2%)
	6 (100%)
	

	
	Status epilepticus
	1 (2%)
	1 (2.3%)
	-
	




Generalized seizures were predominantly observed in 32 patients (64%). Secondarily generalized seizures occurred in 11 (22%), and focal seizures in 7 patients (14%). No statistically significant correlation was found between outcomes and the frequency or types of seizures (Table 1).
CCM’s characteristics
The mean/median size of CCMs was 14.9/12 (9.2; 15) mm (range: 5 - 42 mm). According to the Zabramski classification, type 2 CCMs were most frequent (34 cases, 68%), followed by type 1 (11 cases,22%), and type 3 (5 cases, 10%). Most CCMs were located in the temporal lobe (27 cases, 54%), followed by the frontal lobe (11 cases, 22%).
CCMs were predominantly situated directly within or in close proximity to the cortex in a total of thirty-nine cases (78%), while in ten cases (20%) mesial structures were involved, and in one case (2%) a CCM was located within the thalamus and subcortical nuclei. CCMs were evenly distributed across both cerebral hemispheres. 
The various localizations of CCMs exhibited no statistically significant impact on clinical outcomes following surgical intervention (Table 2).


Table 2. Radiologic and Anatomical Features of CCMs
	Category
	Total
	Engel 1 Class
	Engel 2-4 Classes
	p-value

	CCM’s diameter(mm)
	14.9/12 (9.2; 15)
	14.4/12 (9.1; 15)
	18.3/13.5 (10.8; 24.5)
	0.464

	Zabramski
classification
	1
	11(22%)
	8(18.2%)
	3(50%)
	0.211

	
	2
	34(68%)
	31(70.4%)
	3(50%)
	

	
	3
	5(10%)
	5(11.4%)
	0
	

	Side of the lesion
	right
	25 (50%)
	20(45.5%)
	5(83.3%)
	0.189

	
	left
	25 (50%)
	24(54.5%)
	1(16.7%)
	

	Brain lobe
	Temporal lobe
	27(54%)
	23(52.3%)
	4(66.7%)
	0.865

	
	Frontal lobe
	11(22%)
	10(22.7%)
	1(16.7%)
	

	
	Parietal lobe
	8(16%)
	8(18.2%)
	
	

	
	Occipital lobe
	2(4%)
	2(4.5%)
	
	

	
	Insular lobe
	1(2%)
	1(2.3%)
	
	

	
	Basal nuclei
	1(2%)
	
	1(16.7%)
	

	CCM’s localization depth
	Cortically
	12 (24%)
	11 (25%)
	1 (16.7%)
	0.053

	
	Cortically-subcortically
	25 (50%)
	23 (52.3%)
	2 (33.3%)
	

	
	Subcortically
	2 (4%)
	2 (4.5%)
	
	

	
	Mesiotemporally
	10 (20%)
	8 (18.2%)
	2 (33.3%)
	

	
	Subocrtical nuclei, thalamus
	1 (2%)
	
	1 (16.7%)
	
























Surgical intervention and postoperative complications

Neurological complications following surgery were observed in one patient (2%), presenting as oculomotor nerve paresis after resection of a cavernous malformation (CM) involving the mesial temporal lobe. A small-volume chronic subdural hematoma, which did not necessitate further surgical intervention, was identified in another patient (2%). Infectious complications at the surgical site occurred in two patients (4%).
An MRI analysis assessing the completeness of CCM excision and the hemosiderin rim resection was performed in 43 patients (86%). Complete CCM resection was achieved in all 43 cases. Complete resection of the hemosiderin rim was accomplished in 28 cases (65.1%) (Fig. 1). In the unsatisfactory outcome group, complete hemosiderin rim resection was performed in only one of five patients (20%), compared to 27 of 38 patients (71%) in the Engel class 1 group. This difference was statistically significant (p = 0.043) (Fig. 2).
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Figure 1. Corticosubcortical cavernous malformation (CCM) on sagittal T2-weighted MRI. CCM with a hemosiderin rim (A), postoperative image after complete resection (B).


Figure 2. Radicality of hemosiderin rim resection

Discussion 
Surgical resection of CCMs is an effective treatment for cavernoma-related epileptic seizures. This intervention has been shown to improve patients' quality of life compared to management with anticonvulsant medication alone (11).
Published studies report seizure freedom rates following surgical resection ranging from 65% to 95% (12–17). Our results, with an 88% seizure-free rate and 60% of patients successfully discontinuing anticonvulsants after a median follow-up of 3 years, are comparable to these findings.
The overall surgical complication rate in our series was 8%, with new neurological deficits occurring in only 2% of cases. Published reviews and meta-analyses report a surgical complication rate of approximately 2.4% for supratentorial CCMs (18).
According to ILAE guidelines, complete resection of the CCM is recommended, as incomplete removal is associated with an increased risk of hemorrhage recurrence and suboptimal seizure control (1, 19). Isolated resection of the CCM has been reported to result in complete seizure freedom in 50–70% of cases and improvement in up to 90% of cases (6, 20). However, many surgeons believe that achieving optimal surgical outcomes in cavernoma-associated epilepsy requires resection of the surrounding altered brain tissue in addition to the CCM. This view is based on the understanding that the CCM itself, lacking neuronal tissue and not exerting a mass effect on the brain, is unlikely to be the primary epileptogenic focus (21). Instead, the adjacent hemosiderin rim, gliosis, and hyaline degeneration are thought to contribute to epileptogenesis (5, 21–27).
Our study demonstrated a statistically significant correlation between radical resection of the hemosiderin rim and favorable epilepsy outcomes. While the meta-analysis by Ruan et al. (8) supports this finding, other evidence is less conclusive. A systematic review of 31 studies including 1,226 patients did not find such an association (28). Our literature review identified only six studies that analyzed the extent of hemosiderin rim resection using postoperative MRI and correlated it with epilepsy outcomes. Studies by Damman et al. (2016) (16) (n = 47), Jin et al. (2014) (29) (n = 36), and Zanello et al. (2019) (30) (n = 109) demonstrated a statistically significant benefit of removing the surrounding altered brain tissue. Earlier studies by Yeon et al. (2009) (31), Hammen et al. (2007) (32), and Cappabianca et al. (1997) (33) suggested a trend toward better outcomes with resection of the hemosiderin rim, although this did not reach statistical significance.
Based on the concept of the epileptogenicity of the hemosiderin rim, Damman et al. hypothesized that earlier CCM removal contributes to better outcomes (16), as recurrent microhemorrhages increase the size of the surrounding altered brain tissue, complicating complete resection (2). Another potential explanation for worse epilepsy outcomes with longer disease duration is the development of secondary epileptogenic foci over time (34). In our study, we did not find a statistically significant association between disease duration and outcome. However, we observed a trend toward better outcomes in patients operated on earlier after symptom onset: in the group with satisfactory outcomes, the duration of the related medical history was 76/13.5(7;144), while in the group with unsatisfactory outcomes it was 137.7/108(90;144) (p=0.1). Most studies in our literature review identify earlier surgery as a significant factor associated with improved outcomes (7, 17, 32, 34–37).
We found no significant differences in gender or age between the comparison groups, consistent with a previously published meta-analysis (28) and other studies on this topic (34, 38). However, Baumann et al. reported better outcomes in patients older than 30 years at the time of surgery (13).
Some authors suggest that a CCM diameter less than 15 mm is associated with improved seizure control at 2 years, but this association has not been observed in studies with longer follow-up (1, 13, 31). In our analysis of the effect of CCM size on surgical efficacy, we found no significant difference.
Mesiotemporal localization of CCM has been considered a risk factor for postoperative seizures in some studies. Casazza et al. (39) reported a correlation between mesiotemporal CCM location and persistent seizures, whereas Yeon et al. (31) and Kivelev et al. (40) did not confirm this finding. The literature suggests no clear relationship between CCM location within different brain lobes and surgical outcome (13). Consistent with this, we found no influence of CCM location on epilepsy outcomes in our study.
The retrospective design, small sample size, and lack of randomization are limitations of this study.
Conclusion
Surgical removal of CCMs is an effective treatment for cavernoma-associated epilepsy with low risks of surgical complications. Our study demonstrated that 88% of patients achieved seizure freedom after supratentorial CCM resection, with 60% of patients successfully discontinuing anticonvulsant medication. Infrequent seizures (Engel class 2) persisted in 8% of patients, and 4% experienced no change in seizure frequency after surgery. Complete resection of the hemosiderin rim surrounding the CCM is a favorable prognostic factor for seizure control in this patient population.
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