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Abstract

Objective—High-frequency oscillations (HFOs) in the intracerebral electroencephalogram 

(EEG) have been linked to the seizure onset zone (SOZ). We investigated whether HFOs can 

delineate epileptogenic areas even outside the SOZ by correlating the resection of HFO-generating 

areas with surgical outcome.

Methods—Twenty patients who underwent a surgical resection for medically intractable epilepsy 

were studied. All had presurgical intracerebral EEG (500Hz filter and 2,000Hz sampling rate), at 

least 12-month postsurgical follow-up, and a postsurgical magnetic resonance imaging (MRI). 

HFOs (ripples, 80 –250Hz; fast ripples, >250Hz) were identified visually during 5 to 10 minutes 

of slow-wave sleep. Rates and extent of HFOs and interictal spikes in resected versus nonresected 

areas, assessed on postsurgical MRIs, were compared with surgical outcome (Engel’s 

classification). We also evaluated the predictive value of removing the SOZ in terms of surgical 

outcome.

Results—The mean duration of follow-up was 22.7 months. Eight patients had good (Engel 

classes 1 and 2) and 12 poor (classes 3 and 4) surgical outcomes. Patients with a good outcome 

had a significantly larger proportion of HFO-generating areas removed than patients with a poor 

outcome. No such difference was seen for spike-generating regions or the SOZ.

Interpretation—The correlation between removal of HFO-generating areas and good surgical 

outcome indicates that HFOs could be used as a marker of epileptogenicity and may be more 

accurate than spike-generating areas or the SOZ. In patients in whom the majority of HFO-

generating tissue remained, a poor surgical outcome occurred.

Thirty percent to 40% of patients with focal epilepsy are medically intractable,1 and for 

some, surgical removal of epileptogenic areas is the best option to gain seizure freedom. 

Intracranial electroencephalographic (iEEG) investigations are indicated for patients in 

whom noninvasive methods fail to identify a single focal seizure generator.2
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iEEG is used to define the seizure onset zone (SOZ).3 Removal of the SOZ alone, however, 

does not always predict the surgical benefit.4,5 It is uncertain whether the outcome can be 

improved by removing areas of interictal spiking, often more widespread than the SOZ.6,7 

Intracranial studies also have limitations, as their results depend on electrode location and 

type of implantation (intracortical vs subdural). For instance, iEEG electrodes only record 

neuronal activity in their direct vicinity and are blind for other areas,8 making it hard to 

judge whether the activity at seizure onset really represents the seizure generator or is the 

result of propagation from else-where. Thus the actual focus and its extent may be missed, 

leading to unsuccessful surgery.

Microelectrode-recorded high-frequency oscillations (HFOs), ripples (80 –250Hz), and fast 

ripples (FRs, 250 –500Hz), were found predominantly in epileptogenic tissue.9 –11 They can 

also be recorded with macroelectrodes during clinical iEEG investigation.12,13 HFOs were 

more specific in indicating the SOZ than spikes.14 Additionally, they were linked to the SOZ 

independently of the underlying lesion and were infrequent in lesional areas outside the 

SOZ.15 Evidence therefore suggests that HFOs are good markers of epileptic tissue and may 

help to identify epileptogenic areas. We hypothesize that removing areas generating HFOs 

results in good surgical outcome. The correlation between removal of HFO-generating areas 

and seizure outcome was compared to that coming from spikes and to the current gold 

standard, removing the SOZ.

Materials and Methods

Patient Selection

Between 2004 and 2008, 47 patients underwent iEEG with 2,000Hz sampling (see below). 

The decision to perform iEEG was taken exclusively for clinical reasons. The study was 

performed retrospectively and patient inclusion criteria were: 1) surgery following the 

intracranial investigation; 2) 12 months postsurgical follow-up; and 3) postsurgical magnetic 

resonance imaging (MRI).

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

Ethics Committee, and all patients signed an informed consent.

Recording Methods and Contact Selection

Depth electrodes were implanted stereotactically using an image-guidance system (SNN 

Neuronavigation System, Mississauga, Canada).16 Electrodes were manufactured onsite (9 

contacts per electrode; contact surface 0.8mm2) as described earlier.14,17 iEEGs were low-

pass filtered at 500Hz, sampled at 2,000Hz, and recorded using Harmonie (Stellate, 

Montreal, Canada). We recorded electro-oculogram (EOG) and electromyogram (EMG) to 

facilitate sleep staging. The recording was performed referentially with an epidural reference 

electrode placed in the parietal lobe of the hemisphere contralateral to the main epileptic 

focus. Analyses were performed on bipolar montages.

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 to 10 minutes.18 

Periods of slow-wave sleep were selected using EEG, EOG, and EMG as described before.14
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Marking Spikes and HFOs

We selected and marked 5 minutes of slow-wave sleep in all patients. Interictal EEG 

segments were separated at least 4 hours from any seizure activity. The first minute of EEG 

of each patient was marked by 2 reviewers (J.J. and M.Z.) separately, and the concordance 

between marked events (spikes and HFOs) was assessed using Cohen’s kappa coefficient for 

each contact. Both observers jointly reviewed the events in contacts with kappa <0.519 and 

established a consensus. Based on this consensus, the remaining 4 minutes of EEG were 

marked by 1 of the reviewers. In patients for whom a stable measurement of HFOs was not 

reached during 5 minutes according to the method of Zelmann et al,18 10 minutes were 

marked.

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

computer monitor (0.6 seconds, 1,200 samples). The display was split vertically with an 

80Hz high-pass filter on the left side and a 250Hz high-pass filter on the right side, using 

finite impulse response filters to eliminate ringing. A ripple was marked if an event was 

clearly visible on the left (80Hz) and not on the right (250Hz). An event was regarded as an 

FR if it was visible on the right (250Hz). Only events containing at least 4 consecutive 

oscillations were regarded as HFOs, and 2 events were considered distinct when separated 

by at least 2 non-HFO oscillations (Supplementary Fig 1).

Classification of Contacts

The SOZ was defined by a clinical neurophysiologist as the area showing the first ictal 

activity (seizure onset) during iEEG recording. This was done independently from this 

research project. The traditional display of the iEEG does not allow visualization of HFOs 

(see Supplementary Fig 1), and HFOs that may have been present at seizure onset were 

therefore not taken into account for the determination of the SOZ. If seizures were 

originating from >1 area independently, all contacts within the different SOZs were regarded 

as SOZ contacts.

The electrode and contact localizations derived from the preimplantation Neuronavigation 

calculations and the postsurgical MRIs were used to determine whether electrode contacts 

were included in the brain tissue eventually removed at surgery. Postsurgical MRIs consisted 

of the following sequences: global T1 with gadolinium, T1 sagittal, T2 axial and coronal, 

fluid-attenuated inversion recovery coronal. Electrode tracts were best seen on the T1 

sagittal views. Electrode contacts were classified as removed if they were within the surgical 

cavity and could not be found on the postsurgical MRI. Additionally, contacts were regarded 

as removed contacts if they were in disconnected brain tissue, which was for example the 

case for the innermost amygdala contacts after selective amygdalohippocampectomies.

Surgical Outcome

The decision for surgery resulted from the intracranial investigation as well as noninvasive 

investigations. HFO occurrence and rates were not used for surgical planning. In some cases, 

surgery was palliative, as the SOZ was within functional areas, widespread or multifocal. 

Documents of the last visit of the patient to the clinic were used for classifying the patient’s 

outcome according to Engel’s classification20: class 1 if patients were seizure free, class 2 in 
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the case of rare disabling seizures, class 3 if a worthwhile improvement was reached, and 

class 4 for patients without improvement. Outcomes 1 and 2 were considered good, and 3 

and 4 poor.

Statistical Analysis

HFOS AND SURGICAL OUTCOME—Rates of ripples, FRs, and spikes were calculated 

for each contact. The purpose was to investigate the correlation between HFOs and surgical 

outcome (Fig 1A). It was unclear whether only contacts with high HFO rates are important 

or if contacts with sparsely occurring HFOs should also be taken into account to identify 

epileptogenic areas. Often we see a small number of contacts with high rates of HFOs and 

more contacts with low HFO rates (Fig 1B). We thus quantified first the HFO rates in 

removed and nonremoved contacts, and then the number of removed contacts with HFOs 

regardless of HFO rates (ie, the extent of tissue showing HFOs).

First, we investigated whether high rates of HFOs are indicative of epileptogenic areas. For 

this purpose, we calculated a ratio between rates of HFO in removed contacts and those in 

nonremoved contacts:

where ev is the type of event (ripple, FR or spike), RemCh are the contacts that were 

removed, and NonRemCh are the contacts that were not.

This ratio identifies the relationship between event rates in removed contacts compared with 

event rates in nonremoved contacts. For instance, a value close to +1 identifies patients in 

whom the majority of HFOs have been removed, whereas a value close to −1 indicates that 

the majority HFOs remained untouched. In patients with a value around zero, a similar total 

amount of HFOs were removed and remained untouched. According to our hypothesis, we 

expected patients with a value around 1 for ripples or FR to have a good outcome, and 

patients with a value around −1 to have a poor outcome.

Second, we evaluated the importance of the extent of removed HFO contacts regardless of 

the rate, reflecting the spatial extent of the HFO-generating area that was removed. We 

calculated the ratio between the number of removed and nonremoved contacts showing 

HFOs as follows:

where #ChannRem is the number of removed contacts with events (ripple, FR, or spike), and 

#ChannNonRem is the number of nonremoved contacts with events.
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SOZ and Surgical Outcome

The determination of whether a channel belongs to the SOZ was described above. 

Knowledge about the SOZ is normally used to predict surgical outcome. We calculated 

whether removing the SOZ contacts would result in a better outcome than their nonremoval. 

SOZ channels were classified as removed or nonremoved regardless of other factors, such as 

reasons for nonremoval or frequency of seizures generated from each SOZ in the case of 

multiple SOZs in the same patient.

The following ratio was calculated:

where #ChannSOZRem is the number of removed contacts within the SOZ, and 

#ChannSOZNonRem is the number of nonremoved contacts within the SOZ. This ratio 

increases as the proportion of removed to nonremoved channels increases.

A Wilcoxon rank sum test was used to compare both ratios in patients with good (classes 1 

and 2) versus those with poor surgical outcome (classes 3 and 4) for all 3 analyses above.

Results

Patient Inclusion and Surgical Outcome

Twenty of 47 patients were included. Twenty-seven were excluded for various reasons: 3 did 

not undergo surgery after the iEEG investigation because no clear SOZ was identified or it 

could not be removed for functional reasons; 11 had postsurgical follow-up shorter than 12 

months; and 13 did not have a postsurgical MRI. This exclusion criterion did not bias the 

study in regard to surgical outcome, as the mean surgical outcome of the patients 

investigated (class 2.7 ± 0.7) was not different from those excluded (class 2.6 ± 1.1). Three 

patients (patients #10, #17, and #19) underwent 2 surgeries after iEEG, and the data 

presented here relate to the second surgery.

Clinical details are given in the Table. Mean time follow-up was 22.7 ± 6.8 months. Eight 

patients had a good (classes 1 and 2) and 12 a poor (classes 3 and 4) surgical outcome. Only 

2 patients had a class 4 outcome, but only 1 patient became seizure free (class 1).

Events Rates and Surgical Outcome

The ratio between HFO rates in removed and nonremoved contacts was significantly higher 

in patients with a good outcome than in those with a poor outcome (Fig 2A). This was 

especially the case for ripples (good outcome ratio, 0.31 ± 0.; poor outcome ratio, −0.3 

± 0.4; p = 0.006), whereas the difference was larger but less significant for FRs (good 

outcome ratio, 0.7 ± 0.4; poor outcome ratio, −0.2 ± 0.7; p = 0.04). Figure 3 gives the ratios 

in all patients. In all but 1 patient with a good outcome, ratios >0 were seen for ripples and 

FRs, in agreement with our hypothesis (Fig 4, Supplementary Fig 1). Eight of 12 patients 

with a poor outcome had ratios <0 for ripples and FRs (Fig 5). Only 1 patient (#19) with a 
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poor outcome showed positive values for both ripples and FRs. Two patients (#12, #16) 

showed clearly positive values for FRs, and a good outcome might have been expected. This 

disagreement between a large removal of HFO-generating tissue and bad outcome in these 3 

patients may have resulted from insufficient electrode coverage. For spikes, there was no 

significant difference between patients with good and poor outcome.

Number of Contacts Removed With Events and Surgical Outcome

The difference between patients with good and poor outcomes was borderline significant for 

the ratio between the number of removed and nonremoved contacts with FRs (good 

outcome, 0.4 ± 0.4; poor outcome, −0.2 ± 0.4; p = 0.06) (Fig 2B). This finding is interesting, 

as contacts with FRs were significantly less frequent and less distributed than those with 

ripples (Fig 1B). The average number of contacts with FRs was 5.9 ± 3.2 per patient, 

compared with 21 ± 7.8 contacts with ripples per patient ( p < 0.001). Thus, FRs in most 

patients were seen in a few contacts but with relatively high rates, and there was only a 

negligible difference between the set of all contacts with FR and the set of contacts with 

high rates of FR. No significant difference for ripples and spikes was found. Contacts 

showing low rates of ripples therefore seem to be less important indicators of 

epileptogenicity.

SOZ and Postsurgical Outcome

The removal of the SOZ was not different for patients with good or poor outcomes (Fig 2C), 

indicating that SOZ contacts that are not removed do not necessarily result in poor outcome. 

The ratio of removed versus non-removed SOZ channels varied for good as well as for bad 

outcomes between +1 (complete removal) and −1 (no removal). In a larger group a patients 

and with more statistical power, grading of different SOZs and reasons for nonremoval could 

be analyzed and may shed light on these results.

The difference in correlation with postsurgical outcome between removal of HFO-generating 

tissue and SOZ-generating tissue underlines that the extents of SOZ- and HFO-generating 

tissues do not completely overlap. Nevertheless, rates of HFOs are significantly higher in 

SOZ than non-SOZ areas ( p < 0.001) (Supplementary Fig 2).

Conclusion

A significant correlation was found between the removal of contacts with high rates of 

HFOs and good surgical outcome. For FRs, the removal of the majority of contacts with FRs 

also resulted in good outcomes. Patients with remaining HFO-generating tissue had bad 

outcomes. Surprisingly, the SOZ in this specific group of patients appeared to be a weak 

indicator of epileptogenicity.

Discussion

Interictal HFOs, especially at high rates, seem to be reliable markers of epileptogenic tissue. 

Patients in whom most HFO-generating tissue was removed experienced a good outcome.
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Our surgical results were worse than other series, with only 40% of patients in Engel class 1 

or 2.21–23 Surgical outcome, however, is less favorable in patients with neocortical,24 

nonlesional,25 and multifocal or bitemporal epilepsy.4 All our patients had incongruent or 

contradictory preimplantation findings. Five had nonlesional epilepsy, and 10 had multiple 

or diffuse lesions. Three had previous unsuccessful resections. Only 10% of our patients 

with refractory focal epilepsy undergo intracranial investigations. Our selection criteria for 

iEEG may therefore be more stringent compared with other centers, where up to 30% of 

patients have iEEG.26,27 This group consists almost entirely of patients with unclear or 

poorly localized SOZs, which probably explains the surgical outcome.

The definition of the SOZ by iEEG is an important measure in presurgical planning, and 

interictal spikes are also used to guide the surgical extent.6,7,28 But how reliable are these 

markers for evaluating epileptogenic areas?

In our study, removing the SOZ, or part of it, was not necessarily correlated with a good 

outcome, and some patients continued to have seizures even when the SOZ was removed 

(eg, patients #7 and #19). This may be explained by the spatially limited sampling of 

intracranial investigations.5 On the other hand, good outcome was observed in some patients 

in whom part of the SOZ was not included in the resection. This was seen in patients with 

mesial bitemporal (patients #11 and #15) and with extended neocortical seizure onset 

(patients #3 and #14). In patients with bilateral mesial-temporal epilepsy, good outcome can 

occur with unilateral resection,4 but it remains unclear why remaining epileptogenic areas 

become inactive over time. The definition of the SOZ used in this study (all regions with a 

seizure onset, independently of iEEG morphology and number of seizures) does not 

necessarily correspond to the definition used in practice for surgical planning. This may also 

explain the unexpected poor relationship between removal of the SOZ and outcome.

Interictal spikes are also potential markers of epileptogenic tissue, but their involvement in 

seizure generation is unclear. Some studies indicate that removal of all spike-generating 

tissue is necessary to achieve good outcome,6 but others indicate that seizure freedom is 

independent of interictal activity.7 This study did not find a difference in the amount of 

spike-generating tissue removed between patients with good and bad outcomes. Thus, spikes 

were not a good marker for epileptogenicity. Spikes may be generated in areas secondarily 

involved in the epileptogenic network, which are not responsible for seizure generation.29,30 

It has even been hypothesized that spikes may have a protective effect and prevent seizure 

occurrence.31,32 They decrease with antiepileptic medication withdrawal.24

The weakness of spikes as epileptogenic markers raises the question of whether interictal 

HFOs are independent enough of spikes to be better markers. HFOs often occur with spikes,
33 and some are visible in the unfiltered EEG as “riding on spikes.”13 Around 40% of HFOs 

occur outside spikes, however, and contacts without spikes can show high HFO rates.14 

Additionally, HFOs behave differently from spikes in response to anti-epileptic medication 

reduction and after seizures.34 Thus, HFOs are possibly generated independently of spikes 

even if they often co-occur. They may result from gamma-aminobutyric acidergic 

interneurons or an imbalance between excitatory and inhibitory interneurons within epileptic 

tissue.10,35
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Although HFOs do not increase prior to seizures,15 animal studies have shown a relationship 

between their presence and number of seizures.36 Additionally, more frequent ictal HFOs 

were observed in seizure onset areas compared with remote areas.12,37 These results indicate 

that HFOs may be linked to seizure generation. The strongest indicator that HFOs are a 

pathological correlate of epileptogenic tissue, however, remains a correlation with surgical 

outcome.

We hypothesized that the majority of HFO-generating areas were removed in patients with 

good surgical outcome. We did not expect to predict the outcome, because brain coverage 

with depth electrodes is limited, and patients with removal of HFO-generating areas may 

continue to have HFOs outside the recording zone. All 3 patients (#12, #16, #19), who had a 

bad outcome despite a good removal of HFO-generating areas had extended SOZ areas and 

limited lesional coverage by the electrodes due to the extent (#12, #19) or localization (#16) 

of the lesion. This disagreement may therefore be dependent on the extent and type of 

electrode placement chosen for each patient. Although the implantation of subdural grids 

often results in coverage of large surface areas, activity from deeper cortical structures can 

be better recorded by depth electrodes. Additionally, the extent and number of electrodes 

varies strongly from center to center. Future studies will have to determine which type of 

iEEG implantation and recording technique best allows interpreting HFO findings and 

predicting postsurgical outcome.

We considered HFOs a reliable marker of epileptogenicity if most HFO-generating areas 

were removed in patients with good outcome and if these areas were not removed in patients 

with poor outcome. Patients in whom HFO-generating tissue remained postsurgically had 

unfavorable outcomes. On the contrary, in all but 1 patient (#15) with a good outcome, most 

HFO-generating tissue was removed. In this patient, with bitemporal seizure onsets and right 

selective amygdalohippocampectomy, the majority of ripples were not removed. In patients 

with bitemporal implantations (#1, #6, #9, #15, and #18), HFOs were generally bitemporal 

and had more remaining ripples than in patients with neocortical implantations. Some 

remaining ripples may therefore have been correlates of healthy ripples,38 and in mesial 

temporal structures may not be as indicative for epileptogenic areas as in neocortex.

Do we have to distinguish between HFO frequencies, and are ripples or FRs the better 

marker of epileptogenicity? Although FRs have been more strongly linked to 

epileptogenicity than ripples,11,33 we found that both were increased in the SOZ.14 

Functionally related FRs have been described after sensory stimulation,39 but not 

spontaneously, and therefore most likely do not interfere with our study, which was 

conducted during sleep. In mesial temporal structures, there is the issue of differentiating 

between memory-related38,40 and pathologic ripples.41 Normal ripples synchronize neuronal 

activity over long distances and thus facilitate memory consolidation. Pathological HFOs, 

which most likely result from abnormal synchronously bursting neurons, cannot be 

distinguished by simple frequency analysis from healthy ripples.41 Rates of HFOs in the 

present study therefore may in some contacts be increased by healthy HFOs, which we 

cannot distinguish from pathological ones at the moment.
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Our study, however, suggests that removal of ripple-generating tissue is important to gain 

seizure relief; the difference in HFO rates in removed areas between patients with good and 

poor outcomes was higher for ripples than for FRs. In patients with a poor outcome, only in 

1 (#19) was the majority of tissue generating both event types removed. In 3 others (#8, #9, 

and #13), the majority of FRs but not ripples were removed. In these cases, either FRs were 

generated outside the recording area and thus epileptogenic tissue was not removed, or 

ripples were also indicators of epileptogenicity and should have been removed.

Ripples and FRs also showed very different distribution patterns. Whereas FRs were more 

localized, ripples tended to occur in larger regions. Furthermore, the distribution of ripples 

seems to be less indicative of the epileptogenic zone than areas with high rates of ripples. 

Hence, a differentiation between ripples and FRs seems necessary for interpreting rates as a 

marker of epileptogenicity.

We conclude that good surgical outcome is better correlated with the removal of HFO-

generating tissue than with the removal of spike-generating tissue or the SOZ. This indicates 

that HFOs should be good markers of epileptic tissue. Prospective studies are needed to 

evaluate the value of HFOs for postsurgical outcome prediction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
This figure demonstrates our hypothesis. (A) The diagram illustrates the assumed 

relationship between the removal of the majority of measured events and the surgical 

outcome. Our hypothesis does not assume that all patients with a poor outcome must have 

remaining high-frequency oscillation (HFO)-generating regions. It might be that the 

majority of recorded HFOs are removed, but HFOs are generated in brain areas in which 

there are no electrodes. (B) Histograms in which channels are ranked according to event 

rates. The 2 graphs illustrate a typical distribution of ripples (left), some contacts having 

very high rates and many contacts having low rates, and fast ripples (FRs) (right), with 

similar numbers of contacts with high and low rates. In all patients, the distribution of FRs 

was restricted to much fewer channels than that of ripples. SOZ = seizure onset zone.
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FIGURE 2. 
Overview of the results of the study. (A) Ratio of event rates in the removed areas to rates in 

the non-removed areas for patients with good versus bad outcome (see formula in text). 

Regions generating high rates of ripples (R) and fast ripples (FRs) where more likely to have 

been removed in patients with good outcome. (B) Ratio of the number of contacts with 

events to the number of contacts without any event in patients with good versus poor 

surgical outcomes (see formula in text). Only the number of contacts carrying FRs showed a 

significant difference. (C) The ratio of removed versus nonremoved seizure onset zone 

(SOZ) contacts is compared for the 2 outcome groups. No significant difference was seen. 

*Significantly different from Engel classes 1 and 2 (p = 0.04). &Significantly different from 
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Engel classes 1 and 2 (p = 0.008). Red lines signify median. HFO = high-frequency 

oscillation. [Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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FIGURE 3. 
Same data as in Figure 2A, but showing all patients. All patients with good outcome are in 

blue and patients with poor outcome in red circles. A number identifies each patient, so that 

it is possible to follow which marker (ripples on the left, fast ripples [FRs] in the middle, 

spikes on the right) is indicative of the outcome in each patient. Values >0 indicate that the 

majority of high-frequency oscillations (HFOs) are removed and patients should therefore 

have a good outcome (blue circles). One patient did not have any FRs (#7). The chart shows 

that, except for patient #15, all patients with good outcome had the majority of HFOs 

removed (values >0). This result can be stated differently: all patients with most HFOs 

remaining (values <0) had a poor outcome (except patient #15). We also notice that for 

patients with poor outcome, all but 1 (#19) had the majority of ripples or FRs remaining.
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FIGURE 4. 
Pre- and postsurgical magnetic resonance imaging (MRI) of patient #10 as an example of a 

patient with removal of most of high-frequency oscillation-generating tissue and a good 

outcome. The postsurgical MRI clearly shows that the areas around electrode R-IC were 

removed, whereas the tissue around the inner contacts of R-SC remained untouched. The 

axial view of the postsurgical MRI also demonstrates the electrode traces of R-A and R-HC. 

The graph illustrates the rates of ripples/fast ripples in contacts that were removed (red) and 

those that remained (blue). Only channels that had events are shown; ripples are found in 

more channels than fast ripples. A = amygdala; HC = hippocampus; IC = infracalcarine; L = 

left; R = right; SC = supracalcarine.
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FIGURE 5. 
Patient #4 underwent a resection in the left frontal lobe with removal of the brain areas 

around the electrodes in the left anterior cingulate (L-AC) and left supplementary motor area 

(L-SMA). High-frequency oscillations were most frequently seen in the contacts placed in 

the occipitotemporal junction. The patient had a poor outcome, with reduced but persisting 

complex partial seizures. HC = hippocampus; OT= occipitotemporal junction; PC = 

posterior cingulate; PSMA = posterior SMA; R = right.
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e;
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M

A
 =
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 m
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a;
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A

 =
 p
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-S

M
A

; L
-P

C
 =
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ft

 p
os

te
ri

or
 c

in
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la
te

d;
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P 
=

 te
m

po
ra

l p
ol

e;
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C
D

 =
 f

oc
al

 
co

rt
ic

al
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ys
pl

as
ia

; O
 =

 o
cc

ip
ita

l; 
P 

=
 p

ar
ie

ta
l; 

IC
 =

 in
fr

ac
al

ca
ri

ne
; S

C
 =

 s
up

ra
ca

lc
ar

in
e;

 L
-T

 =
 le

ft
 te

m
po
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l; 

O
F 

=
 o

rb
ito

fr
on

ta
l; 

su
p.

 =
 s

up
er

io
r;

 S
M

 =
 s

up
er

io
r 

m
ot

or
; I

M
 =

 in
fe

ri
or

 m
ot

or
; S

PC
 =

 s
up

er
io

r 
po

st
ce

nt
ra

l; 
IP

C
 =

 in
fe

ri
or
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os

tc
en

tr
al

; h
em

i. 
=

 h
em

is
ph

er
e;

 P
N

H
 =
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er

iv
en

tr
ic

ul
ar

 n
od

ul
ar

 h
et

er
ot

op
ia

s;
 p

os
t. 

=
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os
te

ri
or

.
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