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A B S T R A C T

Purpose: To define Stereo-EEG (SEEG) ictal and interictal patterns associated with different pathologies in a
cohort of patients with drug-resistant focal epilepsy.
Methods: We retrospectively analyzed findings from 102 patient with epilepsy due to Polymicrogyria (PMG),
Periventricular Nodular Heterotopia (PNH), Focal Cortical Dysplasia (FCD) type I, IIa, IIb and Hippocampal
Sclerosis (HS). Ictal and interictal SEEG recordings were reviewed to describe Seizure Onset Zone (SEEG-SOZ)
patterns and to define the Lesional and Irritative Zones.
Results: Five SEEG-SOZ patterns were identified: significant associations were found between low-voltage fast
activity and PMG and between repetitive fast spikes bursts and FCD type IIa. A trend was found between fast
activity and PNH, rhythmic sharp activity and FCD type I, repetitive fast spikes bursts and FCD type IIb, slow
burst and HS. In 62 of the 102 patients, a complete surgical resection of the SEEG-SOZ was performed, and in 12
patients a partial resection was carried out to preserve eloquent areas. In 18 patients (15 with PNH) the SEEG-
SOZ was thermo-coagulated. Seizure freedom was achieved in 58% of surgically treated patients and in 72% of
those treated with thermocoagulation (mean ± SD follow-up 5.9 ± 2.3 years). Seizure freedom after surgery
was achieved in 84% of the patients with PMG, FCD I, IIa and IIb presenting with characteristic SEEG-SOZ
patterns. With the exception of FCD type II, interictal activity was not sufficient to identify SEEG-SOZ bound-
aries. Conclusion: The study demonstrates that specific histopathologies correlate with particular neurophysio-
logical patterns, reflecting lesion-specific seizure patterns in focal epilepsies.

1. Introduction

Surgery is a reliable treatment option [1–6] for drug-resistant focal
epilepsies associated with cortical structural lesions [7,8]. When no
lesion is detected with high resolution magnetic resonance (MR), or
when the lesion extension cannot be outlined by neuroimaging [9,10],
additional intracerebral neurophysiological information is needed, in

order to identify the brain area to be resected to achieve post-surgical
seizure freedom [11]. Stereo-electro-encephalography (Stereo-EEG)
reveals intralesional and perilesional electrical activities, which define
the Stereo-EEG identified Seizure Onset Zone (SEEG-SOZ) and its network.
[11–13] Moreover, Stereo-EEG represents a unique tool to obtain direct
intracerebral recordings, which allow to localize and identify interictal
and ictal activities, and to correlate these patterns with the anatomical
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lesions [14]. Hippocampal sclerosis (HS) and malformations of cortical
development are recognized in about 90% of surgery patients [15]. In a
few recent studies these lesions were found to be associated with pe-
culiar Stereo-EEG interictal and ictal patterns [16–18]. Bragin and his
coworkers observed in a rat model of temporal lobe epilepsy both low-
voltage fast activity (LVFA) and hypersynchronous electrographic seizure-
onset patterns. These activities resulted similar to those observed in
patients with HS: hypersynchronous ictal onset originated predominantly
in hippocampus, whereas LVFA ictal onset more often involved extra-
hippocampal structures [19].

In 2002, we described specific intracerebral ictal Stereo-EEG pat-
terns in focal cortical dysplasia (FCD) type II, characterized by re-
petitive fast spikes (defined as “brushes”), followed by slow waves and
by LVFA [20]. More recently, six seizure-onset patterns were identified
using visual and time-frequency analysis in FCD and neurodevelop-
mental tumors [21,22]: (i) LVFA, (ii) preictal spiking followed by LVFA,
(iii) burst of polyspikes followed by LVFA, (iv) slow wave/DC shift fol-
lowed by LVFA; (v) theta/alpha sharp waves, and (vi) rhythmic spikes/
spike-waves. In these studies, the presence of LVFA seizure onset pat-
tern was associated to better prognosis [21,22]. Singh and her collea-
gues reviewed 21 articles and reported that (i) low frequency high am-
plitude repetitive spiking is the most frequently seizure onset pattern
associated with mesial temporal lobe epilepsy, bearing good post-sur-
gical outcome, (ii) LVFA is the most commonly described pattern in
neocortical epilepsy associated with good surgical outcome and (iii)
delta activity is infrequently reported and is mostly described as a pro-
pagated seizure pattern [23].

A recent computer-assisted study identified two main focal Stereo-
EEG seizure patterns: (i) P-type, typical of neocortex, characterized by a
sharp-onset/sharp-offset transient superimposed on LVFA and (ii) L-type
seizure pattern which involves mesial temporal structures, character-
ized by LVFA superimposed on a slow potential shift [24].

Only a minority of the above-mentioned studies observed correla-
tion between Stereo-EEG patterns and underlying pathologies. Our
study aims to assess such correlation on a retrospective cohort of pa-
tients with drug-resistant epilepsy, who underwent Stereo-EEG mon-
itoring during pre-surgical work-up. The relationship between each
correlated pattern-histopathology pair and the surgical outcome is also
analyzed.

2. Materials and methods

2.1. Patients

Patients were retrospectively selected from the clinical database
collected at the Claudio Munari Epilepsy Surgery Centre of the Niguarda
Hospital in Milan, over an 11-year historical extension (2005–2016).
Database collection for investigational purposes was approved by the
local Ethics Committee and informed consent was signed by all pa-
tients. We selected patients who met all the following inclusion criteria:
a) patients with drug-resistant epilepsy requiring mandatory invasive
Stereo-EEG; b) patients with histopathological and/or imaging features
unequivocally diagnosed with specific lesion; c) patients undergoing
long-term Stereo-EEG recordings during the pre-surgical work-up with
at least one spontaneous seizure recorded and at least one electrode
positioned into the anatomical lesion; d) post-surgical seizure outcome
follow-up (Engel’s scale [25]) at least one year after surgery, e) patients
submitted to either surgery or radiofrequency Stereo-EEG-guided
thermocoagulation (THC) for therapeutic reasons. Informed consent for
a comprehensive pre-surgical evaluation was obtained from the patients
or their caregivers. Clinical data are summarized in Table 1.

2.2. Magnetic resonance imaging

MR imaging was performed using Achieva 1.5 T magnet (Philips
Healthcare, Best, The Netherlands). The protocol included axial and

coronal T1- and T2-weighted images, with fluid-attenuated inversion
recovery (FLAIR) sequences and a volumetric T1-weighted sequence to
allow 3D-volume and surface reconstructions [9]. Intravenous contrast
was injected only in case of uncertain diagnosis. The nature, site and
extension of presumed lesion were assessed in multidisciplinary meet-
ings with neurologists, neurophysiologists, neuroradiologists and neu-
rosurgeons.

2.3. Stereo-EEG procedure

Stereo-EEG was tailored to the anatomical and electro-clinical fea-
tures of the patients, as described by Cardinale et al. [26] Multi-lead
electrodes with 5–18 recording sites (2 mm in length and 1.5 mm apart;
Dixi; Besançon, France) were surgically inserted intracerebrally, a few
weeks after stereo-arteriography, according to the standard protocol
[26]. The co-registered T1-weighted 3D MR images enable an accurate
localization of the electrodes. Stereo-EEG recordings synchronized to
video-monitoring were obtained over 5–20 days. During the work-up,
electrical bipolar stimulations of adjacent contacts were carried out at
low-frequency (1 Hz, pulse width 1–3 msec, 15–30 sec) and high-

Table 1
Clinical data and ictal Stereo-EEG findings.

PMG PNH FCD I FCD
IIa

FCD IIb HS

Number 15 19 17 20 19 12
Age at surgery

(mean+SD,
years) *

27.9
+
12.1

34.2
+
12.2a

23.2
+
12.2

22.5
+
11.6a

23.9 +
10.6

29.2 +
8.5

Gender (F/M) 8/7 10/9 6/11 10/10 13/6 8/4
Epilepsy duration

(mean+SD,
years) *

19.1
+
12.2

18.0
+
11.3

14.2
+
10.1

15.3
+
10.7

16.4
+10.2

24.8 +
9.3

Engel’s class
- Ia 6 15 9 14 13 5
- Ib 0 0 0 2 3 0
- Ic 3 1 1 0 0 3
- Id 1 0 0 1 2 3
- II 2 1 4 1 0 0
- III 2 1 2 2 1 1
- IV 1 1 1 0 0 0
Anatomical SEEG-

SOZ location
- Frontal 8 3 5 16b 13 0
- Temporal 8 15 10 1 2 12c

- Parietal 6 5 3 2 5 0
- Occipital 2 4 4 0 3 0
- Insular 6 0 2 6 5 0
Complete SEEG-SOZ

resection
6/12 2/4 12/17 16/20 17/19 8/12

Follow up
(mean+SD) *

5.5 +
3.0

4.4 +
2.7

6.1 +
3.2

6.4 +
3.3

7.1 +
2.6

6.3 + 2.5

range years 1.4-
10.8

1.4-10 1.8-11 1.8-
11.5

2-11.3 1.8-10.4

SEEG-SOZ patterns
- LVFA 14d 10 7 1 3 3
- FA 0 8 2 1 5 4
- RSA 1 0 4 0 0 2
- RFSB 0 1 1 17e 11 0
- SB 0 0 3 1 0 3
Duration

(mean+SD,
seconds)*

48.7
+
60.1f

79.5
+
81.6

71.2
+
48.7

47.9
+
75.1g

31.8 +
24.2h

107.4 +
38.2f,g,h

PMG: Polymicrogyria, PNH: Periventricular Nodular Heterotopia, FCD: Focal
Cortical Dysplasia, HS: Hippocampal Sclerosis. *Data in media (X) and standard
deviation (SD). Variable age: aPNH was older than FCD IIa, p < 0.05.
Anatomical SEEG-SOZ: bFCD IIa were more frequent in frontal lobe,
p < 0.0001. cHS only was found in temporal lobe, p < 0.0001. SEEG-SOZ
patterns: dPMG presented more frequently LVFA, p < 0.0001. eFCD IIa pre-
sented more frequently RFSB, p < 0.0001. Duration: fHS presented a longer
duration with respect to PMG, p < 0.01; gFCD IIa, p < 0.001 and hFCD IIb,
p < 0.001.
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frequency (50 Hz, pulse width 1msec, 5 s) to map functionally eloquent
regions and to reproduce ictal manifestations (IRES 600 CH electrical
stimulator, Micromed or OSIRIS NeuroStimulator, Inomed). Evoked
potentials were also performed to identify physiological functions in
specific regions of interest. When the SEEG-SOZ was clear-cut and
univocally located, SEEG guided radiofrequency THC was performed,
according to the method described by Guénot [27]. This procedure is
extremely successful in malformations such as periventricular nodular
heterotopia (PNH) [28]. Finally, when at least one seizure was recorded
and the functional mapping was obtained, the electrodes were re-
moved.

2.4. Stereo-EEG analysis

For Stereo-EEG video-monitoring, a Nihon Kohden System with 192
channels recorded at 1000 Hz sampling rate was used. Wake and sleep
recordings were examined by two neurologists (LT, VP) to define the
Lesional Zone (LZ, cortical area in which background activity is altered
and slow waves are predominant), the Irritative Zone (IZ, site of spiking
activity). In this manuscript, we defined as ‘Stereo-EEG identified
Seizure Onset Zone’ (SEEG-SOZ) the area of cortex which is indis-
pensable for the generation of epileptic seizures based on Stereo-EEG
analysis. The seizure onset zone (SOZ) can also be defined “the site of
the beginning of the epileptic seizures and of the primary organization”
of the ictal discharge. [29–31] This definition is different from the post-
hoc and operational designation of the ZE as the cortical tissue to be
removed in order to treat the patient [32].

We reviewed wake and sleep interictal and ictal recordings to de-
lineate the LZ, the IZ and the SEEG-SOZ [29,33]. The identification of
the LZ, IZ and SEEG-SOZ boundaries were consistent among different
reviewers; possible discrepancies were solved after open discussion.

2.4.1. Interictal activity and the SEEG-SOZ
We calculated the percentage of leads involved both in seizure onset

(SEEG-SOZ) and in LZ/IZ during wakefulness, in comparison to the
total involved wake leads:

°

°

n leads involved in wake LZ
TOT n leads involved in wake LZ

(SEEG-SOZ) (or IZ)
(or IZ)

* 100

We also calculated the percentage of leads involved in seizure onset
and LZ/IZ during sleep, with respect to the total of leads involved in
sleep LZ/IZ:

°

°

n leads involved in sleep LZ
TOT n leads involved in sleep LZ

(SEEG-SOZ) (or IZ)
(or IZ)

* 100

In addition, we calculated the percentage of leads involved both in
seizure onset and in wake LZ or IZ, with respect to all leads included in
seizure onset:

°

°

n leads involved in wake LZ
TOT n leads

(SEEG-SOZ) (or IZ)
(SEEG-SOZ)

* 100

Finally, we calculated the same percentages in sleep:

°

°

n leads involved in sleep LZ
TOT n leads

(SEEG-SOZ) (or IZ)
(SEEG-SOZ)

* 100

Table 2.A summarizes the results.

2.4.2. Post-ictal suppression and seizure onset zone
We evaluated the percentage of leads involved both in seizure onset

and in postictal suppression, with respect to the total recording leads.
Electrical seizure termination was characterized by focal disorganized
or depressed background activity, without paroxysmal features [34]
usually associated to slow waves. The percentage of leads involved both
in seizure onset and in post-ictal suppression was calculated with re-
spect to the total leads with suppression:

°

°

n leads
TOT n leads

(SEEG-SOZ) with/post-ictal suppression
with/post-ictal suppression

* 100

We also assessed the percentage of leads involved both in seizure
onset and in post-ictal suppression, with respect to all leads included in
seizure onset:

°

°

n leads
TOT n leads

(SEEG-SOZ) with/post-ictal suppression
(SEEG-SOZ)

* 100

These calculations showed the percentage of leads that presented
both ictal onset pattern and post-ictal suppression. Table 2.B sum-
marizes these results.

2.5. Histopathology procedures

The surgical specimens were fixed in 10% neutral buffered formalin
and were paraffin-embedded. Sections (4-10 μm) were stained using
haematoxylin and eosin, thionin, Kluver-Barrera and Bielschowsky
techniques. Routine immunocytochemical investigations were also
performed using anti-glial fibrillary acid protein (GFAP: Roche
Diagnostics, Mannheim, Germany or Chemicon International,
Temecula, CA, U.S.A.), anti-neurofilament (2F11 monoclonal, DAKO,
Denmark; SMI311R, Covance, San Diego, CA, U.S.A.) and neuron-spe-
cific nuclear protein (NeuN; Chemicon).

2.6. Statistical analysis

Because of the non-normal distribution of the data, differences in
quantitative variables between the groups were established using two
tailed Kruskal-Wallis and Dunn´s multiple comparison tests. Differences
were considered significant at p < 0.05. For qualitative variables, the
Fisher exact test and Bonferroni correction for multiple comparison
were used. For results between ictal pattern and histology, a Receiver
Operating Characteristic (ROC) curve was created, with their respective
Area Under the Curve (AUC). Sensibility, specificity, positive predictive
value and negative predictive value were also calculated. Odds Ratio
(OR) and 95% confidence interval (CI) were calculated with binomial
logistic regression, applied in order to identify confounding interactions
among every ictal pattern, histopathologies and lobes involved. Kaplan-
Meier survival curves were used to compare the probability of re-
maining in Engel class Ia, for patients who underwent complete and
incomplete SEEG-SOZ resections.

The results were reported using mean + standard deviation (SD),

Table 2
A: Concordance between the percentage of SEEG-SOZ leads involved in either
LZs or IZs (LZ: slow waves with disrupted background activity, IZ: spiking ac-
tivity) during wake and sleep, in patients with different lesions. B: Percentage of
SEEG-SOZ leads involved in postictal suppression in patients with different
lesions.

A

PMG PNH FCD I FCD IIa FCD IIb HS

Wake LZ 28+28 12+22b 38+30 79+28 78+28 35+27d

Sleep LZ 24+20a 9+21c 32+28 82+26 74+34 39+27e

Wake IZ 35+29 58+35b 48+33 87+19 83+22 80+27d

Sleep IZ 45+32a 58+33c 45+31 87+23 80+27 79+32e

Mean+SD 33+28fg 34+37fg 41+30fg 84+24f 79+28g 58+35f

B

PMG PNH FCD I FCD IIa FCD IIb HS

(%) Mean+SD 64+31 59+41 53+32 86+25a 79+27 40+41h

PMG: Polymicrogyria, PNH: Periventricular Nodular Heterotopia, FCD: Focal
Cortical Dysplasia, HS: Hippocampal Sclerosis. ap: 0.029, bp < 0.0001, cp <
0.0001, dp: 0.001, ep: 0.003, fp: 0.001, gp: 0.001, hp: 0.01.
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median, range and percentages. For statistical analysis IBM SPSS
Statistics 21 was used and GraphPad 5 for graphics.

3. Results

Of the 102 patients included in the study, 55 were females (53,9%)
and 47 males (46.1%), with mean ± SD age of 26.6 ± 12 years at
surgical treatment and epilepsy duration of 17.5 ± 10.9 years.
Structural lesions neuroradiologically identified and/or demonstrated
after neuropathological evaluation were: 15 PMGs, 19 PNHs, 17 FCDs
type I, 20 FCDs type IIa, 19 FCDs type IIb and 12 HS. Mean ± SD post-
surgical follow-up was 5.9 ± 2.3 years (range 1.4–11.5 years).
Postsurgical seizure outcome was evaluated according to the scale de-
veloped by Engel: [25] 62 patients (68%) were in Engel’s class Ia, 5 in
class Ib (4.9%), 8 in Ic (7.8%), 7 in Id (6.9%), 8 in class II (7.8%), 9 in
class III (8.8%) and 3 in class IV (2.9%). Table 1 summarizes patients’
clinical characteristics grouped by histopathology.

We reviewed wake and sleep interictal recordings, as described in
the Methods and as previously defined [30,33]. For each neuropatho-
logical entity, we reported the percentage of leads involved in LZ and/
or IZ, with respect to the total SEEG-SOZ leads. We assessed the asso-
ciation between the location of interictal abnormalities with respect to
the SEEG-SOZ in different patient sub-groups. For all measurements, no
significant differences were observed between wake and sleep condi-
tions (Table 2A).

The study of the association between different SEEG-SOZ patterns
and the underlying pathologies revealed 5 different seizure onset pat-
terns (see Fig. 1]): 1) Low-voltage fast activity (LVFA; < 10 μV) char-
acterized by>100 Hz fast activity and initial amplitude that starts
abruptly and may be accompanied by DC shift or a slow-wave
[13,35–37]. 2) Fast activity (FA) between 13 and 100 Hz with medium
voltage amplitude, it is usually non-tonic activity, accompanied by DC
shift or interictal spikes. 3) Rhythmic sharp activity (RSA) that featured
either high-voltage sharply-contoured rhythmic activity in the alpha-
theta range [35,36,38] or spindle-like elements. 4) Repetitive fast spikes
bursts (RFSB), similar to previously defined brushes [39], characterized
by brief sequences of low-amplitude high frequency polyspikes, often
preceded by repetitive spikes or spike and wave complex, and followed
by LVFA or FA. 5) Slow burst (SB) of repetitive high-voltage spikes or
spike and wave complex, typically recurring at a frequency of 0.5–4 Hz
[37].

3.1. Interictal abnormalities and the SEEG-SOZ

Signal patterns observed during the interictal periods (LZ and IZ)
were described in the Methods. In most histopathological groups, a
weak correlation was observed between interictal abnormalities (LZ
and IZ) and SEEG-SOZ, with the exception of FCD type IIa and IIb
(Table 2.A). The active leads for interictal abnormalities and SEEG-SOZ
were concordant on average in 84+24% and 79+28% for FCD IIa and
IIb, respectively. Concordance was not significant (Table 2.A) for all
other lesions. The dependence between IZ and SEEG-SOZ was higher
than the one between LZ and SEEG-SOZ, in particular for PNH and HS.
We did not find significant differences between wake and sleep states.

Specific interictal activities in the LZ were considered to be pa-
thognomonic of PNH: intranodular background rhythms consisted in
flattening periods mixed with low voltage low frequency activities, with
frequent angled high voltage spikes, asynchronous among different
nodules and synchronous with the overlying cortex in the majority of
cases [40]. This activity was not related with a specific lobar location of
the nodules. Lesion-specific interictal activity was observed also in FCD
type II; it was characterized by the total absence of background activity
and by repetitive, high amplitude and fast spikes, followed by high
amplitude slow waves, similar to ictal RFSB, mixed with relatively flat
inter-bursts periods. This activity, defined as brushes, recurred pseudo-
periodically [20,39]. Different parts of the FCD exhibited brushes with
variable frequency and synchronicity in the same patient.

3.2. Association between SEEG-SOZ patterns and histopathologies

The revision of SEEG-SOZ patterns demonstrated correlations with
specific histopathologies. We found a statistically significant association
between LVFA and PMG, as well as between RFSB pattern and the
presence of FCD type IIa, with AUC of 85% and 83% respectively in the
ROC curves (p < 0.0001, Table 3). A trend was also observed between
RFSB and FCD type IIb, FA with PNH, RSA with FCD type I and SB with
HS, although these associations did not endure the more restrictive
Bonferroni correction for multiple comparisons. Table 3 shows AUC
values, sensitivity, specificity and positive predictive values and nega-
tive predictive values; Fig. 2 highlights ictal patterns distribution
among histopathologies.

SEEG-SOZ pattern analysis in HS, observed according to ILAE clas-
sification [35], did not show specific patterns in the groups of patients

Fig. 1. Seizure Onset Zone Stereo-EEG patterns. LVFA: Low-voltage fast activity with slow DC shift; FA: Fast activity; RSA: Rhythmic sharp activity; RFSB: Repetitive fast
spikes bursts; SB: Slow burst of polyspikes. Seizure onset is marked by the arrow. Bipolar montage.
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with normal hippocampal volumes and with hippocampal atrophy
(p=0.74).

Subsequently, we evaluated the influence of the lesion localization
on ictal pattern and histopathology. Sixty-four patients presented
mono-lobar seizure onset; for the multilobar seizures we consider every
lobe involved. Different seizure patterns were observed in all lobes, but
RSA was never found in the frontal lobe and SB was never observed in
the insula and in occipital or parietal lobes. RFSB were more frequent in
the frontal lobe (Table 4, p < 0.0001). However, when performing a
binary logistic regression using RFSB pattern as dependent variable,
and both FCD type IIa histology and lobar location as independent co-
variables, an association was confirmed despite localization (OR: 18.2,
95% CI: 3.8–87.4, p: 0.0001, Table 4).

3.3. Singular characteristics of SEEG-SOZ patterns among histopathologies

Particular features of ictal onset, spread, post ictal suppression and
ictal duration during seizures were found among different histo-
pathologies.

3.3.1. Ictal onset
Ictal LVFA pattern was accompanied with a DC-shift in patients with

PMG (12/14) and PNH (10/10); only one PNH patient presented FA
with DC-shift. However, none of the FCD type II patients with LVFA (1/

20 FCD type IIa and 3/19 FCD type IIb) showed DC-shift. Finally, FCD
type I was the only histopathology in which we identified all types of
ictal patterns.

3.3.2. Spread
In 12 of 17 FCD type IIa (71%) RFSB was followed by LVFA and in 5

patients by FA. In FCD type IIb patients presenting RFSB as ictal onset
pattern, in 6 cases RFSB was followed by LVFA and in 3 cases by FA,
while in 2 cases RFSB was not followed by fast activity. In FCD type IIb,
we also found isolated LVFA in 3 out of 19 patients. In FCD group, FA
with increasing interictal spikes prevailed (FCD type I 1/2, FCD type IIa
1/1, FCD type IIb 5/5). In PNH and FCD type I, we rarely observed
RFSB without LVFA. In FCD type I and in HS, the ictal discharge rapidly
became spatially diffused. In HS, peculiar high amplitude positive
spikes at a frequency of 1–2 Hz were found, and discharge propagation
across leads occurred slowly and diffusely over several seconds.

3.3.3. Post ictal suppression
In FCD type IIa and IIb, postictal suppression remains localized and

concordant with SEEG-SOZ (86 + 25% and 79 + 27%, respectively). In
HS, a widespread postictal suppression was observed, with a con-
cordance between suppression zone and the SEEG-SOZ of 40 + 41%
cases (Table 2.B).

3.3.4. Duration
HS presented with a longer seizure duration (107.4 + 38.2 s) with

respect to other histopathologies,[24] with statistically significant dif-
ferences compared to PMG (48.7 ± 60.1 s, p < 0.01), FCD IIa (47.9 +
75 s, p < 0.001) and FCD IIb (31.8 + 24.2 s, p < 0.001) (Table 1).

3.4. Prognostic factors

Of the 102 patients analyzed, 84 had surgery and in 18 patients THC
of the SEEG-SOZ leads was performed (15 of them with PNH). The
percentage of seizure-free patients (Engel class Ia) by the end of the
follow-up were 58.3% (49/84) in the surgical and 72% (13/18) in THC

Table 3
Histology and SEEG-SOZ patterns analysis.

Histology /
SEEG-SOZ Patterns

AUCa Sensibility Specificity PPV NPV p Valueb

PMG / LVFA 83% 93% 72% 37% 98% <0.0001
PNH / FA 64% 42% 86% 40% 87% 0.011
FCD I / RSA 60% 24% 97% 57% 86% 0.014
FCD IIa / RFSB 85% 85% 84% 57% 96% <0.0001
FCD IIb / RFSB 68% 58% 77% 37% 89% 0.005
HS / SB 60% 25% 96% 43% 91% 0.034

PMG: Polymicrogyria. PNH: Periventricular Nodular Heterotopia. FCD: Focal
Cortical Dysplasia. HS: Hippocampal Sclerosis. LVFA: Low-Voltage Fast
Activity. FA: Fast Activity. RSA: Rhythmic Sharp Activity. SB: Burst of high-
amplitude polyspikes or spike and wave complex. AUC: Area Under Curve. PPV:
Positive Predictive Value, NPV: Negative Predictive Value. aAUC using Receiver
Operating Characteristic curve; bp value obtained using Fisher Exact Test. We
considered statistically significant the p values obtained with Fisher Exact Test
and Bonferroni correction for multiple comparison with a factor of 30 (six
histopathologies by five ictal patterns), corresponding to a significative ad-
justed alpha of p < 0.00167.

Fig. 2. SEEG-SOZ pattern grouping with respect to their histopathology. PMG:
Polymicrogyria. PNH: Periventricular Nodular Heterotopia. FCD: Focal Cortical
Dysplasia. HS: Hippocampal Sclerosis. LVFA: Low-Voltage Fast Activity. FA:
Fast Activity. RSA: Rhythmic Sharp Activity. SB: slow burst of high-amplitude
polyspikes or spike and wave complex. *p value (Table 3) obtained using Fisher
Exact Test. We considered statistically significant the p values obtained with
Fisher Exact Test and Bonferroni correction for multiple comparison with a
factor of 30 (6 histopathologies by 5 ictal patterns), corresponding to a sig-
nificative adjusted alpha of p < 0.00167.

Table 4
Anatomical location and SEEG-SOZ patterns.

Frontal (n° pts) Temporal (n° pts) Parietal
(n° pts)

Occipital (n° pts) Insula
(n° pts)

LVFA 14 22 10 6 10
RSA 0 6 1 2 1
FA 5 12 5 4 1
RFSB 24a 3 5 1 7
SB 2 5 0 0 0

Anatomical SEEG-SOZ location and RFSB pattern*

OR 95% CI p value

FCD type IIa 18.2 3.8 87.4 0.0001
Frontal 4.2 0.6 28.0 0.138
Temporal 0.3 0.1 2.0 0.203
Parietal 2.7 0.5 15.0 0.258
Occipital 0.5 0.1 7.2 0.630
Insula 0.6 0.1 2.6 0.519

LVFA: Low-Voltage Fast Activity, FA: Fast Activity, RSA: Rhythmic Sharp
Activity at< 13Hz, SB: Burst of high-amplitude polyspikes or spike and wave
complex. aFrontal lobe presented more frequently RFSB, p < 0.0001. We
considered statistically significant the p values obtained with Fisher Exact Test
and Bonferroni correction for multiple comparison with a factor of 25 (5 lobes
by 5 ictal patterns), corresponding to a significative adjusted alpha of
p < 0.002.
*The multivariate analysis with binary logistic regression using RFSB pattern as
dependent variable, FCD type IIa as characteristic histology and each brain lobe
as independent co-variables, revealed an association between RFSB and FCD
type IIa, despite localization.
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groups. Complete SEEG-SOZ surgical resection was achieved in 62 of 84
patients and partial SEEG-SOZ resection was intentionally performed in
the rest of the cases, to preserve eloquent areas (sensory, language and
motor functions). As expected [22,23,30,33], complete resection of the
SEEG-SOZ was a protective prognostic factor for achieving seizure
freedom after the surgery (p < 0.0001 Log-rank test).

When analyzing the post-surgical seizure outcome in patients with
complete SEEG-SOZ resection, we found differences in post-surgical
prognosis for each histopathology with specific SEEG-SOZ patterns. Six
out of seven PMG patients (85.7%) with LVFA were seizure free. In PNH
no differences in post-surgical outcome were observed between FA and
other patterns. In FCD type I, all patients with RSA (4) and 62.5% (5/8)
with other patterns reached seizure free status. A high rate of seizure
freedom was observed among patients with FCD type IIa (87.5%, 14/
16), 12 of which presented with typical RFSB pattern. However, in FCD
type IIb, seizure freedom was achieved in 66.7% (6/9) of patients
having typical RFSB pattern compared to 87.5% (7/8) of those having
other patterns. Five out of 8 patients with HS (62.5%) achieved seizure
freedom and only 1 HS patient had SB ictal pattern.

4. Discussion

We describe the ictal and interictal Stereo-EEG patterns of over a
hundred patients with drug-resistant epilepsy due to PMG, PNH, FCD
type I, IIa, IIb and HS demonstrated by MRI and/or histopathological
findings. As in previous studies [13,16,22,39], five prevalent SEEG-SOZ
patterns were observed. Considering the activity recorded at seizure
onset in the leads with a strict relationship with the lesion, a statisti-
cally significant dependency was found between the presence of LVFA
and PMG, and between RFSB and FCD type IIa. A correlation trend was
observed between RFSB and FCD type IIb, FA and PNH, RSA and FCD
type I, SB and HS. When assessing post-surgical prognosis, complete
SEEG-SOZ resection was a predictive factor for seizure freedom. This is
not unexpected and has been previously reported [22,25,32,41]. Most
patients with PMG, FCD type I, IIa and IIb presenting pathognomonic
ictal patterns (LVFA, RSA and RFSB, respectively) achieved seizure
freedom after surgery with significant frequency. These findings sup-
port the hypothesis that different histopathologies have a peculiar
neurophysiological pattern, although not a unique one. The data also
demonstrate that resection/THC of lesions with pathology-specific ictal
patterns yield the best post-treatment seizure outcome.

In our study, most seizure onset patterns show fast activity, fre-
quently associated with DC-shift. Only two infrequent patterns, RSA
and SB, exhibited alpha or lower frequencies band components, 10 of
them recorded into the temporal lobe. Furthermore, LVFA was the only
seizure onset pattern occurring in all histologies [16]. In line with
previous studies [23], we confirmed that fast activities were mostly
associated to the SEEG-SOZ, while slower patterns identified areas of
secondary propagation. Ictal fast activities as biomarkers of epilepto-
genicity were found in all histopathologies, with the highest frequency
recorded in PMG [16,42–44]. Scalp EEG FA at seizure onset have also
shown good prognostic surgical outcomes in patients with frontal lobe
or non-lesional epilepsy [45].

The correct spatial identification of the SEEG-SOZ is critical to
achieve complete resection, which is the most important prognostic
factor for seizure-free status after surgery [21,43,46,47]. In line with
previous observations [16], we confirmed that the lobar location of the
SEEG-SOZ did not impact on seizure patterns, which was mainly in-
fluenced by the underlying histopathology. Previous studies with
smaller sample sizes, showed an association between LVFA and PMG,
RFSB with FCD [39], and SB with HS [48].

According to Spanedda’s observations [35], the onset pattern in HS
is correlated with the severity of hippocampal atrophy: high fre-
quencies (> 13Hz) were predominant in the group with normal vo-
lumes hippocampi, whereas slow frequencies were more represented in
patients with hippocampal atrophy. In our study, the pattern of seizure

onset was not significantly related to any specific ILAE hippocampal
sclerosis subtype.

The average duration of the discharges was different among the
histologies: HS displayed longest seizure duration, while FCD type IIb
shows the shortest seizure duration. de Curtis and his coworkers sug-
gested that interictal events are sustained by cellular and pharmaco-
logical mechanisms which change according to the site of generation.
They also suggested that interictal epileptiform discharges may control
brain hyper-excitability within the epileptic network and protect the
cortical region against seizure entrainment, as supported by the pro-
longed duration of the seizures in temporal lobe epilepsy [49]. These
findings were recently confirmed by a Stereo-EEG analysis of seizure
patterns in a large population of patients with focal drug-resistant
epilepsy [24]; in this study seizure that involved mesial temporal re-
gions showed longer duration in comparison to those observed in
neocortical regions. Our findings indicated that electrophysiological
behavior across histologies was heterogeneous in terms of both seizure
onset pattern and interictal characteristics, suggesting a need for fur-
ther studies about primary epileptogenic mechanisms.

Finally, our study contributes to the current debate on the relevance
of ictal and interictal recordings for the identification of the SEEG-SOZ.
Interictal information in our patient cohort was insufficient to clearly
locate the SEEG-SOZ. FCD type II, in particular IIa, represented the only
type of lesion in which interictal abnormalities could lead to define the
SEEG-SOZ with great accuracy [20,39]. Interestingly, we noted that the
occurrence of RFSB was not strictly associated to FCD with balloon cells
(type IIb) [39], and represented a distinctive pattern also in FCD type
IIa.

There are several limitations to the present study. The most im-
portant are the retrospective approach, the small sample size and the
inclusion of very challenging pre-surgical patients. Prospective studies
will be necessary in order to validate the reliability and the relevance in
clinical practice of our results.

In conclusion, this paper demonstrates that the tridimensional
spatial delineation of the SEEG-SOZ, based on ictal and interictal Stereo
EEG features, can be exploited to draw a relationship with the under-
lying lesion type. The specific histopathological substrates generate
lesion-specific electrical fingerprint, which may help to clarify patient
prognosis and could contribute to guide and to improve a successful
strategy for surgical resection and THC treatments.
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