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Abstract Cavernous cerebral malformations (CCMs)
are a well-defined epilepsy-associated pathology. They
represent lesions/conglomerates of abnormally configured
vessels leading to seizures either as a result of physiologi-
cal changes affecting the cerebral cortex immediately sur-
rounding the CCM (an epileptogenic mechanism that is
relevant for both temporal and extratemporal lesions), or
as a result of promoting epileptogenicity in remote but
anatomo-functionally connected brain regions (a mecha-
nism that is particularly relevant for temporal lobe lesions).
This review details the pathological findings in CCMs
and discusses the mechanisms of epileptogenicity in this
context. The bulk of the review will focus on therapeutic
strategies. Medical therapy using antiepileptic drugs is rec-
ommended as a first-line therapy, but surgical removal of
the CCM with the surrounding cortex should be pursued
if seizures prove to be drug resistant. Early timing of the
resection and complete removal of any associated epilep-
tic pathology are critical for best outcomes. In addition to
reviewing the available data from prior series, we present
original research from two specialized epilepsy centers tar-
geted at answering particularly pressing clinical questions
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mainly related to the ideal timing and extent of surgery.
Further research is needed to define the best surgical strate-
gies in patients with temporal lobe CCMs and structurally
normal hippocampi.
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Introduction

Cerebral cavernous malformations (CCMs), also known as
cavernomas, cavernous angiomas or cavernous hemangio-
mas, occur in 0.1-0.5 % of the population and constitute
5-10 % of all brain and spine vascular malformations [1, 2,
17, 28]. Together with other vascular malformations, CCMs
represent up to 5.6 % of all epilepsy-associated pathologies
in the European Epilepsy Brain Bank, the largest reposi-
tory of brain specimens collected to date in patients under-
going resective surgery for intractable epilepsy (Blumcke,
personal communication). The clinical characteristics
of CCMs are well described [2, 3, 19, 21, 24, 28]; how-
ever, the ideal treatment remains ill-defined. A recent spe-
cial report by The Surgical Task Force of the International
League against Epilepsy provides some empirical manage-
ment recommendations, but acknowledges the wide vari-
ability and significant limitations in the data used to derive
these suggestions [33]. Particularly challenging areas of
uncertainty currently include the timing and extent of surgi-
cal resection, as well as the ideal work-up and treatment of
CCMs in the temporal lobe when the hippocampus “looks”
structurally normal on magnetic resonance imaging [14,
38, 39]. We advance in this manuscript a comprehensive
overview of the pathological findings, clinical presentation,
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and mechanisms of epileptogenicity in CCMs, and present
original research data supporting a specific surgical treat-
ment algorithm.

Pathological characteristics and clinical presentation

Vascular malformations are lesions/conglomerates of
abnormally configured vessels, which may be part of a dis-
tinct syndrome but also occur in isolation [17]. This group
comprises cerebral cavernous malformations (CCMs),
arterio-venous malformations, capillary telangiectasias
and leptomeningeal angiomatosis (i.e., Sturge—Weber syn-
drome) showing distinct clinical, imaging and histological
features, all having variable association with focal epilepsy.
These vascular malformations are classified histologically
on the basis of different caliber and structure of the blood
vessel walls as well as the localization and distribution of
interposed brain parenchyma. Of all the above vascular
malformations, CCMs are the most frequent epileptic sub-
strate, and will represent the main focus of this manuscript.

Cerebral cavernous malformations
Pathological findings

CCMs (cavernous hemangiomas, cavernomas) are benign
vascular lesions that can occur anywhere within the brain
parenchyma or the leptomeninges, with predominance at
supratentorial sites. CCMs consist of endothelium-lined,
dilated caverns lacking any mature vascular architecture.
They are composed of tightly packed dilated vascular chan-
nels without intervening brain parenchyma. Elastica van
Gieson (EvG) staining highlights blood vessel walls, con-
taining endothelium and a collagenous adventitia. Elastic
material and muscularis are predominantly absent. Fibrosis,

thrombosis and calcifications or even ossification can be
encountered microscopically. A peripheral rim of hemosi-
derin-laden foamy macrophages can be often identified in
the surrounding tissue (Fig. 1).

Clinical presentation

Although CCMs can present with central nervous system
hemorrhage and other neurological deficits based on their
location, 40-70 % of supratentorial cavernous malforma-
tions tend to present with epileptic seizure as their first
symptom [2, 12, 28]. Thirty-five to 40 % of these patients
develop medically intractable epilepsy. CCMs can occur
in a sporadic as well as in a familial form. The familial
forms show an autosomal dominant inheritance and so far,
three genes have been identified: CCM1 (KRITI), CCM2
(MGC4607) and CCM3 (PDCD10) [32].

Mechanisms of epileptogenesis

An accurate grasp of the mechanisms of epileptogenesis in
CCMs is essential to understand the outcome determinants
of their surgical treatment. As already mentioned, CCMs
are clusters of dilated sinusoids filled with blood and lined
with a single layer of endothelium without intervening
parenchyma and, therefore, are not intrinsically epilepto-
genic. Their strong association with epilepsy stems from
two broad mechanisms: (1) epileptogenesis of surrounding
tissue and (2) epileptogenesis of remote tissue (or second-
ary epileptogenesis).

Epileptogenesis of surrounding tissue

Multiple studies have confirmed excessive excitability of
brain tissue adjacent to CCMs. Neurons adjacent to CCMs

Fig. 1 Histopathology of cavernous hemangioma: a H&E staining
showing a vascular lesion with thick-walled vessels arranged back to
back (black arrows). Adjacent central nervous tissue (asterisk) with
prominent regressive changes. b Typical, hemosiderotic rim (asterisk)
surrounding the cavernous hemangioma as sign for old hemorrhage
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(PB staining). ¢ Elastica van Gieson staining at higher magnification
does not prove a regular lamination of vessel walls. Black arrows
indicate back to back arrangement of vascular channels without inter-
vening brain parenchyma. Scale bar in a 200 pm, applies also to b.
Scale bar in ¢ 100 pm
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both in cortical and hippocampal tissue had a greater pro-
pensity to show large (>5 mV), complex spontaneous
synaptic events during intra-neuronal recordings than did
neurons neighboring neoplastic substrates, with both spon-
taneous excitatory and inhibitory events being noted [40].
Neurons neighboring CCMs also exhibited more excitable
responses to synaptic stimulation in the same study, with
multiple action potentials riding on prolonged excitatory
postsynaptic potentials (EPSPs) being evoked in 71 % of
these cells [40]. In another study, intra-operative ECoG
also confirmed the presence of a high proportion of coin-
cident continuous spiking around CCMs, with a propensity
that was directly related to the duration of the epilepsy,
interpreted to reflect worsening neighboring secondary epi-
leptogenesis with longer disease duration [18]. The critical
role of this immediate neighboring cortical excitability in
leading to CCM-related epilepsy is supported by a recent
review of 109 supratentorial cavernomas finding that their
epileptogenicity mostly depended on cortical, especially
mesiotemporal archicortical, involvement. Exclusively
subcortical cavernomas were highly unlikely to cause epi-
lepsy [27]. The processes underlying this excessive cortical
hyperexcitability are multiple.

Because they have a brittle vascular morphology, CCMs
are fragile and prone to repetitive microhemorrhages,
thereby causing reactive gliosis and hemosiderin deposits
in the adjacent brain tissue [2, 3, 8]. Resultant ischemia,
venous hypertension, gliosis and inflammatory responses
may all induce epileptogenicity involving the brain paren-
chyma in the vicinity of these lesions. Surrounding brain
tissue may show architectural disturbances, i.e., cortical
dyslamination in terms of an associated focal cortical dys-
plasia [7]. All of these mechanisms, with varying combina-
tions in any individual case, may account for the develop-
ment of epilepsy in the tissue surrounding the cavernoma.

Epileptogenesis of distant tissue

With repeated exposure to seizures, secondary epilepto-
genic foci may also form in areas of brain away from the
lesion, by a process known as secondary epileptogenesis
[25]. Extensive data derived from animal models of tem-
poral lobe epilepsy highlight synaptic alterations that likely
act synergistically during acquired epileptogenesis [6],
while human data derived from intracranial recordings of
patients with extrahippocampal epilepsy reveal frequent
spread to the hippocampus during seizures, and independ-
ent hippocampal seizures in this context [37]. The lim-
bic network is of special consideration as it includes the
mesial temporal structures (hippocampus) with a particu-
lar tendency to develop independent epileptogenicity with
repeated exposure to seizures [13, 29-31]. This risk has
been much better investigated in relation to dual pathology

with tumors or malformations of cortical development and
hippocampal sclerosis [15], but may be also relevant with
CCMs.

Treatment of epilepsy associated with CCMs

Since the publication of the first report on CCMs by Hubert
Von Luschka in 1854, there has been a great deal of diag-
nostic and pathophysiological advancements in the under-
standing of this condition, particularly in the ability of
magnetic resonance imaging (MRI) to visualize CCMs and
their extent. However, a parallel advancement in the thera-
peutic realm has been more challenging.

Medical treatment of CCMs

Incidentally discovered CCMs only have a 4 % risk of
developing epilepsy within the subsequent 5 years and
should not be treated with prophylactic antiepileptic drug
(AED) therapy [24]. Similarly, the 5-year risk of develop-
ing seizures in CCMs presenting with intracranial hemor-
rhage or a focal neurological deficit lies at about 6 %, and
again does not justify the initiation of AEDs [24]. How-
ever, once a patient with a CCM develops even a single
seizure, the risk of recurrent seizures and epilepsy within
the subsequent 5 years rockets to 94 % [24] and starting
AEDs becomes necessary. From that point on, however, the
question of immediate surgical removal of the CCM ver-
sus ongoing medical therapy needs further investigation
[21, 33]. Some studies suggest that AEDs may be equally
as effective as surgery for the treatment of “non-refractory”
CCM-related epilepsy. In one series comparing 26 surgi-
cally treated patients with CCM-related epilepsy to 16
similar patients treated with medications alone, 71-73 % of
patients in either group were seizure free at last follow-up
[16]. In another smaller series of 16 patients with CCMs,
excellent seizure control was similarly achieved with medi-
cations alone [10]. These are small series, insufficiently
powered to make definitive statements about non-inferior-
ity of two treatment strategies. They do, however, provide
some support to the notion of consistently attempting to
control seizures with AEDs in CCM-related epilepsy, and
mostly reserving surgical intervention for seizure control to
when the refractoriness of epilepsy has been established, or
to when the side effects of AEDs are unacceptable.

Surgical treatment of CCMs
Definitions

The surgical treatment of epilepsy due to CCM is to
either remove the cavernoma plus variable extensions
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of surrounding epileptogenic brain tissue (lesionectomy
or lesionectomy plus perilesional corticectomy), or per-
form a larger “lobectomy” resecting the lobe of the brain
that contains the CCM (lobectomy) such as performing
an anterior temporal lobectomy to include a temporal lobe
cavernoma together with the mesial temporal structures.
A lesionectomy is usually done in cases with “uncompli-
cated” CCM-related epilepsy, while a lobectomy is usually
done in patients with documented dual pathology, such as
CCM with hippocampal sclerosis. As so often in epilepsy
surgery, the exact extent of resection of surrounding brain
tissue needed to provide complete seizure control in CCMs
may be debatable, but recent data suggest [35, 36] it should
at least include the hemosiderin-laden cortex. The follow-
ing sections will review available outcome data, then dis-
cuss some original data from the authors’ centers, and then
end with a proposed surgical treatment algorithm.

Summary of current outcome data

A multitude of surgical series focusing on CCM-related epi-
lepsy have been published to date [4, 5, 11, 19, 20, 36, 39,
42], mostly showing 65-75 % rates of post-operative seizure-
freedom. All are retrospective and most include a small num-
ber of patients (3040 per study on an average). The lack of
a standard definition of terminologies like medically refrac-
tory epilepsy, and “favorable” seizure outcomes, coupled
with limited descriptions of the surgical procedure and the
absence of a uniform epilepsy and EEG classification across
studies, limit the ability to draw meaningful practice guide-
lines or to support evidence-based medicine [14, 33, 39].
The recent ILAE task force special report [33] as well as a
recent meta-analysis [33] provides a general summary of the
consistently identified predictors of post-operative seizure-
freedom, including a small size of the CCM (<1.5 cm in
diameter) [4, 41], lower number of lesions, well-controlled
seizures pre-operatively and partial seizures only [22, 23,
26], “shorter” epilepsy duration [33] and removal of the sur-
rounding hemosiderin rim [4, 20, 36]. No clear criteria exist,
however, for how to tailor the surgical strategy (lesionectomy
vs. lobectomy) based on these prognostic indicators. Further-
more, the relative significance of any single prognostic indi-
cator—including the extent of the resection—varies across
individual small cohorts. This debate is pertinent to a number
of other epilepsies related to structural lesions in the tempo-
ral lobe [9]. Pressing issues specifically related to CCMs are:
(1) defining a critical epilepsy duration beyond which a larger
resection is necessary, and (2) defining an ideal surgical strat-
egy for patients with CCM-related temporal lobe epilepsy
with a structurally normal hippocampus. A third related issue
is whether a lesionectomy plus perilesional corticectomy
completely resecting the hemosiderin-laden cortical lesion
could circumvent the need for temporal lobectomy.
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We analyze here all patients with CCMs who underwent
epilepsy surgery at the Cleveland Clinic between 1997 and
2012 and from the Porto Alegre Epilepsy Surgery Pro-
gram between 1994 and 2012 to specifically answer these
questions.

Authors’ experience

The series included a total of 95
patients from both epilepsy surgery centers (Cleveland
Clinic, center A; and Porto Alegre Epilepsy Surgery Pro-
gram, center B). Table 1 summarizes the patients’ major
characteristics in the overall cohort, and compares the
patient populations from the two centers. Overall, the two
patient cohorts were similar except for a higher proportion
of patients with multiple CCMs and additional epilepsy risk
factors in center A, as well as a higher tendency to perform
limited resections (lesionectomies including the hemosi-
derin ring, but sparing the mesial temporal structures) in
center B. These differences were taken into account in sub-
sequent analyses.

Patient characteristics

Surgical strategies, post-operative outcomes and their pre-
dictors Surgical technique: Lesionectomy could refer both
to the ‘pure’ resection of the cavernoma (i.e., disregarding
the hemosiderin ring and whatever adjacent cortical epilep-
tiform abnormalities) or to the combined resection of all
visible structural abnormalities comprising the cavernoma
and the hemosiderin ring. In both centers, a lesionectomy is
defined as the complete removal of the cavernoma and the
surrounding cortex, including the yellowish hemosiderin-
laden ring. Completeness of resection of this part of the
lesion depended on visual identification of the yellowish tis-
sue by the surgeon. A typical resection is illustrated in Fig. 2.
When performed, intra-operative ECoG usually showed that
this structurally abnormal cortex often displayed abundant
spiking. When possible, the surgeon also attempted to resect
the portion of the hemosiderin ring extending into the white.

Intra-operative visualization indicated that a complete
resection of hemosiderin-laden gray matter was carried out
in all cases from both centers, whereas it was not possible
to fully resect the white matter extension in one patient
from center A and five from center B. The complete resec-
tion of the hemosiderin ring can be ascertained on post-
operative MRI (Fig. 3). A “lobectomy” in the context of
our analysis refers to the additional removal of the mesial
temporal structures. This was usually done whenever the
hippocampus was structurally abnormal on the MRI (both
centers) or whenever there was concern about independ-
ent hippocampal epileptogenicity based on pre-surgical
testing, such as with “mesial temporal” seizure semiology,
or significant antero-mesial PET hypometabolism (center
A). Neurosurgical complications were rare, with only one
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Table 1 Overall characteristics of the study population
Clinical characteristics
Center A (N = 60) Center B (N = 35) Combined (N = 95) p value
Gender (N male, %) 34 (56 %) 11 (44 %) 45 (52 %) 0.32
Mean age at seizure onset in years (range; SD) 25.7 (4-65; 13.3) 22.5(2-47; 12.3) 24.5 (2-65; 23) 0.23
Mean epilepsy duration in years (range; SD) 12.7 (0.5-41; 10.9) 13.8 (1-43; 11.64) 13.1 (0.5-43; 11) 0.53
Mean age at surgery in years (range; SD) 38 (11-70; 12.4) 36 (7-57; 10.9) 37.4 (7-70; 38) 0.40
Mean number of lesions (range; SD) 1.1 (1-3;0.3) 1(1-1) 1.04 (1-3; 1) 0.15
N of patients failing 2 or more AEDs 54 (89 %) -
Mean follow-up duration in years (range; SD) 3.4 (0.5-13.8;3.3) 7.9 (0.5-13; 3.1) 4.6 (0.5-13.8; 3.7) <0.0001*
Other epilepsy risk factors
Head trauma 15 (25 %) 0 15 0.004*
Family history of epilepsy 11 (19 %) 0 11 0.004*
Anatomical characteristics
Localization 0.06
Temporal lobe (N, %)* 42 (70 %) 25 (71 %) 67 (71 %)
Frontal lobe (N, %) 12 (20 %) 4 (11 %) 16 (17 %)
Insula (N, %) 4(7 %) 4(11 %) 8 (8 %)
Rolandic/parietal lobe (N, %) 23 %) 2(5 %) 4 (4 %)
Surgery characteristics
Type of resection 0.14
Lesionectomy (N, %) 36 (60 %) 30 (86 %) 66 (69 %)
Lobectomy (N, %) 24 (40 %) 5% (14 %) 29 (31 %)
Use of invasive EEG <0.0001*
Intra-operative electrocorticography (V) 7 20 27 (28 %)

* Of these 42 temporal lobe cases, 33 (85 %) had normal hippocampus on pre-operative MRI

% These patients had a lesionectomy with removal of the hemosiderin ring and resection of the hippocampus in its entirety, but limited neocorti-

cal resection

Fig. 2 Pre-op MRI, intra-operative views and post-op MRI of a patient with left posterior temporal CCM. Note: complete resection of the lesion

and the abnormal adjacent cortex
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P F
/ | Case 2

Fig.3 Composite of MRI from six patients with temporal lobe
CCMs. Case 1 shows the pre-op MRI and an intra-operative view
illustrating the ‘yellowish’ cortex associated with the cavernoma.

patient from center A having a CSF leak, and none from
center B reporting any neurosurgical complications. Thus,
the main difference between centers was that center A had
a lower threshold to include the hippocampus and portions
of normal-appearing temporal lobe tissue in the resection.
Seizure outcome: Follow-up seizure outcome informa-
tion is available for all patients in center A and 82 % in
center B. Overall, 68 % of patients were seizure free after
surgery. Seizure outcomes were uniformly favorable in the
cohort from center B with available outcome data (N = 29):
all patients with extratemporal resections were seizure
free and 87 % of patients with temporal lobe resections
achieved seizure-freedom. As such, no outcome analysis to
identify specific prognostic indicators in this group could
be done. On the other hand, seizure outcomes were more
heterogeneous in the cohort from Cleveland Clinic with
78 % seizure free at 1 post-operative year, 67 % seizure free
at 5 years, 59 % seizure free at 10 years. The effect of vari-
ous potential outcome predictors could be, therefore, inves-
tigated in this cohort and the findings will be the focus of
the subsequent sections. Varying outcomes across the two
centers may be attributed to: (1) differences in the patient
populations, as alluded to earlier, with more patients having
multiple cavernomas and additional epilepsy risk factors in
the Cleveland Clinic cohort; and (2) some variation in the
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Cases 2—6 are pre- and post-op MRIs, showing the extent of the
lesionectomies, particularly the complete removal of the hemosiderin
ring

surgical technique mainly in relation to the routine use of
electrocorticography in the Porto Alegre cohort.

Seizure outcome predictors: Multivariate analysis con-
firmed three main outcome predictors: anatomical localiza-
tion of CCM, type of surgery and epilepsy duration (Table 2).

1. Epilepsy duration

The mean epilepsy duration is significantly shorter in
patients with CCM-related epilepsy who were rendered sei-
zure free with surgery. This contrast was best observed in
patients with extratemporal resections (mean epilepsy dura-
tion of 9.2 years in CCM patients rendered seizure free, as
opposed to 21.4 years in those with ongoing seizures; p
value = 0.01), in concordance with recent data highlighting
the importance of earlier surgery for frontal lobe epilepsy,
regardless of the pathological epileptic substrate [34]. A
similar, but less dramatic trend was seen for temporal lobe
CCMs (mean epilepsy duration of 15.0 years in patients
with persistent post-operative seizures as opposed to
11.2 years in those rendered seizure free; p = 0.29). Simi-
larly, better outcomes were observed with earlier resec-
tions for epilepsy duration cut-offs of 5 or 1 years (data not
shown).
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Table 2 Independent predictors of post-operative seizure recurrence with statistical significance following multivariable Cox proportional haz-

ard modeling (whole model log-rank p test <0.0001)

Risk ratio 95 % CI Adjusted p value
Epilepsy duration (>5 years) 2.8 1.03-9.7 0.04
Lesionectomy (as opposed to lobectomy) 5.7 2.0-20.2 0.0007
Temporal or parietal localization (as opposed to frontal/insular) 7.1 2.3-31.2 0.0004
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Fig. 4 a The seizure outcome in the cohort overall (all CCM surger-
ies), while 80 % of CCM patients in the overall cohort were seizure
free 5 years after a lobectomy, only 40 % were seizure free at a same
time point following a more limited lesionectomy. b Outcomes in the
subgroup of patients with temporal CCMs, where only 15 % were
rendered seizure free with a lesionectomy

2. Extent of resection

Figure 4 illustrates the significantly better outcomes
observed with larger resections (lobectomy), as opposed
to lesionectomy. Given this particularly relevant relation-
ship between extent of resection and seizure outcomes
within the temporal lobe observed in our cohort and in
others, a subsequent more detailed analysis illustrated in
Table 3 explored the significance of these findings at a 1-
and 5-year epilepsy duration cut-off, to incorporate enough
patients within each epilepsy duration category from both
centers. The sample sizes within individual groups are

small, but do support the notion that larger resections are
particularly helpful for patients with a long epilepsy dura-
tion, and may not be necessary for patients with new onset
CCM-related focal epilepsy.

Additionally, we performed a separate analysis of
seizure outcome in temporal lobe CCM cases with nor-
mal hippocampus prior to surgery that included a total of
33 patients. A “normal” hippocampus in this context is
defined as one that does not show any structural changes
to an experienced epilepsy neuroradiologist on magnetic
resonance imaging. The rationale was to explore the need
to perform larger resections even in the absence of obvious
dual pathology. 16 out of 33 had undergone lesionectomy
and the rest had a lobectomy. The decision to perform one
or the other was based on patient/physician preferences,
and an estimation of risk vs. benefit, mostly based on the
estimated memory function related to the hippocampus in
question. Again here, significantly better outcomes were
seen with a lobectomy as 14/17 patients were rendered sei-
zure free with a lobectomy as opposed to 5/16 with a more
limited lesionectomy sparing the mesial temporal structures
(p =0.01).

3. Anatomical localization of the CCM

Earlier studies have failed to show any correlation
between the lobar localization of the CCMs and seizure
outcomes [5, 8, 41]. In our series here, the lowest rates
of seizure-freedom were seen with resections of temporal
(57 % seizure free) and parietal (0 %) CCMs, as opposed
to frontal (83 % seizure free) or insular (75 %) CCMs
(adjusted p value = 0.0004). This finding may be related
to the hypotheses about remote or secondary epilep-
togenesis detailed earlier, with the highest predilections
to activate the limbic network and leading to secondary
mesial temporal lobe epilepsy when CCMs are actually
within the temporal neocortex or the parietal lobe with
strong electrophysiological anatomo-functional connec-
tions to the hippocampus. Further analysis was performed
to determine if in fact localization of the extratemporal
CCMs within the limbic network would predict seizure
recurrence. Out of 18 extratemporal cases, 6 were within

@ Springer



62

Acta Neuropathol (2014) 128:55-65

Table 3 The implications of the extent of temporal lobe resection in relation to seizure outcomes in the context of both “short” and “long” epi-

lepsy duration

Temporal lobe surgery Seizure free Recurrent seizures p value Seizure free Recurrent seizures p value
Epilepsy duration <1 year >1 year
Center A*
Type of surgery
Lesionectomy 1 (100 %) 0(0 %) 0.41 5 (29 %) 12 (71 %) 0.003
Lobectomy 2 (67 %) 1(33 %) 16 (76 %) 5 (24 %)
Epilepsy duration <5 year >5 years
Center A
Type of surgery
Lesionectomy 4 (57 %) 3 (43 %) 0.46 2 (18 %) 9 (82 %) 0.003
Lobectomy 6 (75 %) 2 (25 %) 12 (75 %) 4 (25 %)
Center B
Lesionectomy 4 0 NA 9 (90 %) 1 (10 %) 0.43
Lobectomy 0 0 3 (75 %) 1 (10 %)
Combined data
Lesionectomy 8 (73 %) 3(27 %) 091 11 (52 %) 10 (48 %) 0.13
Lobectomy 6 (75 %) 2 (25 %) 15 (75 %) 5(25 %)

The results are shown with cut-offs of either 1 or 5 years

? The analysis of 1-year cut-off could only be done with one center, since all patients included in center B had a longer epilepsy duration

the limbic network and 11 were outside. One patient did
not have enough information to be included in either
group. Two patients out of 6 (33 %) had seizure recur-
rence in the group that had CCMs localized within the
limbic network as opposed to 2 out of 11 (18 %) from
the group that did not have limbic network involvement.
These numbers suggest that post-operative seizure out-
come is poorer in extratemporal CCMs if they are located
within the limbic network. This conclusion should, how-
ever, be made cautiously given the small numbers ana-
lyzed, and the small numbers eventually included in spe-
cific subgroup analyses.

Recommended surgical treatment algorithm

Recognizing the inherent limitations of the available and
exclusively retrospective treatment data, we propose the
surgical treatment algorithm illustrated in Fig. 5 below.

This algorithm synthesizes the available data to pro-
vide a practical management approach and highlight areas
of additional needed research. Points of divergence in the
decision tree are derived from easily ascertainable key
determinants of seizure outcome, and the final endpoints
represent the two currently available major surgical treat-
ment options: lesionectomy vs. lobectomy. The basic prem-
ises are the following:
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Fig. 5 Decision tree guiding the extent of surgical resection in the
treatment of a CCM based on available key surgical outcome deter-
minants including anatomic localization, epilepsy duration and
associated pathology. Dotted lines represent areas in need of further
research

1. The various mechanisms of epileptogenicity, and there-
fore surgical outcome determinants contribute differen-
tially to extratemporal vs. temporal lobe lesions, with
remote or secondary epileptogenesis being less rel-
evant for extratemporal CCMs. Seizure-freedom, thus,
mainly depends on the complete removal of the CCM



Acta Neuropathol (2014) 128:55-65

63

itself and any immediately surrounding epileptic tis-
sue, as soon as possible. Little information is currently
available to decide whether the pre-surgical work-up or
resective strategy need to be altered if the extratempo-
ral CCM involves the limbic network.

2. For temporal lobe CCMs, seizure-freedom also
depends on the removal of the CCM, but in addition,
requires the removal of any epileptic tissue within the
mesial temporal structures. An assessment of whether
the ipsilateral hippocampus is epileptic becomes then
critical to decide whether to perform a lesionectomy
(only remove the CCM) or a lobectomy (remove the
CCM and hippocampus). The most validated “sur-
rogate markers” of epileptogenicity in this context
become: (a) an obvious structural imaging abnormality
(such as clear imaging signs of hippocampal sclerosis
or a malformation of cortical development affecting
the temporal pole for example), and (b) a long epilepsy
duration. In agreement with other recent studies [20,
36], what seems to be the key to seizure control is a
complete resection of the cavernoma and the abnormal,
‘yellowish’ adjacent cortex, harboring hemosiderin
deposits from previous microhemorrhages.

3. For the most “challenging” patient subgroup with
temporal lobe CCM-related epilepsy of long disease
duration but yet a “structurally normal” hippocampus,
deciding on the extent of resection is more complex,
and requires additional research. In this scenario, it
remains unclear whether a larger resection (lobectomy)
is necessary to improve the chances of post-operative
seizure-freedom, beyond a lesionectomy with complete
removal of the hemosiderin ring. In fact, patients from
the Porto Alegre Comprehensive Epilepsy Surgery Pro-
gram included in this review had a long epilepsy dura-
tion prior to operation (averaging more than 13 years)
and were rendered seizure free with a lesionectomy
despite sparing then the hippocampus. Particularly in
temporal lobe CCMs these findings are of significant
practical relevance, because (1) lesions are more often
located in the lateral neocortex, at times considerably
posterior, and (2) the ipsilateral hippocampus is most
often of normal appearance and displays normal func-
tion. In these common scenarios, a temporal lobec-
tomy would resect a large amount of tissue that could
be preserved. Overall, the variable current data suggest
that the need for a temporal lobectomy in patients with
lateral neocortical temporal lobe CCMs and normal
ipsilateral hippocampus remains debatable, especially
when it comes with potentially higher risks of neu-
ropsychiatric and cognitive implications, particularly
in the dominant temporal lobe. It is critical then to
perform a detailed assessment of both the risks (often
done through formal pre-operative neuropsychiatric

evaluation) and potential benefits of a larger resec-
tion (often done through intracranial recordings done
either extraoperatively with invasive EEG recordings
or intra-operative through electrocorticography). Fur-
ther research is necessary to: (1) define the value and
the role of these tools in actually impacting seizure
outcomes, and (2) determine, in a reproducible fashion,
whether the complete removal of the hemosiderin ring
surrounding the CCMs may avert the need for a more
aggressive cortical resection, and allow sparing of the
mesial temporal structures.

Conclusions

CCMs are a well-defined epileptic pathology. Seizures can
arise either as a result of physiological changes affecting
the cerebral cortex immediately surrounding the CCM (an
epileptogenicity mechanism that is relevant for both tem-
poral and extratemporal lesions), or as a result of kindling
epileptogenicity in remote but anatomo-functionally con-
nected brain regions (a mechanism that is particularly rel-
evant for temporal lobe lesions). Medical therapy using
antiepileptic drugs is recommended as a first-line therapy,
but surgical removal of the CCM with the surrounding cor-
tex should be pursued if seizures prove to be drug resistant.
Early timing of the resection and complete removal of any
associated epileptic pathology, particularly the surrounding
hemosiderin-laden ring are critical for best outcomes. Fur-
ther research is needed to define the best surgical strategies
in patients with temporal lobe CCMs and structurally nor-
mal hippocampi.
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