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Summary

Purpose—Electrical stimulation (ES) is used during intracranial electroencephalography (EEG) 

investigations to delineate epileptogenic areas and seizure-onset zones (SOZs) by provoking 

afterdischarges (ADs) or patients’ typical seizure. High frequency oscillations (HFOs—ripples, 

80–250 Hz; fast ripples, 250–500 Hz) are linked to seizure onset. This study investigates whether 

interictal HFOs are more frequent in areas with a low threshold to provoke ADs or seizures.

Methods—Intracranial EEG studies were filtered at 500 Hz and sampled at 2,000 Hz. HFOs 

were visually identified. Twenty patients underwent ES, with gradually increasing currents. 

Results were interpreted as agreeing or disagreeing with the intracranial study (clinical-EEG 

seizure onset defined the SOZ). Current thresholds provoking an AD or seizure were correlated 

with the rate of HFOs of each channel.

Results—ES provoked a seizure in 12 and ADs in 19 patients. Sixteen patients showed an ES 

response inside the SOZ, and 10 had additional areas with ADs. The response was more specific 

for mesiotemporal than for neocortical channels. HFO rates were negatively correlated with 
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Table S1. Correlation between rates of high frequency oscillations (HFOs) and current threshold to evoke a stimulation response. In 
contrast to Table S2, this table includes all channels that were stimulated. Channels that were not showing any response were given a 
fixed current threshold of 40 mA.
Table S2A. Correlation between rates of high frequency oscillations (HFOs) and responses in mesiotemporal channels inside and 
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Table S2B. Correlation between rates of high frequency oscillations (HFOs) and responses in neocortical channels inside and outside 
the seizure-onset zone (SOZ).
Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. 
Any queries (other than missing material) should be directed to the corresponding author for the article.

Epilepsia. Author manuscript; available in PMC 2013 September 17.
Published in final edited form as:

Epilepsia. 2010 April ; 51(4): 573–582. doi:10.1111/j.1528-1167.2009.02389.x.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



thresholds for ES responses; especially in neo-cortical regions; areas with low threshold and high 

HFO rate were colocalized even outside the SOZ.

Discussion—Areas showing epileptic HFOs colocalize with those reacting to ES. HFOs may 

represent a pathologic correlate of regions showing an ES response; both phenomena suggest a 

more widespread epileptogenicity.

Keywords

Ripple; Fast ripple; Electrical stimulation; Seizure-onset zone

Despite advances in drug therapy, 20–40% of epileptic patients develop medically refractory 

epilepsy. In patients with focal epilepsy, surgery aiming to remove the area of seizure onset 

can lead to a seizure-free condition. Inconclusive presurgical evaluation of the localization of 

the seizure-onset zone (SOZ) may, however, require investigation with intracranial 

electroencephalography (iEEG) to determine the surgical area (Diehl & Lüders, 2000).

During intracranial investigation, electrical stimulation (ES) is used for two purposes: first, 

to map critical cortical functional areas, and, second, to delineate epileptogenic areas 

(Penfield & Jasper, 1954; Gloor, 1975). For the latter, identifying areas of low afterdischarge 

(AD) thresholds and inducing a patient’s habitual aura or seizure help to determine which 

structures are part of the seizure-generating network (Penfield & Jasper, 1954; Wieser, 1983; 

Bernier et al., 1987). The value of ES in presurgical assessment is not universally 

recognized. Some studies have established a clear concordance between spontaneous and 

electrically induced seizures (Cherlow et al., 1977; Wieser et al., 1979) or showed the value 

of ES in predicting surgical outcome (Bernier et al., 1990; Schulz et al., 1997). Other 

studies, however, have demonstrated that evoked clinical events do not always originate from 

the SOZ (Halgren, 1982) or that threshold for ADs could be higher in the diseased 

hippocampus than in the healthy one (Cherlow et al., 1977). In addition, ADs, especially 

those with propagation, often occur remotely from the SOZ and might localize it 

inaccurately (Blume et al., 2004). In general it was observed that lower stimulation currents 

are needed when stimulating mesial temporal than neocortical structures, as the 

hippocampus shows responses at lower current (Bernier et al., 1990; Blume et al., 2004). 

This may be related to the susceptibility of the mesial temporal structures to develop 

seizures.

In our presurgical intracranial investigations we use ES to gain additional information on the 

extent of the SOZ; the findings often corroborate the rest of the investigation, but remote 

responses to ES and contradictory results occur and their relevance remains unclear.

High frequency oscillations (HFOs) recorded from iEEG, have recently attracted the 

attention of epileptologists. First described in mesial temporal structures and recorded with 

microwires (Bragin et al., 1999, 2002), these fast oscillations have also been recorded in 

neocortical structures and with macroelectrodes (Urrestarazu et al., 2007; Jacobs et al., 

2008a). Two types of events are distinguished: ripples (80–250 Hz) and fast ripples (FRs, 

250–500 Hz). Ripples occur during physiologic processes such as memory consolidation 

(Draguhn et al., 2000), but occurrence of both ripples and FRs were clearly linked to 
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pathologic epileptogenic tissue (Bragin et al., 2002, 2004; Jacobs et al., 2008a); They are 

more frequent in the SOZ (Bragin et al., 2002; Jirsch et al., 2006) but can be linked to 

epileptogenic lesions (Staba et al., 2007; Jacobs et al., 2008b). Measuring HFOs is a 

promising way to localize the SOZ, especially for patients showing poorly defined 

epileptogenicity during iEEG.

This study aimed to correlate clinical and electrical responses to ES with interictal HFOs. 

For this purpose, we first analyzed the different types of stimulation responses and their 

correlation with the SOZ. Areas in which the stimulation response overlapped the SOZ and 

areas where no concordance was found were examined in regard to their HFO rates. We 

hypothesized that HFOs occur more frequently in areas with low stimulation threshold for 

triggering ADs and habitual seizures, independent of the overlap of these areas with the 

SOZ. The presence of HFOs and stimulation responses in areas distinct from the SOZ might 

reveal other epileptogenic areas.

Methods

Patient selection

Between September 2004 and March 2008, 47 patients underwent iEEG in our institution. 

The decision to perform ES was taken independent of this study by the clinical 

neurophysiologist investigating the patient. Exclusion criteria for ES were usually the 

following: technical problems with electrodes and inability of the patient to describe evoked 

responses due to cognitive impairment or to participate in the study due to anxiety or acute 

illness. As a result of these criteria, 20 patients underwent intracranial ES and all were 

included in this study.

This study was approved by the Montreal Neurological Institute and Hospital Research 

Ethics Committee and all patients signed an informed consent.

Recording methods

Electrodes were implanted stereotactically using an image-guidance system (SSN 

Neuronavigation System, Mississauga, Ontario, Canada). Depth electrodes were placed 

according to the methods of Olivier et al. (1994). Intracranial depth electrodes were 

manufactured on site from stainless steel wires. A 10/1,000-inch wire was used as a central 

core and wrapped with a 3/1,000-inch steel wire. Each electrode strand had nine contacts, 

with the deepest contact (contact 1) consisting of the unwrapped tip of the steel core. This 

contact had an uninsulated 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 mm2 and 0.85 mm2 for contacts 2–9. 

Depth contacts were constructed independent of the target structure, and the measured 

impedances were similar in all brain structures, below 10 kOhm. iEEG was recorded using 

Harmonie (Stellate, Montreal, Canada), low-pass filtered at 500 Hz and sampled at 2,000 

Hz. We recorded electrooculography (EOG) and electromyography (EMG) to facilitate sleep 

staging. The recording was performed referentially with an epidural reference electrode 
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placed in the parietal lobe of the hemisphere least likely to include the main focus. Analyses 

were performed on bipolar montages.

Channels selection and sampling

All electrode contacts without any prolonged artifacts and clearly located within the brain 

were retained. We analyzed interictal samples of slow-wave sleep lasting 5–10 min 

(Zelmann et al., 2009). Sleep stages were determined using EEG, EOG, and EMG: We 

calculated spectral trends with a 30-s resolution in the delta band in iEEG channels with no 

or minimal epileptic activity, and the power of the chin EMG. EEG sections with high delta 

and low EMG power were reviewed to confirm that they were slow wave sleep, defined by at 

least 25% delta activity by visual inspection of 30-s epochs. To reduce the influence of 

seizures, segments were selected if they were at least 6 h before and after a seizure.

Marking spikes and HFOs

We selected and visually marked 5 min of slow wave sleep in all patients. The first minute of 

EEG of each patient was marked by two reviewers (JJ and MZ) separately, and the 

concordance between marked events was assessed using Cohen’s kappa coefficient for each 

channel. The concordance between reviewers was calculated for spikes, ripples, and FRs 

separately. Both observers jointly reviewed the events in channels with kappa below 0.5 

(Landis & Koch, 1977) and established a consensus on which events to retain. Based on this 

consensus, the remaining 4 min of EEG were marked by one of the reviewers. Those 5 min 

were considered to provide a stable rate of HFOs if shorter intervals provided the same 

relative information as the 5-min intervals and if the ranking of channels with respect to 

HFO rates remained stable. The difference in information gain was measured by the Jensen-

Shannon divergence, and the change in the ranking of channels was assessed by a ranking 

distance algorithm (Zelmann et al., 2009). In patients for whom a steady rate was not 

reached during 5 min, 10 min were marked.

For identifying HFOs, channels were displayed with the maximum time resolution of the 

computer monitor (0.6 s, 1,200 samples of a signal sampled at 2,000 Hz). 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, using a finite impulse response (FIR) filter to eliminate ringing. A ripple was 

marked if an event, between 80 and 250 Hz, was clearly visible on the side of the 80-Hz 

filter and did not occur or show the same shape on the side of the 250-Hz filter. An event 

was regarded as a FR if it was visible in the 250-Hz filter. Only events containing at least 

four consecutive oscillations were regarded as HFOs, and two events were considered 

distinct when separated by at least two non-HFO oscillations.

Electrical Stimulation

ES was performed with continuous EEG-video monitoring during one or two sessions that 

lasted 2–4 h, usually at the end of the iEEG investigation and after antiepileptic medication 

was reinstituted. The aim of ES was to evoke ADs or elicit the patient’s habitual seizures. 

Six types of responses are observed: AD (including all types of AD, also those confined to 

the stimulated contact), AD with discharge propagation, AD with clinical manifestations 

(with or without discharge propagation), auras, and typical and atypical seizures. All 
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contacts were stimulated, except those outside the brain, when they showed extended 

periods of artifact or when impedances were abnormal, or when stimulation was painful 

(close to the meninges).

ES was performed using a bipolar montage and applying a biphasic 60-Hz stimulus (pulse 

width = 0.5 ms) over 3–4 s. This was according to parameters shown to be safe and not 

causing damage to the brain (Lüders et al., 1987; Gordon et al., 1990). Electrical currents 

were gradually increased from 0.2–2 mA in mesial temporal and 0.8–10 mA in neocortical 

regions. Stimulations were repeated every 30–60 s after baseline activity resumed in the 

EEG, and ES was ended at a pair of contacts if it induced a seizure or if the maximum was 

reached (2 or 10 mA). All ADs, auras, seizures and any subjective sensations described by 

the patient, were noted. In the event of a seizure or aura, patients and relatives were asked 

whether it resembled the habitual clinical events. If the event was typical for the patient it 

was classified as aura or typical seizure. Ictal events that were unlike the patient’s habitual 

seizure were named atypical seizure. Subjective unspecific feelings without EEG changes 

were not included in the present analysis. The category “AD” in the results included all ADs 

independent of their other features (clinical or propagation); this could overlap with ADs of 

the categories “AD plus propagation” and “AD plus clinic,” thus resulting in some ADs 

being evaluated twice as they propagated and were accompanied by clinical manifestations. 

If different current intensities evoked different types of response at the same contact pair, 

these were analyzed accordingly. For instance, one pair could have three current thresholds 

if a low current evoked a simple AD, a higher current an AD plus propagation, and an even 

higher current an AD plus clinic. The clinical neurophysiologist judged whether the 

stimulations results agreed or disagreed with the rest of the intracranial study and the 

localization of the SOZ.

Statistical analysis

All responses and the current threshold needed to induce them were analyzed. Thresholds to 

evoke ADs with and without propagation, seizures, and auras were correlated with the rates 

of ripples and FRs in the channels showing the response (Spearman coefficient, p < 0.05). 

This was performed over the entire patient group for all channels together and after 

separating mesiotemporal from neocortical channels to account for the different electrical 

currents applied to these areas. Channels, which were stimulated but showed no stimulation 

response after the maximum current, were given a current threshold of 40 mA for statistical 

analysis.

In the next step, all electrode contacts were classified into four groups (Fig. 1) according to 

their location inside or outside the SOZ and to the presence of a stimulation response:

1. Group 1: contacts in SOZ with stimulation response (agreement).

2. Group 2: contacts in SOZ without stimulation response (disagreement).

3. Group 3: contacts outside SOZ without stimulation response (agreement).

4. Group 4: contacts outside SOZ with stimulation response (disagreement).
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The SOZ was defined as the contacts showing the first ictal activity either preceding, or at 

the onset of, clinical ictal symptoms during the intracranial EEG recordings. The SOZ was 

marked independent of the present study by the clinical neurophysiologist. In patients with 

seizures from different locations, all contacts within the separate SOZs were classified as 

SOZ contacts. This classification was undertaken because stimulation responses and HFOs 

are more frequent in the SOZ. We expected a high rate of HFOs in areas of low threshold for 

stimulation response, which does not answer the question of whether there is a true 

relationship between stimulation response and HFO rate. Therefore, we studied if this 

relation also existed in areas of disagreement between SOZ and stimulation response.

For groups 1 and 4, with a stimulation response, we calculated the correlation between the 

current threshold and HFO rates. For all four groups, rates of HFOs were then compared by 

Wilcoxon rank-sum tests to evaluate whether significant differences in HFO rate 

distributions could be found between groups (significance level, p < 0.05). Given the lack of 

normality of the data, we used nonparametric tests and report median values of rates for all 

the analyses.

Results

We present first the results of the ES study and their correlation with the SOZ. Then, rates of 

HFOs and their location are presented. Finally, correlation between ES responses and HFOs 

are described in two steps, first by looking at all evaluated contacts and then only those with 

disagreement between SOZ and stimulation response.

Patients and stimulation responses (Table 1)

Eleven patients had mesiotemporal SOZ and nine had neocortical, temporal, or 

extratemporal SOZ, three of which had two independent SOZs (patients 6, 17, and 19). One 

patient showed no response to ES (patient 18), six only responses in the SOZ, therefore, 

completely agreeing with the iEEG study, and two only responses outside the SOZ (patients 

2 and 5). Eleven patients showed responses inside and outside the SOZ. In total, 100 

mesiotemporal channels were stimulated, 63 being inside and 37 outside the SOZ. Of the 

482 stimulated neocortical channels, 49 were within the SOZ Forty-three mesiotemporal 

(43%)and 66 neocortical (13.7%) channels showed a response of any kind.

The most frequent responses were ADs, with those showing propagation more frequent than 

localized ADs. The occurrence of specific response types and the current threshold that 

induced the response is shown in Fig. 2 for neocortical and mesiotemporal channels. As 

expected, the current required to induce a response was lower in the latter. This, however, 

also may have resulted in more atypical seizures in neocortex, as these occurred with higher 

currents.

Correlation between SOZ and stimulation response

Stimulation responses were most frequently observed in the SOZ, independent of the type of 

response (non-SOZ channels were in the majority, as the SOZ is usually focal and limited to 

few channels). Figure 3 gives the percentage of SOZ and non-SOZ channels showing a 
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specific type of response. In mesiotemporal channels, a higher percentage of SOZ channels 

show responses than non-SOZ channels.

Neocortical channels also more frequently showed responses in the SOZ than outside. In 

comparison with mesiotemporal channels, however, the percentage of neo-cortical SOZ 

channels showing a response was lower. In addition, the absolute number of responses in 

non-SOZ channels was higher in neocortex than in mesiotemporal regions.

Rates of HFOs

The rate of ripples and FRs was significantly higher in the mesiotemporal than neocortical 

areas (median rate—ripples: 24.8/min vs. 0.3/min, p < 0.001, FRs: 0.3/min vs. 0/min, p < 

0.001; mean rate—ripples: 21.6 ± 47.5 vs. 7.1 ± 20.1/min, p < 0.001, FRs: 3.9 ± 14.7 vs. 0.5 

± 5.1/min, p < 0.001). Both event types were more frequent in the SOZ than outside when 

looking at neocortical and mesio-temporal structures together (median rate—ripples: 

13.3/min vs. 0.3/min, p < 0.001, FRs: 0.2/min vs. 0/min, p < 0.001; mean rate—ripples: 47.4 

± 66.3 vs. 7.1 ± 21.1/min, p < 0.001, FRs: 8.2 ± 20.6 vs. 1 ± 7.1/min, p < 0.001). The 

difference between SOZ and non-SOZ channels was also significant when looking at 

mesiotemporal and neocortical structures separately.

There was also a significant difference in event rates between the channels that showed any 

stimulation response and those that did not (median rate—ripples: 15 vs. 0.3/min, p < 0.001, 

FRs: 0.1/min vs. 0/min, p < 0.001; mean rate—ripples: 42.9 ± 52.1 vs. 8.3 ± 27.6/min, p < 

0.001, FRs: 9.1 ± 22.2 vs. 0.9 ± 5.6/min, p < 0.001). Figure 4 shows an example of interictal 

HFOs in channels with a stimulation response. These differences were also seen for 

mesiotemporal and neocortical channels separately.

Correlation between rates of HFOs and stimulation thresholds

There was a negative correlation between the rates of HFOs and current thresholds necessary 

to evoke a response (Table S1), suggesting that areas producing a high number of HFOs are 

likely to show a response at low current intensity. This may be expected, since HFOs and 

stimulation responses are more likely to occur in SOZ channels. Analyzing the data with 

channels grouped according to their relationship to the SOZ and their stimulation response 

(Fig. 1) revealed, however, different findings for neocortical and mesiotemporal channels.

Mesiotemporal channels showed a significant negative correlation in group 1 (SOZ/

stimulation response), but not for group 4 (non-SOZ/stimulation response) (Table S2A). 

This correlation was seen between rates of ripples and FRs, and the threshold needed to 

provoke an AD with or without propagation. On the other hand, neocortical channels 

showed significant negative correlation for groups 1 and 4, indicating that HFOs are frequent 

in neocortical areas showing stimulation responses even if they are not part of the SOZ 

(Table S2B). For group 1, the correlation was observed between ripple rates and the 

threshold for ADs with propagation and between FR rates and the threshold to evoke 

seizures. In group 4, rates of ripples and FRs were negatively correlated with the threshold 

needed for ADs with propagation. Rates of FRs were also negatively correlated with the 

threshold for auras and seizures.
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Rates of HFOs in all channel groups

In this comparison, rates of ripples and FRs of all four groups were compared and an 

overview of the results is given in Fig. S1. In mesiotemporal lobe channels, ripples and FRs 

were highest in group 1 (SOZ/stimulation response). They were significantly different than 

group 3 (non-SOZ/no-response), and were also significantly different in SOZ channels with 

a response compared to those without (group 1 vs. group 2). FR rates were also significantly 

different in group 1 compared to group 4 and in group 2 compared to group 3.

Neocortical channels showed a slightly different distribution. Ripples were most frequent in 

group 1 (SOZ/stimulation response), but group 2 (SOZ/no-response) and group 4 (non-SOZ/

response) also showed significantly different rate distribution than group 3 (non-SOZ/no-

response). There was no difference between groups 2 and 4. Therefore, no conclusion could 

be drawn regarding whether high ripple rates indicate the likelihood of a stimulation 

response or the SOZ. FR rates were significantly different in group 2 compared to group 3 

and in group 4 compared to group 3, even though the median was zero for all these groups.

Conclusion

We first observed that there is a good agreement between areas of seizure onset and 

stimulation responses; this was true for evoked seizures and for ADs. This agreement was 

stronger for mesiotemporal than for neocortical channels. Secondly, we found that HFOs 

were negatively correlated with thresholds for stimulation responses, a correlation partly 

explained by the colocalization between stimulation response and SOZ. In areas outside the 

SOZ but showing a stimulation response, we also observed a strong negative correlation 

between FR rates and thresholds for stimulation responses in neocortical channels.

Discussion

This study revealed a reasonably good correlation between the spontaneous SOZ areas and 

ES responses, whether they consisted of ADs or seizures; this correlation appeared tighter in 

the mesiotemporal structures compared to neocortex. We also found that rates of HFOs were 

higher in regions showing a low threshold to ES, which could be in part explained by the 

colocalization between the SOZ and ES responses, since HFOs are more frequent in the 

SOZ (Jacobs et al., 2008b). In neocortex, when looking at areas with no overlap between 

SOZ and ES response, we observed, however, a strong relationship between high FR rates 

and low threshold for ES. The fact that both phenomena coexist in the same non-SOZ areas 

may indicate more widespread epileptogenicity.

There has been a controversy over the value of ES in pre-surgical evaluations over the last 

decades. Although some centers use ES routinely in every iEEG study (Lüders et al., 1987; 

Bernier et al., 1990; Schulz & Lüders, 2000), in others it is believed that ES provides few 

significant results and is time-consuming (Halgren et al., 1983; Blume et al., 2004). ES 

parameters can vary widely. High frequencies at 50–60 Hz are often used with impulse 

duration between 0.5 and 2 ms and current intensity between 0.25 and 10 mA (Penfield & 

Jasper, 1954; Bernier et al., 1990; Blume et al., 2004). We use a similar ES protocol for the 

identification of the SOZ and for functional mapping. We confirmed that evoked seizures 

Jacobs et al. Page 8

Epilepsia. Author manuscript; available in PMC 2013 September 17.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



during ES resemble spontaneous seizures and are helpful in localizing the SOZ (Penfield & 

Jasper, 1954; Schulz et al., 1997). Other investigators believe that high-frequency 

stimulations over long periods change the responses of neuronal networks, as the latter 

cannot return to resting state between the stimuli, and suggest single-pulse (or low 

frequency) stimulation instead (Valentín et al., 2005a,b).

Our study shows that the sensitivity of ES to delineate the SOZ seems reasonably high, as 

only 3 (15%) of 20 patients showed no stimulation response within the SOZ. The absence of 

a response in these three patients may be related either to the localization of the electrodes or 

to properties of the neuronal networks. Bernier and coworkers hypothesized that a high 

correspondence between SOZ and stimulation response depends highly on the type and 

localization of the electrodes (1990). Others suggested that a large extent of pathologic 

tissue changes may prevent stimulation responses (Cherlow et al., 1977). The one patient 

(Patient 18) who did not have any response in this study had electrodes in very gliotic tissue 

posterior to a surgical cavity. A second patient (Patient 2) showed ADs only at very high 

threshold outside the SOZ; the SOZ was within gliotic tissue resulting from an anterior 

temporal resection. The third patient (Patient 5) with no stimulation response within the 

SOZ had a frontal focal cortical dysplasia and showed ADs only in lesional areas 

neighboring the SOZ.

In regard to specificity, our stimulation results are harder to interpret. Many patients showed 

responses outside the SOZ. Both mesiotemporal and neocortical structures had responses in 

a significantly larger percentage of SOZ than non-SOZ channels, but this difference was 

lower in the neo-cortex, indicating a lower specificity for these areas. There are different 

explanations for this phenomenon. First, a healthy neocortex may be more likely to show a 

stimulation response. This, however, has not been reported, and neocortical stimulation in 

general requires higher current intensity to provoke a response (Gloor, 1975; Burchiel et al., 

1989; Luciano et al., 1993). Secondly, this higher neocortical current may result in false-

positive responses (Catapele & Comair, 2000), and responses outside the SOZ may, 

therefore, simply be the result of the application of higher currents. Nevertheless, many 

neocortical channels received low current stimulation at the beginning of the study, as often 

the temporal and neocortical contacts were stimulated consecutively starting with the 

mesiotemporal contacts and at low currents, and we observed neocortical responses outside 

the SOZ even with these low intensities. Thirdly, placement of neocortical electrodes is less 

standardized and spatially restricted than mesiotemporal ones. The SOZ can also be more 

difficult to define in neocortical areas. It may, therefore, be more difficult to exactly place an 

electrode within a neocortical SOZ, and to define SOZ contacts in neocortical electrodes. 

One may conclude that the stimulation responses outside the SOZ in the neocortex resulted 

from epileptogenic changes.

What can we learn from the additional evaluation of HFOs? Studies in animal models 

suggested that HFOs, especially FRs, are closely linked to epileptogenic tissue and seizure 

generation (Bragin et al., 2002, 2004), and in humans both ripples and FRs proved to be 

predictive of the SOZ (Jacobs et al., 2008a,b). FRs are also linked to lesional changes in 

patients with hippocampal sclerosis (Staba et al., 2007), although there is evidence that 

HFOs are not indicative of lesional changes themselves but of the epileptogenic potential of 
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the tissue (Jacobs et al., 2008b). Ripples, however, are also described in healthy 

hippocampal tissue during memory consolidation (Buzsaki, 2006), and their role in 

identification of SOZ areas is, therefore, the subject of discussions (Urrestarazu et al., 2007; 

Engel et al., 2008). In neocortical areas, physiological HFOs have only been described after 

somatosensory stimulation.

In this study, we first raised the question of whether high rates of HFOs are indicative of the 

SOZ or of areas reacting to ES and, second, whether additional epileptogenic areas could be 

delineated by the combination of ES and HFOs. Results for mesiotemporal structures were 

inconclusive, findings that may be explained by the small number of channels outside the 

SOZ showing a stimulation response (i.e., group 4). On the other hand, HFOs in the 

neocortex showed not only high rates in areas where seizure onset and stimulation response 

overlapped (i.e., group 1) but also in areas with stimulation responses outside the SOZ. As 

expected, a strong negative correlation exists between rates of HFOs inside SOZ and the 

threshold to evoke a stimulation response. More interestingly, a similar negative correlation 

was observed in areas where stimulation responses were found outside the SOZ. Whether 

this reflects potentially epileptogenic areas cannot yet be answered.

It may also be that one phenomenon, the stimulation response, may directly result from the 

presence of HFOs. Fast oscillations are hypothesized to result in an imbalance between 

excitatory and inhibitory interneurons within epileptic tissue. They increase in rate and 

duration after applying γ-aminobutyric acid (GABA)–receptor antagonists (Bragin et al., 

2002; Jones & Barth, 2002). Similar changes in inhibitory circuits may facilitate responses 

as they do for spontaneous seizures. The final answer to this question may only be given by 

looking at the long-term postsurgical follow-up of these patients. Nevertheless, the strong 

spatial overlap between stimulation responses and HFO rates and their negative correlation 

suggest that these two phenomena result from the same changes in neuronal interaction and 

epileptic vulnerability of the underlying tissue.

Another important finding in this study is that seizures are not the only response to ES that 

can identify the SOZ. ADs, in particular those with propagation, showed a higher specificity 

to the SOZ than did induced seizures, confirming findings in earlier studies (Wieser et al., 

1979; Bernier et al., 1990). In addition, in mesiotemporal structures, all induced auras 

originated from the SOZ, contradicting the findings of Halgren et al. (1978, 1983), who 

could not observe any correlation between the SOZ and aura-like phenomena. This 

discrepancy may be related to methodologic differences between the studies, with the cited 

study using different stimulation parameters with a 10-Hz biphasic pulse, shorter intervals 

between stimulations, and higher currents to provoke functional responses. As discussed 

earlier, neocortex generally showed less-specific responses and, in particular, induced-

seizures clearly did not locate the SOZ well. In many studies, ADs are classified according 

to their timing, propagation, and shape (Jasper, 1954; Blume et al., 2004). We did not 

subdivide ADs in this regard, as this would have reduced the statistical power of each 

analyzed group and because we did not have any a priori evidence that HFO rates would be 

dependent on these features. However, we distinguished ADs with propagation from those 

without, as there has been conflicting evidence regarding ADs, with propagation being more 

or less accurate in indicating the SOZ (Wyler & Ward, 1981; Blume et al., 2004). The value 
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of ADs has also been questioned, as some patients with bilateral temporal lobe implantations 

have shown lower thresholds in the less-diseased temporal lobe (Cherlow et al., 1977). We 

did not find evidence for these observations, and areas of lowest threshold in most cases 

corresponded well with the SOZ. Again, additional ADs outside the SOZ were often 

correlated with areas of high HFO rates and may actually provide evidence for underlying 

pathologic structures.

In conclusion, our findings suggest that ES may add information to the presurgical 

investigation, but this can only be confirmed by correlation with the postsurgical outcome. In 

the neocortex, however, widespread stimulation responses suggest epileptogenicity beyond 

the SOZ. Moreover, areas showing epileptic HFOs colocalize with those reacting to ES. 

Therefore, both may be independent indicators of similar tissue changes leading to 

epileptogenicity, or the occurrence of ES responses may actually result from HFOs. 

Combining the information obtained from ES and measure of HFOs may allow delineating 

additional epileptogenic areas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
This figure demonstrates the concept of the four different groups of channels used for 

statistical comparison. On the left, a situation that would have been rated as complete 

agreement; and on the right, one with partial disagreement.
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Figure 2. 
Current thresholds to evoke the different stimulation response types (AD, afterdischarge) in 

mesiotemporal (blue) and neo-cortical (red) channels. AD gives the results for all ADs 

together, AD + propagation and AD + clinic are included in this category. Some ADs may 

be shown in all three categories, as they showed propagation as well as clinical symptoms. 

In general, larger currents were needed to induce a response in neo-cortical areas.
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Figure 3. 
Percentage of channels showing a certain response type (AD, afterdischarge) within the 

seizure-onset zone (SOZ) (solid bars) and outside the SOZ (open bars). Mesiotemporal 

channels (left) showed higher percentages and, therefore, a larger overlap between SOZ and 

stimulation response than neocortical channels (right). Numbers on each bar give the actual 

number of responses that occurred for each response type.
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Figure 4. 
An example of channels showing both a stimulation response and interictal high frequency 

oscillations (HFOs). (A) Electroencephalography (EEG) section after electrical stimulation 

(ES) of channel LP1-2 (green), with an afterdischarge (AD) plus propagation (orange) to the 

left hippocampus (LH) and parahippocampus (LP) and to a lesser extend to the left 

amygdala (LA). (B) Interictal EEG of the same patient at normal time scale. (C) The gray 

section in B is extended to show the same EEG segment with no filter (left), 80-Hz high-

pass filter (middle), and 250-Hz high-pass filter (right). Ripples and fast ripples are visible in 

the channels with stimulation response (orange).

Epilepsia © ILAE

Jacobs et al. Page 17

Epilepsia. Author manuscript; available in PMC 2013 September 17.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

Jacobs et al. Page 18

Ta
b

le
 1

E
le

ct
ro

de
 p

os
iti

on
s,

 S
O

Z
, a

nd
 E

S 
re

sp
on

se
s 

in
 2

0 
pa

tie
nt

s

P
ts

.
E

le
ct

ro
de

 p
os

it
io

ns
N

o.
 o

f 
el

ec
tr

od
es

Ic
ta

l o
ns

et
 (

SO
Z

)
A

D
C

lin
ic

al
 r

es
po

ns
e 

(s
ei

zu
re

 o
r 

au
ra

)

1
L

 H
C

, A
, P

H
C

, T
P

4
L

 H
C

, A
, P

H
C

Se
ve

ra
l A

D
 +

 P
 o

ve
r 

L
-A

, H
C

 a
nd

 
PH

C
; o

ne
 r

es
po

ns
e 

ov
er

 L
 T

P
T

S/
L

 P
H

C

2
L

 P
H

C
, O

F,
 C

3
M

id
dl

e 
co

nt
. L

-P
H

C
A

D
 m

id
dl

e 
co

nt
. L

-O
F 

an
d 

L
-C

A
ur

a/
in

ne
r 

co
nt

. L
-C

3
L

-O
F,

 L
-C

, L
-L

e1
, L

-L
e2

, R
-O

F,
 R

-C
6

In
ne

r 
co

nt
 o

f 
L

-L
e1

 a
nd

 L
-L

e2
A

D
 +

 P
 in

 in
ne

r 
co

nt
 o

f 
L

-L
e1

A
ur

a 
L

-L
e1

4
L

-P
H

C
, L

-O
T

2
M

id
dl

e 
co

nt
 L

-P
H

C
 a

nd
 L

-T
A

D
 m

id
dl

e 
co

nt
 L

-P
H

C
 a

nd
 L

-T
N

on
e

5
L

-A
C

, L
-P

C
, L

-O
F,

 R
-A

C
, R

-P
C

, R
-O

F,
 R

-L
e

7
M

id
dl

e 
co

nt
. o

f 
R

-O
F

A
D

 +
 P

 o
ve

r 
in

ne
r 

co
nt

. o
f 

R
-O

F
T

S/
in

ne
r 

co
nt

. R
-O

F

6
L

-A
, L

-H
C

, L
-P

H
C

, R
-A

, R
-H

C
, R

-P
H

C
6

L
-A

, L
-H

C
, L

-P
H

C
, R

-A
, R

-H
C

, R
-

PH
C

A
D

 +
 P

 R
-H

C
 a

nd
 R

-P
H

T
S/

R
-H

C

7
R

-A
, R

-H
C

, R
-P

H
C

, R
-O

T
 1

, R
-O

T
 2

5
R

-A
, R

-H
C

, R
-P

H
C

N
on

e
T

S/
R

-A

8
L

-S
M

, L
-I

M
, L

-S
PC

, L
-I

PC
4

In
ne

r 
co

nt
. o

f 
L

-I
M

 a
nd

 L
-S

M
A

D
 +

 P
 o

ve
r 

in
ne

r 
co

nt
. o

f 
L

-S
M

T
S/

in
ne

r 
co

nt
. o

f 
L

-I
PC

9
L

-A
, L

-H
C

, L
-i

nf
ra

ca
lc

ar
in

e,
 L

-s
up

ra
ca

lc
ar

in
e

4
E

xt
er

na
l c

on
t. 

L
-i

nf
ra

ca
lc

ar
in

e 
L

-
su

pr
ac

al
ca

ri
ne

A
D

 +
 P

 I
nn

er
 c

on
t. 

L
-i

nf
ra

ca
lc

ar
in

e
A

ur
a/

in
ne

r 
co

nt
. L

-i
nf

ra
ca

lc
ar

in
e

10
L

-A
, L

-H
C

, L
-O

F,
 L

-C
, L

-S
M

A
, R

-A
, R

-H
C

, R
-

O
F,

 R
-C

, R
-S

M
A

11
L

-A
, L

-H
C

, R
-A

, R
-H

C
A

D
 +

 P
 o

ve
r 

L
-A

A
D

 o
ve

r 
L

-H
C

, L
-C

, R
-C

T
S/

R
-A

11
L

-P
H

C
, L

-A
G

, L
-H

es
ch

l, 
L

-O
T

4
In

ne
r 

co
nt

. L
-H

es
ch

l
A

D
 +

 P
 in

ne
r 

co
nt

 o
f 

L
-H

es
ch

l, 
L

-
PH

C
 a

nd
 L

-O
T

A
ur

a/
In

ne
r 

co
nt

. L
-H

es
ch

l

12
R

-A
, R

-H
C

, R
-P

H
C

, R
-H

es
ch

l g
yr

us
4

R
-H

C
, R

-A
, R

-P
H

C
A

D
 +

 P
 o

ve
r 

R
-A

, R
-H

C
, R

-P
H

T
S/

R
-P

H

13
L

-P
H

, L
-O

T,
 L

-P
C

, L
-A

C
4

In
ne

r 
co

nt
. o

f 
L

-S
M

A
 a

nd
 m

id
dl

e 
co

nt
. o

f 
L

-P
C

W
id

es
pr

ea
d 

A
D

 +
 P

E
le

ct
ro

gr
ap

hi
c 

se
iz

ur
e 

L
-S

M
A

14
L

-A
, L

-H
C

, L
-P

H
C

, L
-O

F,
 L

-A
C

, L
-

F(
su

pe
ri

or
gy

ru
s)

6
L

-A
, L

-P
H

C
, L

-H
C

A
D

 +
 P

 o
ve

r 
L

-A
 a

nd
 L

-H
C

A
ur

a/
L

-H
C

15
L

-A
, L

-H
C

, R
-A

, R
-H

C
, L

-O
F,

 L
-C

, R
-O

F,
 R

-C
9

In
ne

r 
co

nt
 o

f 
L

-O
F

A
D

 +
 P

 o
ve

r 
R

-H
C

 a
nd

 L
-O

F
T

S 
in

ne
r 

co
nt

./L
-O

F

16
R

-A
, R

-H
C

, R
-P

H
C

, R
-a

nt
er

io
r 

no
du

le
, R

-
po

st
er

io
r 

no
du

le
5

R
-A

, R
-H

C
, R

-P
H

C
W

id
es

pr
ea

d 
A

D
 +

 P
T

S/
R

-A

17
L

-A
, L

-H
C

, L
-P

H
C

, R
-A

, R
-H

C
, R

-P
H

C
6

L
-A

, L
-H

C
, L

-P
H

C
, R

-A
, R

-H
C

, R
-

PH
C

A
D

 +
 P

 o
ve

r 
in

ne
r 

co
nt

ac
ts

 o
f 

R
-H

C
, 

L
-H

C
T

S/
R

-H
C

A
ur

a/
L

-H
C

18
L

-O
F,

 L
-C

, L
-F

 (
2n

d 
gy

ru
s)

R
-O

F,
 R

-C
, R

-F
 (

2n
d 

gy
ru

s)
6

In
ne

r 
co

nt
. o

f 
L

-O
F 

an
d 

L
-F

N
on

e
N

on
e

19
L

-A
, L

-H
C

, L
-O

, L
-O

T,
 R

-A
, R

-H
C

, R
-P

H
C

, R
-

O
T

8
L

-A
, L

-H
C

, L
-P

H
C

, R
-A

, R
-H

C
, R

-
PH

C
A

D
 +

 P
 in

 L
-A

, L
-H

C
, R

-A
, R

-H
C

, 
R

-P
H

C
T

S/
L

-A
A

ur
a/

R
-H

C

20
R

-A
, R

-H
C

, R
-P

H
C

, R
-O

T,
 R

-O
, R

-i
nf

er
io

r 
pa

ri
et

al
6

R
-A

, R
-H

C
 a

nd
 in

ne
r 

co
nt

. o
f 

R
-

in
fe

ri
or

 p
ar

ie
ta

l
W

id
es

pr
ea

d 
A

D
 +

 P
A

ur
a/

R
-H

C

A
ll 

el
ec

tr
od

es
 w

er
e 

de
pt

h 
co

nt
ac

ts
. T

ho
se

 e
le

ct
ro

de
s,

 w
hi

ch
 w

er
e 

ai
m

in
g 

at
 th

e 
m

es
io

te
m

po
ra

l s
tr

uc
tu

re
s,

 w
er

e 
im

pl
an

te
d 

in
 a

 la
te

ra
l a

pp
ro

ac
h.

Epilepsia. Author manuscript; available in PMC 2013 September 17.



C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

Jacobs et al. Page 19
L

, l
ef

t; 
R

, r
ig

ht
; L

e,
 le

si
on

; O
, o

cc
ip

ita
l; 

PC
, p

os
te

ri
or

 c
in

gu
la

te
; A

C
, a

nt
er

io
r 

ci
ng

ul
at

ed
; F

, f
ro

nt
al

; A
G

, a
ng

ul
ar

 g
yr

us
; H

C
, h

ip
po

ca
m

pu
s;

 A
, a

m
yg

da
la

; P
H

C
, p

ar
a-

hi
pp

oc
am

pu
s;

 T
P,

 te
m

po
ra

l p
ol

e;
 A

D
, 

af
te

rd
is

ch
ar

ge
; A

D
 +

 P
, a

ft
er

di
sc

ha
rg

e 
w

ith
 p

ro
pa

ga
tio

n;
 S

M
A

, s
up

pl
em

en
ta

ry
 m

ot
or

 a
re

a;
 C

, c
in

gu
la

te
 g

yr
us

; O
F,

 o
rb

ito
-f

ro
nt

al
; S

M
, s

up
er

io
r 

m
ot

or
; I

M
, i

nf
er

io
r 

m
ot

or
; S

PC
, s

up
er

io
r 

po
st

ce
nt

ra
l; 

IP
C

, 
in

fe
ri

or
 p

os
tc

en
tr

al
; T

S,
 ty

pi
ca

l s
ei

zu
re

; c
on

t.,
 c

on
ta

ct
s;

 b
ol

d 
in

di
ca

te
s 

th
e 

m
or

e 
co

m
m

on
 S

O
Z

 in
 c

as
es

 w
he

re
 th

ey
 w

as
 m

or
e 

th
an

 o
ne

 S
O

Z
; A

C
, a

nt
er

io
r 

ci
ng

ul
at

e;
 P

C
, p

os
te

ri
or

 c
in

gu
la

te
; A

G
, a

ng
ul

ar
 

gy
ru

s;
 O

T,
 o

cc
ip

ito
te

m
po

ra
l j

un
ct

io
n.

Epilepsia. Author manuscript; available in PMC 2013 September 17.


	Summary
	Methods
	Patient selection
	Recording methods
	Channels selection and sampling
	Marking spikes and HFOs
	Electrical Stimulation
	Statistical analysis

	Results
	Patients and stimulation responses (Table 1)
	Correlation between SOZ and stimulation response
	Rates of HFOs
	Correlation between rates of HFOs and stimulation thresholds
	Rates of HFOs in all channel groups

	Conclusion
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

