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Abstract 56 

Sawtooth waves (STW) are bursts of frontocentral slow oscillations recorded in the scalp EEG during 57 

rapid-eye-movement (REM) sleep. Little is known about their cortical generators and functional 58 

significance. Stereo-electroencephalography performed for presurgical epilepsy evaluation offers the 59 

unique possibility to study neurophysiology in-situ in the human brain. We investigated intracranial 60 

correlates of scalp-detected STW in 26 patients (14 women) undergoing combined stereo-61 

electroencephalography/polysomnography. We visually marked STW segments in scalp EEG and 62 

selected stereo-electroencephalography channels exhibiting normal activity for intracranial analyses. 63 

Channels were grouped in 30 brain regions. The spectral power in each channel and frequency band 64 

was computed during STW and non-STW control segments. Ripples (80-250 Hz) were automatically 65 

detected during STW and control segments. The spectral power in the different frequency bands and 66 

the ripple rates were then compared between STW and control segments in each brain region. An 67 

increase in 2-4 Hz power during STW segments was found in all brain regions except the occipital 68 

lobe, with large effect sizes in the parieto-temporal junction, the lateral and orbital frontal cortex, the 69 

anterior insula and mesiotemporal structures. A widespread increase in high frequency activity 70 

including ripples was observed concomitantly, involving the sensorimotor cortex, associative areas 71 

and limbic structures. This distribution showed a high spatiotemporal heterogeneity. Our results 72 

suggest that STW are associated with widely distributed but locally regulated REM sleep slow 73 

oscillations. By driving fast activities, STW may orchestrate synchronized reactivations of multifocal 74 

activities, allowing tagging of complex representations necessary for REM sleep-dependent memory 75 

consolidation.  76 

 77 

 78 
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 84 

Significance Statement 85 

Sawtooth waves (STW) present as scalp EEG bursts of slow waves contrasting with the low-voltage 86 

fast desynchronized activity of rapid eye movement (REM) sleep. Little is known about their cortical 87 

origin and function. Using combined stereo-electroencephalography/polysomnography possible only 88 

in the human brain during presurgical epilepsy evaluation, we explored the intracranial correlates of 89 

STW. We found that a large set of regions in the parietal, frontal and insular cortices shows increases 90 

in 2-4 Hz power during scalp EEG STW, that STW are associated with a strong and widespread 91 

increase in high-frequencies and that these slow and fast activities exhibit a high spatiotemporal 92 

heterogeneity. These electrophysiological properties suggest that STW may be involved in cognitive 93 

processes during REM sleep.  94 

 95 

 96 

 97 

Abbreviations 98 

Bursts of REM: bursts of rapid eye movements 99 

EEG: electroencephalography 100 

EOG: electro-oculography 101 

EMG: electromyography 102 

HF: high frequency 103 

iEEG: intracranial EEG 104 

iSTW: intracranial sawtooth waves 105 

LF: low frequency 106 

PSD: power spectral density  107 

PSG: polysomnography 108 

REM sleep: rapid-eye-movement sleep 109 

SEEG: stereo-electroencephalography 110 

STW: sawtooth waves 111 
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 112 

Introduction 113 

Human sleep is characterized by several electrophysiological features resulting from oscillations 114 

within cortico-subcortical networks and associated with specific functions (Steriade et al., 1993; 115 

Carskadon and Dement, 2017; Luppi and Fort, 2019). Non-rapid-eye-movement (NREM) sleep 116 

rhythms have been well described: they include slow waves, spindles and ripples, orchestrated in a 117 

fine-tuned manner underpinning memory-consolidation processes (Steriade, 2003; Clemens et al., 118 

2007; Diekelmann and Born, 2010; Staresina et al., 2015; Jiang et al., 2019). Paradoxically, whereas 119 

rapid-eye-movement (REM) sleep has been discovered more than 60 years ago, very few studies have 120 

focused on sleep oscillations specific to this stage (Dement and Kleitman, 1957; Jouvet and Michel, 121 

1959). Several studies have explored ponto-geniculo-occipital waves, providing information about 122 

their pontine origin and thalamocortical propagation, including functional neuroimaging and 123 

intracranial recording studies in humans (Nelson et al., 1983; Peigneux et al., 2001; Lim et al., 2007; 124 

Frauscher et al., 2018a). In contrast, sawtooth waves (STW), which represent another slow oscillation 125 

of REM sleep, have been neglected although they have been observed in the scalp EEG since the 60s 126 

(Jouvet et al., 1960; Berger et al., 1962; Rechtschaffen and Kales, 1968).  127 

STW present as bursts of low frequency rhythms contrasting with the low voltage fast desynchronized 128 

activity associated with REM sleep (Siegel, 2011). Their name refers to their morphology, as their 129 

shape resembles notched triangular waves (Berger et al., 1962; Rodenbeck et al., 2006). STW peak in 130 

the delta (2-3Hz) frequency and are recorded with the highest amplitude over the vertex of the 131 

frontocentral regions (Jouvet et al., 1960; Yasoshima et al., 1984; Broughton and Hasan, 1995). They 132 

usually occur after the onset of muscle tone reduction, before a burst of REM, and show an increase in 133 

density between the first and last sleep cycles (Geisler et al., 1987; Sato et al., 1997; Pearl et al., 134 

2002). Recently, a high-density EEG (HD-EEG) study identified two potential sources of STW, one 135 

frontocentral and one occipitotemporal. The authors also observed a positive in-phase association of 136 

STW with low gamma activity, suggesting that STW may be associated with an “activating” effect 137 

(Bernardi et al., 2019). However, no direct cortical recording of STW in different brain areas including 138 

mesial temporal structures has been reported yet and the functional significance of these REM sleep 139 
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oscillations remains unknown. No study has investigated the association of STW with ripples in the 140 

hippocampus which could underlie some processes related to the memory function of REM sleep 141 

(Montgomery et al., 2008; Clemens et al., 2009; Boyce et al., 2017).  142 

Stereo-electroencephalography (SEEG), performed only in drug-resistant focal epilepsy patients as 143 

part of the pre-surgical evaluation, allows to record both superficial and deep brain structures in 144 

humans with high spatiotemporal resolution. When combined with scalp polysomnography (PSG), 145 

SEEG provides the unique opportunity to explore intracranial correlates and regional specificities of 146 

sleep oscillations (Nir et al., 2011; Peter-Derex et al., 2012; Frauscher et al., 2018a; Latreille et al., 147 

2020). In the present study, we report the first intracranial study of STW in the human. We aimed to 148 

(i) provide a comprehensive description of intracranial correlates of STW in the delta frequency band 149 

(ii) measure the level of brain activation during STW, as assessed by the mapping of high frequency 150 

(HF) activity associated with these slow rhythms and (iii) explore the local spatiotemporal distribution 151 

of STW as described for NREM oscillations (Nir et al., 2011; Frauscher et al., 2015). We hypothesize 152 

that, given their prominent occurrence before bursts of REM and their frontocentral distribution in the 153 

scalp EEG, STW may represent cortical correlates of ascending phasic REM sleep-associated inputs, 154 

thus reflecting an activated state involving widespread neocortical regions.  155 

 156 

Material and methods 157 

Patient selection 158 

We reviewed charts of consecutive drug-resistant focal epilepsy patients who had undergone 159 

combined intracerebral SEEG recordings and polysomnography as part of the presurgical epilepsy 160 

investigation at the Montreal Neurological Institute and Hospital between October 2013 and January 161 

2020. Inclusion  criteria for the present study were: (i) availability of at least one full night recording 162 

with scalp EEG including at least a scalp Fz-Cz derivation + electro-oculogram (EOG) + chin 163 

electromyogram (EMG); (ii) age over 15 years; (iii) available post-implantation imaging for 164 

anatomical localization of the individual channels; (iv) reliable sleep and STW scoring (i.e. no highly 165 

abnormal scalp EEG) (v) presence of at least one SEEG channel with normal activity (vi) no 166 

secondarily generalized tonic-clonic seizures occurring 12h before or during the selected night, and no 167 
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clinical focal seizures during the recording. One patient underwent two SEEG explorations during the 168 

study period: the latest recording was used for analysis. The final study sample was comprised of 26 169 

patients (age mean � SD, 34 �11.7 years; 14 women). Figure 1 provides a flow chart for the patient 170 

selection criteria. Demographic and clinical characteristics of the study sample are given in Table 1. 171 

The study was approved by the Montreal Neurological Institute and Hospital Review Ethics Board 172 

(2014-183). 173 

Intracranial EEG (iEEG) and scalp EEG recordings  174 

An average of 10 (median =10, range 7-16) depth MNI (9 contacts of 0.5-1 mm, distance between 175 

contacts 5mm; 9 patients) or DIXI (10-15 contacts of 2 mm, distance between contacts 1.5 mm; 17 176 

patients) electrodes was implanted stereotactically using an image-guided system. The scalp EEG was 177 

obtained with subdermal thin wire electrodes (Ives, 2005) at positions F3, F4, Fz, C3, C4, Cz, P3, P4, 178 

Pz (except for one patient who only had Fz, Cz and Pz and another one with all but the F3 electrode). 179 

In the night of the sleep recording, which was at least 72 h after implantation (median 6 days, range 3-180 

19), additional electrodes for EOG and chin EMG were applied. The EEG signal was high-pass-181 

filtered at 0.1 Hz, low-pass-filtered at 500 Hz or 600 Hz (depending on the EEG system), and sampled 182 

at 2,000 Hz. EEGs were recorded using the Harmonie® EEG system (Stellate, Montreal, Canada) 183 

from 2010 to 2017 and the Neuroworkbench® EEG system (Nihon Kohden, Japan) after 2017. 184 

Recordings were acquired with a common reference (epidural electrode fixed in the bone, far from the 185 

epileptic field). For sleep scoring and scalp analysis, we used a bipolar montage for the scalp EEG 186 

(F3-C3; C3-P3; Fz-Cz; Cz-Pz; F4-C4; C4-P4). We did not use a traditional mastoid reference montage 187 

because of the proximity of some depth electrodes to the mastoid region and the risk of infection, as 188 

well as the potential contamination of such a reference by epileptic activity in case of a temporal 189 

epileptic focus. All intracranial analyses were done using bipolar montages with the neighboring 190 

contacts on the SEEG electrode in the depth EEG.  191 

Selection and localization of intracranial channels recording physiological activity 192 

In order to select channels representing as closely as possible normal brain activity, we followed a 193 

procedure identical to that of our earlier studies (Frauscher et al., 2018c; von Ellenrieder et al., 2020). 194 

In each patient, channels located within the seizure-onset zone and/or the lesion in case of MRI 195 



 

 8 

abnormality were excluded. Among the remaining channels, only those exhibiting no or very rare 196 

epileptic spikes and no slow-wave anomaly were selected for STW analyses. Thus, a total of 544 197 

bipolar channels (median 19 per patient, range 5-67) were selected. The anatomical localization of 198 

electrodes was determined by co-registering pre-implantation MRI and post-implantation CT or MRI 199 

of each subject, and individual coordinates were then standardized in a common stereotaxic space 200 

using minctools (http://www.bic.mni.mcgill.ca/ServicesSoftware/ServicesSoftwareMincToolKit) and 201 

the Intraoperative Brain Imaging System (IBIS) framework as previously described  (Drouin et al., 202 

2017; Frauscher et al., 2018c). We grouped the channels recording from the same brain region 203 

according to a brain segmentation template (Landman and Warfield, 2012). The original template 204 

partitions the cerebral brain matter in 60 regions per hemisphere. We joined the channels from both 205 

hemispheres, and joined neighboring regions of the template (in the same lobe) until more than 5 206 

channels were included in each brain region following what we did in our previous works (Frauscher 207 

et al., 2018c; Latreille et al., 2020). This led to a template with 30 brain regions; 29 neocortical regions 208 

and the mesiotemporal region. Fig. 2 shows the template and the number of channels recording from 209 

each brain region. 210 

Signal analysis 211 

Sleep and STW scoring 212 

Sleep scoring was manually performed in 30 s epochs in the scalp EEG, blind to SEEG data, 213 

according to AASM criteria (Berry et al., 2017) by board certified neurophysiologists (B.F. or L.P-D.). 214 

STW were manually double-marked on scalp EEG independently by two neurophysiologists (I.D. and 215 

L.P-D) during all REM sleep episodes. They were defined as bursts of consecutive surface positive 2-216 

5 Hz frontocentral bilateral synchronous symmetric waves with an amplitude of 20-100 μV, an angle 217 

larger than 80° and with a slow incline to a negative peak with a following steep linear decline ending 218 

in a positive peak (Sato et al., 1997). We increased the duration criteria from “≥ 3 consecutive waves” 219 

to “≥ 2 s duration burst of consecutive waves” in order to allow us a wider frequency range for 220 

spectral analysis, but also to improve specificity of our detection (see Fig. 3 and Fig. 4 for examples). 221 

The overlap (lasting at least 2 s) of the markings obtained from the two raters was selected for further 222 

analysis. When events were marked as two segments by one scorer and as single one by the other 223 
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scorer, the first of the two overlaps was selected. In order to characterize the occurrence of STW with 224 

respect to tonic/phasic REM sleep and to choose adequate matched control segments for detection of 225 

intracranial correlates of STW, bursts of REM were marked on the EOG derivation, without 226 

information about STW marking (S.B.) when they fulfilled the following definition: bursts ≥3s of 227 

sharp onset eye movements clearly standing out the background EOG (Campana et al., 2017). 228 

Segments of REM sleep containing bursts of REM were considered as phasic REM sleep. Both scalp 229 

and intracranial STW analyses were performed by comparing the STW segments marked on scalp 230 

EEG with control segments of two seconds duration chosen close in time but outside STW markers 231 

from both scorers. Each control segment was derived as a weighted average of control variables 232 

associated to a 2 s segment in tonic REM sleep and another 2 s segment in phasic REM sleep (both 233 

preceding the considered STW segment but outside it and with a 2 s shift between STW segment onset 234 

and control segment offset), with the weights chosen as to respect the proportion of tonic and phasic 235 

sleep present in the STW segment. The choice not to select control segments immediately preceding 236 

STW segments was made upon the observation of asynchrony between scalp STW and delta bursts 237 

recorded in intracranial channels, with possible onset of these bursts slightly before scalp STW onset 238 

(see Fig. 3A for an example). The 2 s shift thus allowed us to be sure not to include the beginning of 239 

the bursts in the control segment for intracranial analyses. This control segment is illustrated in Fig. 4.   240 

Scalp STW analysis 241 

The power spectral density (PSD) of each STW and control segment was estimated with the Welch 242 

method (Hamming window, 1 s duration, 50 % overlap). A per channel PSD was computed averaging 243 

all the STW or control segments from that channel. A grand average of all channels (either Fz-Cz or 244 

Cz-Pz) across patients was also computed.  245 

Intracranial STW analysis 246 

To analyze the intracerebral correlates of scalp STW we computed the power during each STW and 247 

control segment in different frequency bands (0.3 – 2 – 4 – 8 – 13 – 16 – 20 – 30 – 59, 61 – 80 – 119, 248 

121 -239 Hz, sixth order pass-band elliptical IIR filters with 0.25 dB ripple in the passband and 20 dB 249 

attenuation in the rejection band, applied in both directions to achieve a zero-phase filtering with 40 250 

dB attenuation). The power of each segment and channel was log-transformed. Next, the distribution 251 



 

 10 

of the power in each band was obtained for all control segments in each channel of each patient. The 252 

z-score of each STW segment was computed based on the distribution of corresponding control 253 

segments in that channel. The mean z-score of all STW segments in a channel was used to characterize 254 

the behavior of the channel of this patient during the scalp STW. The average of mean z-scores from 255 

all channels recording from the same brain region across patients was computed for each brain region, 256 

at different spatial scales (lobar and sublobar as defined using the 30 regions of the segmentation 257 

template). 258 

In order to visualize the precise evolution in time of the changes in different iEEG frequency bands at 259 

the time of scalp detected STW, the time-frequency analysis of each STW and control segment was 260 

performed with a short time Fourier transform (Hamming window, 1 s duration, 50 ms step). The 261 

time-frequency maps show the average change in spectral power during all STW segments in a 262 

channel with respect to the time-averaged maps of the control segments in that channel. Average maps 263 

of channels recording from the same brain region were also created for each region. 264 

The occurrence of ripples (oscillations in the 80 – 250 Hz band) during STW and control segments 265 

was studied with a published High Frequency Oscillation detector (Frauscher et al., 2018b). The total 266 

number of ripples and total duration of STW/control segments was used to compute the ripple rate in 267 

each channel and condition. The median rate among all channels recording from the same brain region 268 

was computed to quantify the behavior of each region during STW and control conditions. We also 269 

computed the average z-score of the power change for segments with and without ripples, to study the 270 

association between the change in power and the occurrence of ripples.  271 

The variability of the STW segments was studied with the same z-scores described previously. In a 272 

particular patient the correlation coefficient between the z-scores in different channels / frequency 273 

bands gives an idea of the spatial and frequency variability. When considering all patients, an 274 

unsupervised clustering was carried out to group the different channels, using the mean z-scores in 275 

different bands as features. The clustering was done by minimizing the within group inconsistency 276 

coefficients of the links of a hierarchical cluster tree built using the Ward distance (Jain and Dubes, 277 

1988). 278 

Statistics  279 
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We used one-sample two-sided t-tests to determine if z-scores from different brain regions, frequency 280 

bands, and/or conditions (with or without ripples) were statistically different from zero. We adopted 281 

Dunnet’s correction for multiple comparisons. Since statistical significance does not imply practical 282 

relevance, we also reported the effect size observed for all the comparisons we made. The reported 283 

effect size measure is Cohen’s d.  284 

 285 

Results 286 

Scalp STW  287 

From 1881 marks from scorer 1 and 1723 from scorer 2, 1452 common segments lasting at least 2 s 288 

were selected (median 51.5 per patient, range 6-149) (See Fig. 3 and Fig. 4 for examples of STW). 289 

The median duration of the marked STW bursts (overlap of both scorers) was 3.3 s (scorer 1: 3.7 s; 290 

scorer 2: 3.6 s) and the median delay between both scorers’ markings was 156 ms for the STW onset 291 

and 260 ms for the STW offset.  292 

Rate and occurrence of STW in relation with phasic/tonic REM sleep 293 

The median STW rate among patients was 0.66 STW per minute (range 0.20 - 1.44). STW bursts 294 

represented 4.1% of the total REM sleep duration. However, a three-fold increase in STW density was 295 

observed at the time of the onset of bursts of REM. This increase was noticeable from -1 s to + 4 s 296 

after the onset of the burst of rapid eye movements (Fig. 5A). The proportion of tonic/phasic REM 297 

sleep during the whole REM sleep duration (36.9 h) in the 26 patients was 75%/25%. STW onset 298 

followed this distribution (76% during tonic REM sleep /24% during phasic REM sleep), whereas 299 

STW offset was more prevalent in phasic REM sleep than expected (56% during tonic REM sleep 300 

/44% during phasic REM sleep), thus reflecting the fact that STW occurred at the tonic/phasic REM 301 

transition. Among STW that started during phasic REM sleep, 80% also ended in phasic REM sleep. 302 

Intra-STW frequency  303 

Spectral analysis of STW segments showed a peak between 2 and 4 Hz (median 2.7 Hz), with higher 304 

average power over the frontocentral leads as compared to centroparietal leads (Fig. 5B). The average 305 

increase in spectral power compared to the control segments also peaked between 2 and 4 Hz (median 306 

3.2 Hz) (Fig. 5C).  307 
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Intracranial STW 308 

Given the median intra-STW frequency observed in the scalp EEG, we will refer to intracranial STW 309 

(iSTW) to describe the increase in the 2-4 Hz frequency band at the time of scalp-detected STW as 310 

compared to control segments. 311 

Brain areas involved in iSTW represent a parieto-fronto-insular network 312 

When looking at a lobar level, iSTW were found in all but the occipital lobe, with a significant 313 

increase in the 2-4 Hz frequency band in the fronto-parieto-temporal cortex and particularly large 314 

effect size in the insular cortex (Fig. 6A). More precisely, several parietal areas were involved 315 

including the angular gyrus (Cohen’s d =0.97), superior parietal cortex (d =1.14), and posterior 316 

cingulate gyrus (d =1.30). A large effect size was also found in the anterior (d =1.04) and the posterior 317 

insula (d =1.84). Regarding the frontal lobe, the frontal operculum (d =1.12), the inferior frontal gyrus 318 

(d =0.94) and the medial orbito-frontal cortex (d =1.12) exhibited strong 2-4 Hz increases, and a 319 

weaker increase was also observed in the superior frontal gyrus (d =0.53). In the temporal lobe, iSTW 320 

were found in the mesial temporal structures (d=1.08) and to a lower extent in the superior (d =0.76) 321 

and inferior (d =0.54)  temporal gyrus (Fig. 6B and 6C).  However, in most of these regions, the 2-4 322 

Hz increases did not remain significant after correction for multiple comparisons. No significant 323 

increase in delta band power or large effect size was observed when analyzing the pre-STW segment, 324 

arguing against a systematic pattern of propagation of iSTW.  325 

Many regions exhibit high-frequency activity during STW 326 

Interestingly, a concomitant significant increase in HF activity (high beta and mostly gamma (30-80 327 

Hz) and ripple band (80-240 Hz)) was observed in all lobes except the occipital lobe where an increase 328 

in theta to low beta activity was found (Fig. 6A). More specifically, almost all regions in which iSTW 329 

were observed also exhibited an increase in gamma and ripple band activity, significant in the angular 330 

gyrus and the superior parietal cortex. Additionally, isolated HF activity was found in many other 331 

regions including the precuneus, the supramarginal gyrus and the parietal operculum, the middle 332 

frontal gyrus, the medial frontal cortex, the anterior and middle cingulate cortex, the middle and 333 

superior temporal gyrus, the temporal pole as well as the fusiform gyrus and the parahippocampal 334 

gyrus. A very strong effect size was observed in the precentral gyrus, the supplementary motor cortex 335 



 

 13 

and in mesial temporal structures although this increase in 30 to 240 Hz power did not remain 336 

significant after correction for multiple comparisons (Fig. 6B and 6C). At the same time, several areas 337 

in the frontal and in the parietal lobe exhibited a decrease in alpha-beta frequencies, significant in the 338 

precentral gyrus. Time-frequency analysis of peri-STW segments confirmed these findings, showing 339 

that the increase in gamma and ripple band activity and the decrease in alpha-beta activity occurred at 340 

the time of iSTW and of scalp STW bursts (Fig. 7).  341 

In order to explore more precisely HF activity, the ripple rate was estimated in STW and control 342 

segments. Large variations were observed within regions but several areas had a median ripple rate 343 

higher than 0.2/min (Fig. 8). This cutoff was used as it was of the same order as the false detection rate 344 

of the automatic detector (Frauscher et al., 2018b). Median ripple rates in these regions were, from the 345 

highest to the lowest: mesial temporal region (0.42/min), posterior cingulate cortex (0.41/min), 346 

occipital lobe (0.41/min), orbitofrontal cortex and frontal pole (0.38/min), precuneus (0.28/min), 347 

angular gyrus (0.23/min), planum temporale, superior temporal gyrus and transverse temporal gyrus 348 

(0.20/min). During control segments, only the occipital lobe showed a ripple rate > 0.2/min 349 

(1.19/min). Interestingly, the comparison of spectral power between STW segments associated and not 350 

associated with ripples showed a significant increase not only in the low ripple band (80-120Hz) 351 

(p<0.0001, Cohen’s d=0.64) but also in the 2-4Hz delta band (p<0.0001, Cohen’s d=0.30), suggesting 352 

an association between high amplitude iSTW and the presence of ripples.  353 

As shown above, scalp EEG STW occurred mostly within the vicinity of bursts of rapid-eye 354 

movements. In order to assess specifically if changes in intracranial activity during STW were related 355 

to the underlying phasic or tonic microstate, we compared directly the 432 “pure tonic STW” 356 

segments (i.e. separated by at least 12 s from the preceding burst of rapid eye movements (to allow for 357 

a 2 s control segment separated by 2 s from the STW segment onset) and by at least 8 s from the 358 

following burst of rapid eye movements) with the 342 “pure phasic STW” segments (with start and 359 

end during bursts of rapid eye movements (as well as the control segment)). This 8 s time-window was 360 

chosen in line with previous research (De Carli et al., 2016; Simor et al., 2019). No significant 361 

difference was found between “pure tonic” and “pure phasic” STW except for an increase in the 6-8 362 
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Hz band in the medial orbital gyrus and in the 120-140 Hz band in the middle cingulate cortex during 363 

“pure tonic” STW segments.  364 

Spatiotemporal heterogeneity: sawtooth waves as local phenomena  365 

Finally, we investigated the variability in the involvement of the explored brain areas during iSTW. 366 

From a temporal point of view, in a given region, a high heterogeneity was observed from one scalp 367 

detected STW segment to another. From a spatial point of view, the set of regions showing iSTW was 368 

also highly variable and asynchrony between iSTW could be observed (Fig. 3B). This variability was 369 

not only found at the region level, as described above, but was also observed within regions between 370 

channels and involved high delta band as well as higher frequency bands.  371 

An example of temporal and spatial variability is illustrated in Fig 9 (patient #18). It shows that the z-372 

score of the power increase in the 2-4 Hz band and in the low ripple band (80-120 Hz) for the different 373 

STW events in a given channel exhibits a high temporal variability. The time-series of the z-score of 374 

the power increase between neighboring channels is correlated, but the correlation is not very high 375 

indicating spatial variability at a small scale in the intracranial correlates of the STW. Finally, the 376 

correlation between the z-score in the high delta and low ripple bands is far from perfect in the same 377 

channel, indicating that the variability in the channel is not limited to a stereotypical response of 378 

varying amplitude (Fig. 9).  379 

Unsupervised clustering of all channels in 3 groups resulted in a group showing an increase in HF and 380 

low frequency (LF), a group showing an increase in HF only, and a third group showing no change. 381 

Almost two thirds of the channels did not change their activity during STW segments (Fig. 10A). This 382 

result, which contrasts with the above findings of a large set of regions involved, highlights the local 383 

variability in STW, within and between patients. This spatial heterogeneity is illustrated in Fig. 10B: 384 

some regions exhibit a prominent pattern (increase in LF&HF in the anterior insula, superior parietal 385 

cortex and supplementary motor cortex; HF increase in mesial temporal structures, posterior cingulate 386 

cortex and frontal operculum; no changes in LF and HF in the central operculum, in the superior and 387 

inferior temporal gyri as well as in the occipital cortex) but several regions include channels with 388 

variable behaviors during scalp-detected STW as found in the precuneus, the medial frontal cortex or 389 

the middle cingulate gyrus.  390 
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 391 

Discussion 392 

Using the unique opportunity provided by combined SEEG/PSG, we investigated local intracranial 393 

correlates of scalp-detected STW in human. We demonstrate that (i) many brain areas exhibit iSTW; 394 

(ii) a very widespread increase in HF activity is observed concomitantly; (iii) iSTW present as local 395 

phenomena, with high spatiotemporal heterogeneity.  396 

iSTW involve a parieto-fronto-insular network  397 

We recorded iSTW in parietal lateral and medial areas, in the anterior insula, in the lateral and orbital 398 

frontal cortex and in mesiotemporal structures. These results are consistent with the frontocentral 399 

topography of scalp-recorded STW (Yasoshima et al., 1984). Recently, a HD-EEG study identified 400 

two cortical sources for STW: a frontocentral source including the frontal superior and medial cortex 401 

and a posterior temporooccipital source (Bernardi et al., 2019). Our results partly overlap with these 402 

findings regarding frontal iSTW but intracranial recordings, as a gold standard approach to investigate 403 

local activity, allowed us to find additional posterior parietal and insular sources, pointing towards 404 

high integration hubs. We observed theta to beta rather than delta oscillations in the occipital cortex 405 

during STW segments. This discrepancy may be explained by the fact that 70% of the analyzed 406 

occipital SEEG channels were located in the mesial part of the occipital lobe which is not accessible to 407 

scalp EEG. It may also be related to the previous finding of a theta rather than delta peak in occipital 408 

areas during NREM sleep (von Ellenrieder et al., 2020).  409 

STW exhibit local properties  410 

High spatiotemporal heterogeneity was observed in the involvement of brain regions in iSTW. We 411 

also found an asynchrony in iSTW bursts between areas, which may account for the notch observed in 412 

scalp recordings resulting from locally shifted STW. Inter-individual variability in STW density has 413 

previously been reported (Geisler et al., 1987; Pearl et al., 2002). This stealthy pattern of STW may 414 

explain why very few studies have been conducted to investigate their generators. Our results suggest 415 

that STW are under local cortical regulation. Accordingly, a reduction in STW has been reported after 416 

cortical lesions due to stroke  (Bassetti and Aldrich, 2001).  417 

STW correspond to an activated state  418 



 

 16 

We demonstrate an increase in HF activity which may reflect a widespread cerebral activation during 419 

STW. This activation comprised the primary sensorimotor cortex, associative high order areas 420 

including major hubs of the default mode network (Raichle et al., 2001) and limbic areas such as 421 

cingulate cortex and mesiotemporal structures. Interestingly, this activation manifested in some 422 

regions as a decrease in alpha-low beta and an increase in gamma frequencies, consistent with 423 

electrophysiological correlates of various cognitive processes during wakefulness (Pfurtscheller and 424 

Lopes da Silva, 1999; Szurhaj and Derambure, 2006; Lachaux et al., 2012). Mu desynchronization and 425 

gamma synchronization have been previously reported in the motor cortex during phasic as compared 426 

to tonic REM sleep using S-EEG; this cortical activation during phasic REM sleep was similar to that 427 

observed during wakefulness voluntary movements (De Carli et al., 2016). In our work, we extend this 428 

finding to other brain areas and highlight that such activations occur at the time of STW, irrespective 429 

of the ongoing tonic or phasic REM sleep state.   430 

Phasic versus tonic REM sleep 431 

Our observation of different REM sleep microstates associated with various levels of cortical 432 

activation echoes previous reports about REM sleep heterogeneity, usually presented as a dichotomy 433 

between phasic and tonic REM sleep (Simor et al., 2020). The lower arousal thresholds and the higher 434 

gamma activity in phasic versus tonic REM sleep has led to the concept that phasic REM sleep 435 

represents a more “internally focused” but cognitively active state, which could explain the occurrence 436 

of dreams (Gross and Gotman, 1999; Wehrle et al., 2007; Ermis et al., 2010; Simor et al., 2016). 437 

Recently, using HD-EEG, Simor et al. (2019) identified two clusters for HF activity in phasic REM 438 

sleep: one involving most parts of the frontal lobe and the other in the inferolateral temporal, occipital 439 

and medial parietal cortices (Simor et al., 2019). Most of these regions overlap with our results 440 

regarding gamma activities except for the occipital cortex. However, our observations were not based 441 

on the comparison between phasic and tonic REM sleep, which points to the fact that phasic REM 442 

sleep does not totally coincide with REM sleep with bursts of REM. This is in line with several works 443 

about dissociated behaviors of the various components of phasic REM sleep in experimental or 444 

pathological conditions (Geisler et al., 1987; Pinto et al., 2002). Nevertheless, given the particular 445 
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temporal relationship between STW and bursts of REM (Sato et al., 1997), confirmed in our study, it 446 

may be hypothesized that STW represent the border between tonic and phasic REM sleep.  447 

Functional significance of STW cortical activations 448 

We observed a strong increase in ripple rates in regions involved in iSTW and in other areas such as 449 

the hippocampus. Like NREM slow waves synchronizing spindles and ripples, STW may drive faster 450 

activities (Clemens et al., 2007; Bernardi et al., 2019). Given the role of ripples in replay phenomena 451 

such STW-driven activations may participate in REM sleep memory functions (Louie and Wilson, 452 

2001; Ji and Wilson, 2007). The “patchy” nature of iSTW, with various involvement of cortical 453 

regions from one STW to another, may orchestrate synchronized reactivations in different networks, 454 

allowing strengthening or tagging of complex representations which have been reorganized during 455 

NREM sleep (Rasch and Born, 2013). This process may target more specifically emotionally salient 456 

information and lead to their contextualization (Walker and van der Helm, 2009) as suggested by our 457 

results showing activation of limbic but also several associative cortices and the insula. Mental 458 

contents evoked during these short strongly activated periods could participate to the emergence of 459 

dreams as epiphenomena.  460 

STW may be the cortical component of ponto-geniculo-cortical transients  461 

Our finding of a mesio-occipital theta activity during STW segments may correspond to the previously 462 

reported theta waves in the human visual cortex during phasic REM sleep, considered as the occipital 463 

part of PGO waves (Frauscher et al., 2018a). The relationship between STW and PGO remains a 464 

matter of debate. PGO have been initially described in cats as bursts of sharp waves time-locked with 465 

rapid eye movements (Michel et al., 1964). They are generated in the pontine tegmentum and 466 

propagate to the thalamic lateral geniculate nuclei and to the occipital cortex (Callaway et al., 1987; 467 

Datta, 1997). They have been postulated to inform the visual system about eye movements and to 468 

promote REM sleep-dependent neuronal plasticity (Callaway et al., 1987; Datta et al., 2004). 469 

However, PGO are not confined to the visual cortex but rather spread to different brain areas where 470 

they may modulate neuronal firing and synchronization of fast oscillations (Amzica and Steriade, 471 

1996; Andrillon et al., 2015). A link between PGO and STW has been proposed by Ishiro et al. (1979) 472 

who found a temporal association between STW and bursts of REM (Ishiguro et al., 1979). The only 473 
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recordings of STW in animals were performed in non-human primates (Snyder et al., 1978; Balzamo, 474 

1980). These widespread ponto-geniculo-cortical waves, interpreted as being the counterpart of PGO 475 

described in cats, were variable in location from one burst to another and exhibited a morphology 476 

close to that of STW (Balzamo, 1980). One could hypothesize that STW, like PGO, may be associated 477 

with cortical activations initiated by phasic ascending brainstem inputs and be linked to motor outputs 478 

such as bursts of REM. This is in keeping with alterations of STW in neurological diseases affecting 479 

the brainstem such as bulbar forms of the post-polio syndrome where STW appear delayed (Siegel et 480 

al., 1999).  481 

Strengths and potential limitations  482 

We performed the first intracranial study of STW using a large dataset of combined SEEG/PSG 483 

recordings. The independent double visual marking of STW allowed a specific detection of events. 484 

Using a wide frequency band analysis of iEEG, we were able to identify STW-related changes in LF 485 

and HF activity without an a priori hypothesis. We have to acknowledge that data were obtained in 486 

epilepsy patients, as epilepsy is the only condition where SEEG is performed in the human. However, 487 

modifications of STW reported in epilepsy concern density, duration and frequency, which were not 488 

the focus of our work (Vega-Bermudez et al., 2005). It is unlikely that antiepileptic drugs may have 489 

modified STW as most of them do not affect REM sleep (Jain and Glauser, 2014) and the scalp-EEG 490 

characteristics of our selected STW were similar to those observed in healthy subjects (Sato et al., 491 

1997). Spatial sampling may be considered as heterogeneous, which is a limitation inherent to SEEG. 492 

We overcame this potential bias by including a large number of patients whose results were 493 

superimposed on one brain after standardization of intracranial electrodes positions in a common 3D 494 

environment.  495 

Conclusion and outlook 496 

STW are fronto-parieto-insular oscillations exhibiting a high spatio-temporal heterogeneity suggesting 497 

local cortical regulation. They are associated with widespread brain activation during the tonic to 498 

phasic REM sleep transition and may represent a particular time-window for multifocal replay 499 

phenomena. Their relationship with subcortical activations and their functional significance, especially 500 

regarding REM sleep cognitive functions remain to be investigated.  501 
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Tables and Figure Legends 679 

 680 

Table 1. Demographic, neuroimaging, and electrophysiological data of the studied patients 681 

 682 

Figure 1. Flow chart of the patients  683 

Note that two patient underwent two SEEG explorations during the study period; one of these patients 684 

was excluded because of unreliable sleep scoring and for the second patient, the latest recording was 685 

used for analysis. 686 

 687 

Figure 2. Localization of the channels (n=544) with physiological activity selected for the study.  688 

The number of channels recording from 30 different brain regions is indicated by the color of the 689 

regions on the inflated cortex. Left: lateral side; right: medial side. Channels of the left and right 690 

hemispheres are pooled together. All regions have more than 5 channels.  691 

 692 

Figure 3 Example of scalp EEG and intracranial STW (iSTW) 693 
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Figure 3A. Local iSTW (patient #22) 694 

Scalp STW are observed in the fronto-central vertex (green box) before a burst of REM (red box). A 695 

burst of iSTW (blue box) is observed in the supplementary motor cortex. Note the very focal aspect of 696 

the iSTW burst which is not observed in other intracranial channels.  697 

Figure 3B. Diffuse asynchronous STW (patient #25) 698 

Scalp STW are observed in the fronto-central vertex (green box) before a burst of REM (red box). See 699 

the characteristic notch (black arrow). Bursts of iSTW are recorded in three intracranial regions (blue 700 

boxes). Note the asynchrony in the onset and offset of iSTW bursts between brain area.  701 

 702 

Figure 4. Double scoring of STW and choice of control segment (example patient #7) 703 

Both scalp and intracranial STW analyses were performed by comparing the overlap of periods 704 

corresponding to STW marked on scalp EEG (green marker: scorer, pink marker: scorer 2. the overlap 705 

is indicated by the black line below) with a control segment chosen outside any STW marker.  706 

The control segment was derived from a 2 s segment in tonic and another 2 s segment in phasic REM 707 

sleep (both as close as possible to the STW segment but separated from 2 s), with the weights chosen 708 

as to respect the proportion of tonic and phasic REM sleep as in the STW segment.  709 

Example (a): only tonic (grey arrow) STW segment. In this case, the control segment is selected in 710 

tonic (dotted grey) REM sleep; example (b): only phasic (blue arrow) STW segment; the control 711 

segment is selected in phasic (dotted blue) REM sleep. example (c): mixed tonic and phasic STW 712 

segment. The equivalent segment is a 2s segment built with parts of 2 s phasic and tonic segments.   713 

 714 

Figure 5: Characteristics of scalp EEG STW.  715 

Figure 5A. Distribution of STW onset with respect to the onset of rapid eye movement bursts.  716 

In blue: intersection (overlap) of STW segments marked by the two scorers (n=1452); In green: union 717 

of STW segments marked by the two scorers (n=2068). 718 

A large increase is observed around time zero (from – 1s to + 4 (intersection) or + 5 s (union)) 719 

indicating that STW are more common at the beginning of rapid eye movements bursts. 720 
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Figure 5B: Average of log-transformed power spectral density of STW segments calculated in Fz-721 

Cz and Cz-Pz derivation when available (N=24), and of control segments (pre-STW control and 722 

equivalent tonic/phasic control. A peak at 2.7 Hz is observed only for STW segments, of higher 723 

amplitude in frontocentral than in centroparietal derivations.  724 

Figure 5C: Ratio of PSD between STW segments and control segments showing a PSD increase in 725 

the 2-4 Hz frequency range (peak at 3.2 Hz) during STW, of higher amplitude in frontocentral than in 726 

centroparietal derivations.  727 

 728 

Figure 6. Spectral changes in SEEG signal during scalp-detected STW according to brain area  729 

The color indicates the average z-score of all channels in the region with respect to the control 730 

segments distribution. The black outline indicates a large effect size (|Cohen’s d| >0.8). 731 

Figure 6A. Lobar scale and Figure 5B. Sublobar scale 732 

An significant increase in 2-4 Hz power during STW segments is observed in all lobes but the 733 

occipital lobe, with large effect size in the insular cortex. At the same time, a strong and significant 734 

increase in HF activity is observed in the same regions. When looking at the sublobar scale, we see 735 

that posterior parietal areas including the parieto-temporal junction, inferior frontal region and anterior 736 

insula are particularly involved in this delta activity. The increase in HF activity involves almost all 737 

areas except for the occipital cortex.  738 

Stars: average z-score significantly different from zero (1 star uncorrected, 2 stars corrected).  739 

The number of channels averaged in each brain region is indicated in parenthesis.  740 

Figure 6C. Representation on the inflated cortex of the variation in low-frequency (2-4 Hz, top) 741 

and HF (30-240 Hz, bottom) activity during scalp-detected STW with respect to control segments. 742 

Left: lateral side; right: medial side. Note that the channels of the left and right hemispheres are pooled 743 

together.  744 

 745 

Figure 7. Time-frequency representation of SEEG signal during STW and peri-STW segments 746 

Time zero corresponds to the onset of the STW segment. The color scale indicates the difference in 747 

average power compared to the average of control segments (for all cases the scale goes from -.5 to 748 
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+.5 dB). The number of averaged channels in each region is indicated in parenthesis. In the superior 749 

parietal cortex, insula, frontal operculum and to a less extent mesial temporal structures both an 750 

increase in delta and gamma band activity is observed, with ripple band activity observed in the 751 

anterior insula, frontal operculum and mesiotemporal lobe. The temporal pole and planum polare 752 

mainly present with HF activity, and the occipital cortex exhibits a theta to beta increase along with a 753 

decrease in slow waves.  754 

 755 

Figure 8. Ripple rate during STW and control segments in different brain regions.  756 

The median ripple rate (circle centered by a point) and interquartile range (thick line) as well as the 757 

extent of the distribution excluding outliers (thin lines) and outliers (circles) are presented in each 758 

brain region. A strong increase in ripple rate during STW as compared to control segments is observed 759 

in the angular gyrus, the posterior cingulate gyrus, the temporal pole and superior temporal gyrus and 760 

in the mesiotemporal structures. Note that in the occipital cortex, the ripple rate is overall high but 761 

does not show an increase during STW segments.  762 

 763 

Figure 9. Spatiotemporal heterogeneity in intracranial correlates of scalp-detected STW 764 

(example patient #18) 765 

The variation in the z-score with respect to the control segments in 22 channels in the high delta (2-4 766 

Hz, top) and low ripple (80-120Hz, bottom) bands during the 76 scalp STW events is presented. 767 

Segments have been sorted according to the z-scores of the high delta frequency band in channel 768 

RCp3-4, which has an important increase in both bands.  769 

In 16/22 channels the effect size is larger than zero in the 2-4 Hz band, but only 4 channels have a 770 

large effect size (LH6-7, RCp2-3, RCp3-4, RCp4-5). The largest effect size (d=2.06) is observed in 771 

channel RCp3-4, and the z-score of the power increase for the different events in this channel shows 772 

high temporal variability as it ranges from -0.17 to 2.59 (mean � SD, 0.98±0.48). The correlation 773 

coefficient of the time-series of the z-score of the power increase between channels, i.e. between rows 774 

is not very high, indicating an important spatial variability. The neighboring channel RCp4-5 shows a 775 

correlation coefficient (ρ=0.82) statistically different from zero (p<10-4 after correction for multiple 776 
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comparisons), as do RCp2-3 (ρ=0.53, p<10-4) and LH6-7 (ρ=0.44, p=0.005). In the low-ripple band 777 

(80-120 Hz) there are 21/22 channels with a positive effect size, and 8 with a large effect size (LH5-6, 778 

LH6-7, all RCp channels, and RPC1-2, RPC2-3). Finally, the behavior between the different bands is 779 

also variable; the correlation coefficient of the variability between bands (2-4 Hz and 80-120 Hz) is 780 

only significantly different from zero for RPC3-4 (ρ=0.44, p=0.005).     781 

LH: Left hippocampus (deep contacts 1- 5 in the hippocampus, superficial contacts from 6 -10 in 782 

middle temporal gyrus); RCa: targeting right anterior cingulate gyrus (deep contacts 1-4 in the anterior 783 

cingulate gyrus, superficial contacts 5-6 in the middle frontal gyrus); RCm: targeting right middle 784 

cingulate gyrus (deep contacts 1-3 in the middle cingulate gyrus, superficial contacts 4-5 in the middle 785 

frontal gyrus); RCp: targeting right posterior cingulate gyrus (deep contacts 1-3 in the medial segment 786 

of pre-central gyrus, superficial contacts 4-5 in post-central gyrus); RPC: targeting right pre-cuneus 787 

(deep contacts 1-2 in the pre-cuneus, superficial contacts 3-5 in the superior parietal lobule and 6 in 788 

supra-marginal gyrus). 789 

 790 

Figure 10. Typical behaviors of SEEG correlates of STW 791 

Figure 10A. Clustering of SEEG channel according to HF and LF changes during STW 792 

The figure shows the typical behavior of three automatically determined groups of channels. The 793 

grouping was done in 514 of the 544 channels, after excluding channels with outliers in one or more of 794 

the bands that would render the clustering algorithm inefficient. The choice of three groups was 795 

arbitrary.  The main behaviors were an increase in the z-score in LF and HF, an increase in HF only, 796 

and no change. In most channels (61 %) the correlate to scalp STW is weak. These three groups of 797 

channels are usually present in all brain regions, and the difference in the average correlate in each 798 

region is to some degree due to the difference in the proportion of these three groups of channels.  799 

Figure 10B. Spatial heterogeneity in SEEG correlates of STW 800 

The distribution of channels showing the three previously determined pattern (LF&HF, HF and none) 801 

in each brain region is presented as a percentage. In most brain areas, channel involvement in LF and 802 

HF is not homogeneous.   803 

 804 
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Table 1. Demographic, neuroimaging, and electrophysiological data of the studied patients 

 

ID Age Sex Epilepsy diagnosis Seizure-onset Zone (S-EEG) MR Imaging 
AED 

(mg/day) 

Channels with 

physiological activity 

selected for STW 

analysis 

Number of 

selected 

STW 

1 41 F 

R + L mesial temporal 

lobe epilepsy 

R + L hippocampus + amygdala and 

L fusiform gyrus and heterotopia 

Periventricular nodular 

heterotopia 

CLO (25), 

LEV (3000) 

LCa1-7; LCp3-8; LFus4-8; 

LHp4-8; LOF7-8; LPc7-8 

81 

2 37 M 

Bilateral temporal lobe 

epilepsy 

L temporal neocorticex + R mesial 

temporal 

Periventricular nodular 

heterotopia 

CBZ (1400), 

LEV (3000), 

CLO (10) 

LOF5-10; RCa9-14 149 

3 37 M 

L temporo-insular 

epilepsy 

L temporal mesial and neocortical + 

posterior insula 

Normal 

CLO (30), 

CBZ (600), 

TOP (200) 

LCi4-5; LOF4-9 50 

4 57 F R insular epilepsy R insula Surgical bed (temporal) 

LTG (200) 

Clo (20) 

RCa6-9: RCp5-9; RIi7-9; 

ROF5-9 

45 

5 62 F 

Bilateral mesial 

temporal lobe epilepsy 

L and R hippocampus 

Bilateral mesial temporal 

sclerosis 

CBZ (800), 

CLO (15), 

LAC (400) 

RA4-9; RH4-9; RHp5-9 43 
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6 41 M 

Bilateral mesial 

temporal lobe epilepsy 

L and R hippocampus + amygdala + 

parahippocampus 

R mesial temporal 

sclerosis 

CBZ (1400), 

CLO (10) 

RCa1-9; RIa6-9 54 

7 34 F 

L temporo-occipital 

epilepsy 

L basal temporo-occipital cortex Normal 

CBZ (1200), 

CLO (20), 

LTG (200) 

LA4-7; LCp6-15; LFus7-

10; LHp1-5 

112 

8 36 M 

Bilateral neocortical 

temporal lobe epilepsy 

L + R temporal neocortex L hippocampus atrophy 

OXC (1800) 

LEV (3000) 

LTG (400) 

LFus1-4; RFus1-4 65 

9 38 M 

L temporo-occipital 

epilepsy 

L posterior hippocampus, lingual 

gyrus and cuneus 

L posterior temporal 

atrophy and gliosis 

LEV (3000) 

PHT (350) 

Clo (40) 

LCp1-8; LIa4-8; LOF1-9 39 

10 39 M 

Bilateral temporal lobe 

epilepsy 

L+R temporal mesial and neocortical R hippocampus atrophy 

VPA (2000) 

Clo (30) 

LEV (3000) 

LCa1-7; LCs1-6; RCs1-3 12 

11 31 F 

L mesial temporal lobe 

epilepsy 

L amygdala + hippocampus + 

fusiform gyrus 

L hippocampus atrophy 

LTG (600), 

CBZ (800) 

LCa4-9 ; LCi1-6; LCp4-9; 

LOi1-9 

49 

12 27 F 

L occipital lobe 

epilepsy 

L lateral temporo-occipital cortex L lateral occipital FCD 

LAM (300), 

CBZ (400) 

LCi1-9; LH1-5; LOs4-9 ; 

LPc1-9 

84 

13 22 M 

Bilateral mesial 

temporal lobe epilepsy 

L and R hippocampus + amygdala 

Bilateral mesial temporal 

sclerosis 

CBZ (1000), 

LAM (400), 

LHa5-10 ; LHp5-12; 

LOF2-10 

35 



 

 3 

LEV (2500) 

14 30 M L frontal lobe epilepsy L orbitofrontal (mesial) neocortex 

Possible mesial 

orbitofrontal FCD 

LEV (1000), 

CLO (20) 

LHa6-10; LHp6-10 15 

15 29 M 

L mesial temporal lobe 

epilepsy 

L hippocampus + amygdala 

L left mesial temporal 

sclerosis + L frontal FCD 

CBZ (1200), 

CLO (20) 

LCa1-8; LFP1-10 6 

16 27 F L insular lobe epilepsy L posterior insula 

Posterior Insula / Heschl 

gyrus FCD + surgical bed 

(temporal neocortex) 

CBZ (1400), 

LTG (100), 

CLO (40) 

LCa1-3; LCp5-8; LM1-5; 

LS1-4; LSMA1-7 

16 

17 24 M 

Bilateral temporal 

mesial epilepsy 

L and R hippocampus + amygdala 

R hippocampus atrophy 

and L hippocampus 

malformation 

CLO (15) 

LCp5-8; LOF1-10; RCp5-

9; RHp7-10; ROF1-10 

88 

18 30 F 

Bilateral temporal 

mesial epilepsy 

L and R hippocampus + amygdala 

(R>L) 

Normal 

OXC (1800), 

PHE (125), 

CLO (20), 

TPM (25) 

LH5-10; RCa1-6; RCm1-

5; RCp1-5; RPc1-6 

76 

19 47 M 

R temporo-parietal 

epilepsy 

R posterior temporal and parietal 

neocortex 

R postsurgical defect 

(anterior temporal 

resection) + R ischemic 

frontal lesion 

LEV (4000), 

LAM (200), 

CLO (20), 

ZNZ (200) 

RCm 1-3; RFus 1-4 51 

20 61 F L temporomesial and L amygdala, hippocampus and Ischemic lesion next to L BRV (100), LCa5-10; LFO1-9; LIa6-8 59 
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basal fusiform gyrus lateral ventricule and 

hippocampus atrophia 

LAC (150), 

PER (8), 

venlafaxine 

112.5 

and 9-14; LOF9-15 

21 21 F 

R mesial temporal lobe 

epilepsy 

R hippocampus + amygdala Normal 

CLO (5), 

LAM (500), 

amitriptyline 

75 

LA7-9; LFus1-9; RHp4-

10; RIa1-10; RIp1-15; 

80 

22 32 M 

L fronto-temporo-

insular epilepsy 

L insula + temporal +/- frontal 

L temporal 

encephalomalacia 

LEV (1500), 

LAC (200), 

CLO (30) 

LCm1-5; LCp1-6; LPc1-4 

et 8-10; LSMA1-3 

62 

23 26 F 

L mesial and basal 

temporal lobe epilepsy 

R hippocampus + amygdala + 

fusiform gyrus 

Normal 

LAC (200), 

PER (8),  

LAC (250), 

LTG (275) 

LCi11-14 ; LFus4-12; 

LHp4-11; LIa5-8; LIp3-8 

 

51 

24 25 M R frontal lobe epilepsy 

R posterior orbito-frontal cortex and 

anterior insula 

Normal 

LAC (150), 

CLO (10), 

Citalopram 10 

LH5-10;  LIa11-14; RFP1-

9; LOF8-10; RCa1-7; 

RCg1-9; RIa8-15;  

ROFa5-9; RSMA1-7 

 

14 
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25 26 F 

R parieto-occipital 

epilepsy 

R medial parietal FCD R posterior cingulate FCD 

BRV (100), 

CBZ (400), 

LTG (150) 

RA1-8; RCa 1-10; RCg 1-

10; RCi 1-10; RCp 1-6; 

RDa 8-13; RIa 6-11; RIp1-

6; RFa 1-5; RFp 5-10; 

RSMA 1-5 

 

64 

26 18 F 

R occipito-temporal 

epilepsy 

R occipito-temporal cortex Normal 

no treatment 

(CBZ and 

PER stopped) 

RFus4-9; ROa1-10;  

ROp1-6 

 

52 

 

 

 

 

 

Abbreviations (note that for anatomical localizations, the abbreviation corresponds to the targeted deepest structures and superficial 

contacts are located in the lateral neocortex) 

A, amygdala (superficial contacts: temporal neocortex, middle temporal gyrus); AED, antiepileptic drugs; a, anterior; BRV, Brivaracetam, CBZ, carbamazepine; 

Ca, anterior cingulate gyrus or medial superior frontal gyrus (superficial contacts: inferior or middle or superior frontal gyrus); Cg, cingulate gyrus (superficial 

contacts: middle frontal gyrus); Ci, isthmus of the cingulate gyrus or precuneus (superficial contacts: angular gyrus); CLO, clobazam; Cm, middle cingulate 

gyrus; Cp, posterior cingulate gyrus or superior parietal lobule or cuneus (superficial contacts: supramarginal gyrus or angular gyrus or postcentral gyrus); Cs, 
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superior cingulate gyrus or supplementary motor cortex (superficial contacts: middle frontal gyrus); Da, anterior part of the dysplasia; F, medial frontal 

(superficial contacts: middle or superior frontal gyrus); Fa, anterior part of the superior or middle frontal gyrus; Fp, posterior part of the superior or middle frontal 

gyrus; FP, medial fronto-polar cortex (superficial contacts: superior or middle frontal gyrus); FCD, focal cortical dysplasia; FO, frontal operculum, Fus, fusiform 

gyrus (superficial contacts: temporal neocortex, inferior or middle temporal gyrus); H, hippocampus; Ha, anterior hippocampus (superficial contacts: temporal 

neocortex, inferior or middle temporal gyrus); Hp, posterior hippocampus (superficial contacts: temporal neocortex, inferior or middle or superior temporal 

gyrus); i, inferior: I, insula; Ia, anterior insula (superficial contacts: frontal operculum); Ii, inferior insula  (superficial contacts: temporal operculum); Ip, insula 

posterior (superficial contacts: parietal operculum); L, left; LAC, Lacosamide; LEV, levetiracetam; LTG, lamotrigine; M, pre-central gyrus; MR, magnetic 

resonance; Oa, occipital anterior; Os, occipital superior (superficial contacts: superior parietal lobule or angular gyrus); OXC, oxcarbazepine; OF, orbitofrontal 

(deep: medial, superficial: lateral); Oi, occipital inferior, lingual gyrus (superficial contacts: middle temporal gyrus or middle occipital gyrus); Op, occipital 

posterior, cuneus (superior occipital gyrus), Os, occipital superior; p, posterior; P, parietal; Pc, parieto-occipital, pre-cuneus (superficial contacts: superior parietal 

lobule or angular gyrus); PER, perampanel; PHE, phenytoine; PNH, periventricular nodular heterotopia; R, right; s, superior; S, postcentral gyrus, S-EEG, stereo-

electroencephalogram; SMA, supplementary motor area (superficial contacts: superior or middle frontal gyrus); TPM, topiramate; VPA, sodium valproate; ZNS, 

zonisamide. 




















