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Summary

Purpose—Removal of areas generating high-frequency oscillations (HFOs) recorded from the
intracerebral electroencephalography (iEEG) of patients with medically intractable epilepsy has
been found to be correlated with improved surgical outcome. However, whether differences exist
according to the type of epilepsy is largely unknown. We performed a comparative assessment of
the impact of removing HFO-generating tissue on surgical outcome between temporal lobe
epilepsy (TLE) and extratemporal lobe epilepsy (ETLE). We also assessed the relationship
between the extent of surgical resection and surgical outcome.

Methods—We studied 30 patients with drug-resistant focal epilepsy, 21 with TLE and 9 with
ETLE. Two thirds of the patients were included in a previous report and for these, clinical and
imaging data were updated and follow-up was extended. All patients underwent iEEG
investigations (500 Hz high-pass filter and 2,000 Hz sampling rate), surgical resection, and
postoperative magnetic resonance imaging (MRI). HFOs (ripples, 80-250 Hz; fast ripples, >250
Hz) were identified visually on a 5-10 min interictal iIEEG sample. HFO rates inside versus
outside the seizure-onset zone (SOZ), in resected versus nonresected tissue, and their association
with surgical outcome (ILAE classification) were assessed in the entire cohort, and in the TLE and
ETLE subgroups. We also tested the correlation of resected brain hippocampal and amygdala
volumes (as measured on postoperative MRIs) with surgical outcome.

Key Findings—HFO rates were significantly higher inside the SOZ than outside in the entire

cohort and TLE subgroup, but not in the ETLE subgroup. In all groups, HFO rates did not differ
significantly between resected and nonresected tissue. Surgical outcome was better when higher
HFO rates were included in the surgical resection in the entire cohort and TLE subgroup, but not
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in the ETLE subgroup. Resected brain hippocampal and amygdala volumes were not correlated
with surgical outcome.

Significance—In TLE, removal of HFO-generating areas may lead to improved surgical
outcome. Less consistent findings emerge from ETLE, but these may be related to sample size
limitations of this study. Size of resection, a factor that was ignored and that could have affected
results of earlier studies did not influence results.

Keywords

High-frequency oscillations; Intracerebral EEG; Epilepsy surgery; Temporal lobe epilepsy; Extra-
temporal lobe epilepsy

In epilepsy surgery, an often-debated topic is the extent of cerebral resection required to
render a patient seizure free without important postoperative neurologic sequelae (Okonma
et al., 2011). Although preserving neurologic function remains a desirable goal, uncontrolled
seizures and adverse effects of antiepileptic drugs (AEDs) are the strongest predictors of
impaired quality of life after epilepsy surgery (Choi-Kwon et al., 2008). The most critical
issue in surgically remediable epilepsies is to define the epileptogenic zone, which involves
an accurate assessment of the seizure-onset zone (SOZ) on the electroencephalography
(EEG) and the ability to detect a lesion on magnetic resonance imaging (MRI). In EEG and
MRI, several advances have been made in recent years potentially allowing for improved
surgical resections. High-frequency oscillations (HFOs), namely ripples (80-250 Hz) and
fast ripples (FRs, >250 Hz), have been recorded from the intracerebral EEG (iEEG) in
experimental models and in patients with pharmacoresistant focal epilepsy undergoing
presurgical investigation (Bragin et al., 1999a,b; Jacobs et al., 2008; Engel et al., 2009;
Jacobs et al., 2009; Crepon et al., 2010). They are more closely linked to the SOZ than
interictal spikes (Jacobs et al., 2008). In addition, removal of HFO-generating areas is
associated with a favorable surgical outcome in children and adults with drug-resistant
epilepsy (Jacobs et al., 2010; Wu et al., 2010).

Advances in neuroimaging and image processing can assist clinicians in the identification of
structural lesions or brain dysfunction. Diffusion tensor imaging and functional MRI, for
instance, detect, respectively, white matter abnormalities and blood oxygen level-dependent
(BOLD) signal changes that have the potential to provide a better understanding of the
concept of epileptogenicity (Gotman & Pittau, 2011; Schmidt & Pohlamnn-Eden, 2011).
Image processing, such as voxel-based morphometry, may uncover structural abnormalities
that are missed with standard MRI sequences, for example, focal cortical atrophy
(Bernasconi & Bernasconi, 2011). At the present time, it is also possible to establish
correspondences across brain structures with accurate and rapid registration tools (Klein et
al., 2009). These tools allow precise comparison across different imaging modalities and
offer additional information in the identification of epileptogenic tissue. In mesial temporal
lobe epilepsy (TLE), coregistration techniques have been used to demonstrate that
hippocampal fast ripple (FR)-generating sites correspond with local areas of atrophy (Ogren
et al., 2009).
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In this study, we investigated patients with drug-resistant focal epilepsy of temporal and
extratemporal lobe origin. Specifically, our objective was to evaluate whether the impact of
removing HFO-generating areas differs on surgical outcome between temporal lobe and
extratemporal lobe epilepsy (ETLE). To correlate HFO-generating areas with the extent of
surgical resections, we used accurate MRI coregistration techniques. This analysis was
complemented by assessing the relationship between the volume of surgical resection and
postsurgical seizure outcome.

Patients and Methods

Patients’ selection and recording methods

Of 77 patients with drug-resistant focal epilepsy undergoing iEEG recordings with 500-Hz
high-pass filter and 2,000 Hz sampling rate at the Montreal Neurological Institute (MNI)
between November 2004 and November 2009, 30 (40%) met study inclusion criteria: (1) use
of “MNI” depth electrodes (see description below) for iEEG recordings; (2) a surgical
resection; (3) a preoperative and postoperative MRI; and (4) a postoperative follow-up of at
least 9 months (Table 1). Of these 30 patients, 21 had TLE and nine had ETLE (six with a
seizure focus in the frontal lobe, one in the temporooccipital region, and two in the occipital
lobe). Of note, 20 patients were included in a previous report (Jacobs et al., 2010). For these
patients, clinical and imaging data were updated (one patient underwent a second surgical
resection) and follow-up was extended. The decision to perform an iEEG investigation was
based exclusively on clinical reasons. The study was approved by the MNI Research Ethics
Committee, and all patients provided written informed consent prior to study enrolment.

A combination of depth and cortical surface electrodes were implanted stereotactically
according to clinical criteria using an image-guidance system (SSN Neuronavigation
System, Mississauga, ON, Canada). Electrodes were manufactured onsite. A 10/1,000-in.
(0.254 mm) wire of stainless steel was used as a central core and wrapped with a 3/1,000-in.
(0.076 mm) steel wire. Each electrode had nine contacts, with the deepest contact (contact 1)
consisting of the tip of the steel core stripped of insulation. This contact had a length of 1
mm, whereas all other contacts (2—9) were formed from stripped sections of the marginal
wire that was tightly wound to create 0.5-mm long coils. The effective surface area for
contact 1 was 0.80 and 0.85 mm? for contacts 2-9.

iEEG were recorded using the Harmonie long-term monitoring system (Stellate, Montreal,
QC, Canada), with a low-pass filter of 500 Hz and a sampling rate of 2,000 Hz. We also
recorded the electrooculogram (EOG) and electro-myogram (EMG) to facilitate sleep
staging. We analyzed interictal samples of slow-wave sleep lasting 5-10 min, selected as
previously described (Bagshaw et al., 2009). The SOZ was defined by the same experienced
neurophysiologist (FD) as the contacts involved in the first definite ictal activity. We used
the International League Against Epilepsy (ILAE) classification (Wieser et al., 2001) to
classify patient’s outcome at the time of the last follow-up visit. A favorable outcome was
defined as ILAE class 1-3, whereas a poor outcome as ILAE class 4-6.
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Marking of spikes and HFOs

HFOs (ripples, 80-250 Hz; FRs, 250-500 Hz) were marked visually on a 5-10 min slow-
wave sleep interictal iIEEG sample that was separated by at least 4 h from any seizure,
according to a method used in several studies (Zelmann et al., 2009). Spikes were marked
independently of HFOs. Spikes were marked in the unfiltered iEEG, and markings were then
made invisible before applying settings for HFO identification. To mark HFOs, which are
usually undetectable in the unfiltered iEEG, traces were displayed with the maximum time
resolution of the computer monitor (0.6 s, 1,200 samples). The display was split vertically
with an 80-Hz high-pass filter on one side and a 250-Hz high-pass filter on the other side. A
ripple was marked if an event was only visible on the 80-Hz filter and not on the 250-Hz
filter. An FR was marked if an event was visible on the 250-Hz filter and not on the 80-Hz
filter. Because filtering of sharp transients, such as spikes, sometimes results in “false”
HFOs consisting in most cases of three consecutive oscillations or less (Bénar et al., 2010),
only events containing at least four consecutive oscillations were regarded as HFOs. In
addition, two events were considered as distinct if they were separated by at least two non-
HFO oscillations. After marking HFOs and spikes, a program was run on MATLAB (The
Mathworks Inc., Natick, MA, U.S.A.) to calculate the frequency of HFO and spike
occurrence per contact.

Imaging processing

All patients had preoperative (preop) and postoperative (postop) MRIs. Postop MRIs were
acquired 5-46 months after surgery in the TLE subgroup, and 7-36 months after surgery in
the ETLE subgroup. Seven patients (five with TLE and two with ETLE) also had an MRI
immediately after depth electrodes explantation (expl MRI) and prior to surgery, which
enabled precise assessment of electrode localization by visualization of their tracts. MRIs
cannot be obtained during iEEG study because of electrode-MRI incompatibility. MRI
acquisition protocols varied among patients. In 25 preop, 20 postop, and 7 expl MRIs, T1-
weighted sequences were acquired using the following parameters: 180 slices of 1-mm
thickness, echo time (TE) = 8 msec, repetition time (TR) = 23 msec, flip angle 20 degrees,
0.5 x 0.5 mm? in-plane pixel size on 1.5 Tesla GE Signa EXCITE (General Electric,
Milwaukee, WI, U.S.A.). The remaining 5 preop and 10 postop MRIs included gadolinium
injection, whereas images were acquired using analogous sequence parameters.

The following preprocessing steps were applied to all MRI scans. First, the program N3
(Sled et al., 1998) was used to correct for image intensity nonuniformity. Second, linear
histogram scaling to the International Consortium Brain Mapping (ICBM152) template
(Fonov et al., 2011), based on the technique of Nyul et al. (2003), was used to obtain
intersubject linear image intensity normalization. Third, a linear (nine parameter)
transformation estimated with the mritotaltool from the MINC mni_autoreg software
package (Collins et al., 1994) was applied to achieve inter-subject spatial alignment to the
Talairach-like ICBM152 stereotaxic space. Fourth, a patient-specific brain mask was created
by applying Brain Extraction Tool (BET) from the Oxford Centre of Functional MRI of the
brain Software Package (FSL) to the MRI data (Smith, 1998). At the end of this four-step
procedure, MRI data were intensity normalized, skull stripped, and spatially aligned within
the ICBM152 stereotaxic space.
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All preop and expl MRIs were transformed into the postop MRIs space using the Automatic
Nonlinear Image Matching and Anatomical Labelling (ANIMAL) registration method
(Collins et al., 1994), which aligned preop and postop MRI data. This allowed for an
accurate assessment on the expl and postop MRI of whether a contact was inside a tissue
subsequently resected (Table 1 and Fig. 1).

Using the MNI Display software (www.bic.mni.mcgill.ca/ServicesSoftware), we segmented
the surgical cavity to measure the volume of the resected brain tissue on the postop MRI. We
could assess accurately the resected brain tissue because postoperative MRIs were acquired
at least 5 months after surgery, which is enough time for any postoperative brain alteration to
heal. To compute the volume of the resected hippocampal and amygdala tissue, the
segmentation of the surgical cavity was then mapped through each inversed transformation
onto the preop MRI. We used a fully automated method with a template library and label
fusion (Collins & Pruessner, 2010) to segment the amygdala and hippocampus of the preop
MRI in the TLE subgroup. In brief, this method is based on the same preprocessing steps
described above and on label fusion techniques to combine segmentations from the most
similar templates to a given MRI (Fig. 2). Finally, combining the hippocampus-amygdala
segmentations and the segmentation of the surgical cavity allows enabled estimation of the
volume of the resected hippocampus and amygdala.

Statistical analysis

In all patient groups, the Wilcoxon rank sum test was used to assess HFO and spike rates in
contacts inside versus outside the SOZ, and in contacts inside versus outside the resected
tissue. We also calculated the ratio between HFO rates in removed (Rem) contacts and those
in nonremoved (honRem) contacts, using the following formula:

ratio (ev) =[ R (ev) (Rem) —R(ey) (nonRem)] /[ R () (Rem)+(nonRem )]

where Ris the mean rate of an ev or event (ripple, FR). A ratio of +1 indicates that HFO-
generating areas have been removed entirely. On the other hand, a ratio of -1 indicates that
HFO-generating areas have remained entirely in brain. Similar ratios were also computed for
spikes and for the number of contacts inside/outside the SOZ.

In the TLE subgroup, a similar equation for HFO rates was applied only to the electrodes
targeting the amygdala, the head of the hippocampus, and the posterior hippocampus on the
side of the surgical resection. This secondary analysis was undertaken because we aimed to
assess the importance of HFO removal in mesial temporal structures in the TLE subgroup. If
the ratio for the three electrodes targeting the mesial temporal structures had a value close to
+1, it would mean that the majority of HFOs have been removed in the mesial temporal
structures.

The Wilcoxon rank-sum test was also used to compare event ratios between patients with a
favorable surgical outcome (ILAE classes 1-3) and those with a poor surgical outcome
(ILAE classes 4-6). We hypothesized that ratios would be close to +1 in patients with a
favorable outcome, and close to -1 in patients with a poor outcome.
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The Spearman rho was used to explore correlations between the surgical outcome and
volume of resection. Significance was set at p < 0.05.

Clinical characteristics and imaging data

Demographic, clinical, and imaging data for the entire cohort and the two subgroups are
shown in Tables 1 and 2.

In the entire cohort, there was a higher representation of men compared to women (21 vs. 9).
Age (mean [range]: 36.1 [16-58] years), age at onset of epilepsy (16.5 [1.5-49] years), and
duration of epilepsy (18.7 [1-46] years) were representative of samples from tertiary-care
epilepsy centers. The median number of implanted depth electrodes per patient was 6 and
the mean duration of postoperative follow-up was 23.7 (9-72) months.

In the 21 patients with TLE (14 men, 7 women), the mean age was 35.4 (25-58) years and
the mean duration of postoperative follow-up was 26.6 (9-72) months. Nine patients (43%)
had a favorable surgical outcome (ILAE classes 1-3). In the nine patients with ETLE (seven
men, two women), the mean age was 36 (16-52) years and the mean duration of follow-up
was 18.5 (10-49) months. Six patients (67%) had a favorable outcome (ILAE classes 1-3).

Mean resected brain volume was 18.05 cm?3 (0.1-58.9) in the entire cohort, 18.4 cm?3 (2.6—
58.9) in the TLE subgroup, and 22.91 cm3 (0.1-52.7) in the ETLE subgroup. In one patient
with MRI-evidence of focal cortical dysplasia in the precentral gyrus, a very limited
resection (0.1 cm? corresponding to a volume of 5 x 5 x 5 mm) was performed to spare the
motor cortex. In the TLE subgroup, the resected hippocampal volumes were substantially
smaller than the preoperative volumes (0.56 cm3 [0-1.7] vs. 3.27 cm3 [0-4.9]). The resected
amygdala volumes were substantially smaller than the preoperative volumes (0.17 cm3 [0—
0.5] vs. 1.36 cm?3 [0-2.2]). One case (patient 10) previously underwent a partial
amygdalohippocampectomy, which explains the small preoperative hippocampal and
amygdala volumes (Table 2). Two other patients (11 and 12) did not have measurable
preoperative hippocampal and amygdala volumes because they had previously undergone a
standard anterior temporal lobectomy (Table 2).

HFOs, spikes, and the SOz

In the entire cohort, ripple rates were significantly higher inside the SOZ than outside the
SOZ (mean [range] ripples/min: 41.8 [0.4-132.4] vs. 10.9 [0.3-46], p = 0.004), but no
significant differences were found for FR rates between contacts inside the SOZ and those
outside the SOZ (mean [range] FRs/min: 8.8 [0-31.4] vs. 1.7 [0-12.5]). Spike rates were
also significantly higher inside the SOZ than outside the SOZ (mean [range] spikes/min:
14.3 [0.2-52.9] vs. 3.7 [0 -3.1], p = 0.023).

In the TLE subgroup, ripple and FR rates were significantly higher inside the SOZ than
outside the SOZ (ripples: 38 [0-132.4] vs. 6.7 [0.3-64.8], p = 0.015; FRs: 7.4 [0-31.4] vs.
1.1 [0-4], p = 0.018). Spike rates were also significantly higher inside the SOZ than outside
the SOZ (spikes: 25.4 [0-28.7] vs. 3.3 [0-4.2], p = 0.012).
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In the ETLE group, no significant differences were found between contacts inside the SOZ
and those outside the SOZ in HFO (ripples: 20.8 [0.6-87.7] vs. 16.8 [1.3-20.9]; FRs: 0.06
[0-74.3] vs. 0.9 [0-12.5]) and spike rates (9.8 [0-52.9] vs. 17.8 [0-49.5]). When excluding
electrode contacts located in the amygdala and hippocampus, in which physiologic HFOs
are more commonly recorded, there was still no significant difference between contacts
inside the SOZ and those outside the SOZ in HFO and spike rates (data not shown).

HFOs, spikes, and the surgical resection

In the entire cohort, no significant differences were found in HFO and spike rates between
contacts that were included in the surgical resection and those that were not part of the
surgical resection (ripples: 18.3 [0-80.1] vs. 14.9 [0-59.8]; FRs: 3.5 [0-34] vs. 2.2 [0-13.5];
spikes: 8.3 [0-35.4] vs. 2.9 [0-5.8]).

In the TLE subgroup, no significant differences were found in HFO and spike rates between
contacts that were included in the surgical resection and those that were not part of the
surgical resection (ripples: 16.7 [0-58.2] vs. 14.8 [0-43.4]; FRs: 2.9 [0-14.5] vs. 1.6 [0—
4.3]; spikes: 6.2 [0-14.9] vs. 2.9 [0-5.2]).

In the ETLE subgroup, no significant differences were found in HFO and spike rates
between contacts that were included in the surgical resection and those that were not part of
the surgical resection (ripples: 22 [0.6-80.1] vs. 15.3 [0.7-59.8]; FRs: 4.9 [0-34] vs. 3.6 [0-
13.5]; spikes: 12.9 [0-35.4] vs. 2.9 [0-5.8]).

HFOs, spikes, and the surgical outcome

In the entire cohort, the ratio between ripple rates in removed and nonremoved contacts was
significantly higher in patients with a favorable outcome (ILAE classes 1-3) compared to
patients with a poor outcome (ILAE classes 4-6) (0.06 [range, —1 to 1] vs. —0.44 [-1 t0 0.5]
respectively, p = 0.02; Fig. 3). No significant between-group differences were found for FRs
and spikes (FRs: 0.08 [range, —1 to 1] vs. —0.4 [-1 to 0.86]; spikes: —0.05 [range, -1 to 1]
vs. —0.08 [-1 to 0.6]).

In the TLE subgroup, the ratio between HFOs in removed and nonremoved contacts was
significantly higher in patients with a favorable outcome (ILAE classes 1-3) compared to
patients with a poor outcome (ILAE classes 4-6) (ripples: 0.13 [range, -0.9 to 0.3] vs. -0.4
[-1t0 0.2], p = 0.018; FRs: 0.16 [range, -1 to 0.7] vs. —0.5 [-1 to 0.7], p = 0.049; Fig. 3).
No significant between-group differences were found for spikes (0.1 [range, —0.2 to 0.5] vs.
-0.06 [-1 to 0.5]).

In the ETLE subgroup, ratios of HFOs and spikes did not differ between the two outcome
groups (ripples: 0.1 [range, —0.6 to 0.9] vs. 0.2 [-0.8 to 0.5]; FRs: 0.2 [range, —0.9 to 1] vs.
0.3[-0.9 to 0.8]; spikes: 0.16 [range, —0.4 to 0.8] vs. 0.3 [-0.3 to 0.6]; Fig. 3). HFO ratios
did not differ between the two outcome groups even after excluding from the analysis
contacts located in the amygdala and hippocampus, in which, as previously mentioned,
physiologic HFOs are more commonly recorded (data not shown).
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When analyzing only the number of channels within the SOZ, the ratios were not
significantly different. When limiting the analysis to the electrodes targeting the amygdala
and the hippocampus in TLE subgroup, HFO ratios did not differ between the outcome
groups.

Extent of surgical resection and surgical outcome

The mean volume of resection (18.05 cm3 [0.1-58.9] in the entire cohort, 18.4 cm3 [2.6-
58.9] in the TLE subgroup, and 22.91 cm3 [0.1-52.7] in the ETLE subgroup) did not
correlate with the surgical outcome in any of the patient groups. Similarly, in the TLE
subgroup, no correlation was found between the resected amygdala and hippocampal
volumes (0.17 cm?3 [0-0.5] and 0.56 cm3 [0-1.7]) and the surgical outcome.

Discussion

In line with previous studies (Jacobs et al., 2008; Wu et al., 2010), we found that HFOs are
intimately associated with the SOZ and that removing HFO-generating tissue may lead to
improved surgical outcome. In our cohort, these findings were likely attributable to the
sizeable subgroup with TLE, in which rates of HFOs were higher inside the SOZ than
outside and removal of HFO-generating tissue was correlated with a favorable surgical
outcome. These findings were not replicated in the smaller group of patients with ETLE. We
also found that rates of HFOs did not differ between removed and nonremoved contacts,
independently of the type of epilepsy. Furthermore, we found no correlations between the
volume of surgical resection (including the volume of resected amygdala and hippocampal
tissue in the TLE subgroup) and the surgical outcome. We will now discuss these different
aspects of our findings.

Surgical outcome and HFOs

In this study, postoperative seizure outcome was worse than in other series (Cohen-Gadol et
al., 2006; Ochi et al., 2007; Cossu et al., 2008; Devaux et al., 2008; Wu et al., 2010).
Approximately half of the entire cohort (9 of 21 patients with TLE and 6 of 9 patients with
ETLE) had a favorable surgical outcome. Our results are similar to an earlier report from our
group (Jacobs et al., 2010). This is not completely surprising, as 20 of 30 patients in our
analysis were also included in the previous study, although for these patients clinical and
imaging data were updated and follow-up extended. In this study, 8 patients had nonlesional
epilepsy and 21 had one or multiple epileptogenic lesions, consistent with a patient group in
whom accurate localization of the epileptogenic zone is particularly difficult.

Surgical outcome was correlated with the resection of HFO-generating tissue in the entire
cohort and in the TLE subgroup. This is consistent with several recent studies (Ochi et al.,
2007; Jacobs et al., 2010; Wu et al., 2010; Akiyama et al., 2011) indicating that HFOs may
be a good marker for the epileptogenic region. This correlation was absent from the ETLE
subgroup. This is surprising in view of the previously cited studies, which included both
TLE and ETLE patients. Three of these studies dealt with neocortical epilepsy (Ochi et al.,
2007; Wu et al., 2010; Akiyama et al., 2011) but they took place in children, and the possible
differences between children and adults have not been systematically evaluated. Another
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difference is that patients included in these three studies were explored with grids and not
with implanted electrodes.

Although available evidence suggests that HFOs may be reliable biomarkers of
epileptogenicity and that removing HFO-generating tissue may result in improved surgical
outcome, similar considerations may not apply to spikes. In fact, spikes are a marker of
epileptogenicity, but our results and those of Jacobs et al. (2010) do not support their
unequivocal value in guiding effective surgical resections. These data could be interpreted
within the context of the simulation study of Dermont-Guignard et al. (2012), who suggested
that fast ripples might constitute a local marker of the epileptogenicity of underlying
neuronal circuits, whereas spikes may be generated in epileptogenic areas, but may also
result from a transient highly synchronous excitatory input in less epileptogenic areas. These
less epileptogenic areas are also referred to as irritative areas, in which interictal
epileptiform discharges are recorded but which are sometimes excluded from surgical
resection if they are outside the SOZ (de Curtis & Avanzini, 2001).

HFOs in removed and nonremoved areas

It is noteworthy that HFO rates were not higher in removed contacts compared to
nonremoved contacts. If we hypothesize that HFOs represent the epileptogenic area, this
result is not surprising, given that close to one half of our patients had a poor outcome. If we
had the opposite result (HFOs significantly more frequent in removed areas) we would
expect that most of our patients would do well. We did find, as indicated above, that HFOs
were more frequent in the removed areas of patients with a good outcome. This is
compensated by the fact that HFOs are also frequent in the nonremoved areas of patients
who do poorly, resulting in an overall lack of relationship between HFO rates and removed
contacts.

Surgical outcome and volume of resection

The studies discussed above, which have shown that a better outcome occurs when more
sites with HFOs are removed, have not taken into account the following possible
confounding factor: if HFOs were distributed equally throughout the brain and were
therefore not specific to the epileptogenic region, and if the success of the outcome was a
function of the amount of tissue removed, then these studies would have erroneously
concluded that removing HFO-containing channels is a determinant of the quality of the
outcome. We therefore decided to study the relationship between the volume of resection
and the success of surgery. We used very accurate tools to delineate the area of surgical
resection (Collins et al., 1994; Collins & Pruessner, 2010), but we did not find any
correlation between the volume of resection and the postoperative seizure outcome in the
whole group. Previous studies have investigated the impact of the extent of surgical resection
on postoperative outcome (Jehi et al., 2009; Sarkis et al., 2010; Okonma et al., 2011). In
most cases, larger resections result in more favorable outcomes: optimal results, however,
can also be obtained when limited resections are necessary to preserve eloquent cortex. In
addition, we did not find a correlation between the volume of resected amygdala/
hippocampus, assessed with a validated tool, and the postoperative outcome. This reinforces

Epilepsia. Author manuscript; available in PMC 2013 July 16.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Haegelen et al. Page 10

the conclusion that HFOs are indeed a marker of the epileptogenic zone, since their removal
predicts outcome independently of the volume of resection.

Limitations

In this study, the lack of correlation between HFO-generating areas and surgical outcome in
the ETLE subgroup may be attributable to the small sample size and heterogeneity of this
group (four had a normal MRI, three had focal cortical dysplasia [FCD], and two had other
types of lesion). It is possible that the correlation “HFO-removal/surgical outcome” does not
hold for some etiologies, and this could be sufficient to render the results of the small ETLE
group nonsignificant. It indicates that larger groups of patients with various etiologies need
to be analyzed. Moreover, our patients were included in the ETLE subgroup because their
SOZ was in extratemporal neocortical regions. Among the nine patients with ETLE, four
also had electrodes in the amygdala and/or the head of the hippocampus. The baseline rates
of HFOs in the mesial temporal structures are often higher than in other structures,
especially during slow-wave sleep (Le Van Quyen et al., 2010), a factor that could have
contributed to the lack of correlation between HFOs and surgical outcome in this subgroup.
We reanalyzed data for the ETLE subgroup after excluding electrode contacts that targeted
the amygdala and the hippocampus. This second analysis did not change our results for the
ETLE subgroup. Finally, the assessment of HFOs was performed visually, the accuracy of
which is dependent on the reader’s level of experience. Semiautomated and automated
methods have been used in other studies (Staba et al., 2002, 2004; Ogren et al., 2009;
Akiyama et al., 2011), although clinical neurophysiologists often validated their
performance.

Conclusions

Our study indicates that, at least in TLE, removing HFO-generating areas may lead to
improved surgical outcome. Less-consistent findings emerge from ETLE, but these may be
related to sample size limitations and to the heterogeneity of epilepsies. Size of surgical
resection, a potential confounder not taken into account in earlier studies, did not affect the
results, independent of the type of epilepsy.
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Figure 1.
Axial (left), sagittal (middle), and coronal (right) MRI views of a patient with extratemporal

lobe epilepsy. The first row shows the postoperative MRI with the right frontal surgical
cavity and the registered intracerebral electrodes. The electrodes were implanted in the right
supplementary motor area (green), through the lesion (red), and in the anterior cingulate
gyrus (blue). The views below show only part of the electrodes. The second row shows in
red the right frontal surgical cavity painted with the Display software (MNI, Montreal,
Canada).
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Figure2.
Axial (left), coronal (middle), and sagittal (right) brain MRI views in a patient with temporal

lobe epilepsy. The two upper rows of the figure illustrate the trajectories of the depth
electrodes on the postexplantation MRI. The electrodes targeted the head of the
hippocampus (red), the posterior hippocampus (green), and the orbitofrontal cortex (blue).
The third row shows the automatic segmentation of the amygdala and hippocampus obtained
after registration of the preoperative MRI with the postoperative MRI. The bottom row
shows in red the left anterior temporal surgical cavity painted with Display software.
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Ratio mean rates HFO and spikes in 30 patients
with drug resistant focal epilepsy
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Figure 3.

Boxplots illustrating ratios between HFOs in removed and nonremoved contacts for patients
with a favorable surgical outcome (ILAE classes 1-3) and those with a poor outcome (ILAE
classes 4-6), in the entire cohort (graph at the top) and in the TLE and ETLE subgroups
(graphs at the bottom). Note that the results in the entire cohort are influenced mainly by the
TLE subgroup, which is more than twice as large as the ETLE subgroup (21 vs. 9 patients).
Symbol (*) indicates statistically significant differences. R, ripples; FR, fast ripples.
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Preoperative and resected volumes for the 30 patients included in the study

Table 2
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Resected Resected
Preoperative hippocampal volume  Preoperative amygdala volume
Resected brain  hippocampal [cm3 (% of preop amygdala volume [cm® (% of preop

Patientsno.-subgroup ~ volume(cm3)  volume (cmd) vol)] (cm?3) vol)]
1-TLE 35.93 3.4 0(0) 1.4 0(0)
2-TLE 11.4 43 0 (0) 1.64 0 (0)
3-TLE 9.98 3.03 1.17 (38.6) 145 0.14 (9.6)
4-TLE 257 3.74 0(0) 17 0(0)
5-TLE 4.41 4.88 0.92 (18.8) 2.2 0.03 (1.4)
6-TLE 12.54 3.76 0(0) 151 0(0)
7-TLE 6.99 3.23 1.01 (31.2) 174 0.27 (15.5)
8-TLE 25.18 4.63 0.25 (5.39) 2.05 0.48 (23.4)
9-TLE 12.66 2.2 0.54 (24.5) 1.03 0.5 (48.5)
10-TLE 201 1.65 0.007 (0.4) 0.41 0.01 (2.4)
11-TLE 58.94 0 0 (0) 0 0 (0)
12-TLE 49.2 0 0(0) 0 0(0)
13-TLE 14.2 4.9 1.51 (30.8) 1.84 0.4 (21.7)
14-TLE 5.7 36 1.48 (41.1) 1.66 02 (12)
15-TLE 36.7 217 0.47 (21.6) 0.66 0.13 (19.7)
16-TLE 18.9 468 0(0) 1.76 0(0)
17-TLE 83 3.77 1.07 (28.3) 1.43 0.47 (32.8)
18-TLE 6.9 3.38 0.25(7.4) 12 0.21 (17.5)
19-TLE 7.04 4.06 1.67 (41.1) 2.2 0.14.5)
20-TLE 25.01 42 0.24 (5.7) 1.37 0.14 (10.2)
21-TLE 4.98 3.16 1.16 (36.7) 135 051 (37.7)
22-ETLE 8.89 - - - -
23-ETLE 38.84 - - - -
24-ETLE 4.05 - - - -
25-ETLE 24.14 - - - -
26-ETLE 1.2 - - - -
27-ETLE 52.75 - - - -
28-ETLE 23.48 - - - -
29-ETLE 10.45 - - - -
30-ETLE 0.1 - - - -
Mean 18.05 3.27 056 (17.1) 1.36 0.17 (12.5)
sD 16.03 1.39 0.59 0.63 0.19

TLE, temporal lobe epilepsy; ETLE, extratemporal lobe epilepsy; % of preop vol, percentage of preoperative volume; SD, standard deviation.
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