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oscillations.7-9 In humans and animals, local field potential record-
ings have shown that neocortical spindles are phase related to the 
up state of slow oscillations, and that frontal spindles are closely 
linked with hippocampal ripples.10-12 Moreover, unit recordings in 
the hippocampus and prefrontal cortex during these periods in-
dicate a strong synchronization of spike activity, suggesting that 
spindles may represent a temporal window for information trans-
fer between the hippocampus and the cortical areas.13

In humans, early scalp EEG studies characterized 2 or 3 types 
of spindles based on the intra-spindle frequency.14 Since then, 
authors have converged on the opinion that there are 2 main 
types of spindles based on the intra-spindle frequency, distin-
guishing slow (11-13 Hz) from fast (13-15 Hz) spindles.15-19 
Slow spindles are recorded in the frontal areas, while fast spin-
dles are preferentially seen in the centroparietal areas.16 These 
results have led to suggest the existence of 2, or even several, 
spindle generators in human thalamus.15 Most studies of spin-
dles are based on scalp EEG, which is strongly influenced by 
the type of reference electrode, sensitive to artifact, and partly 
blind to signals arising from deep cortical regions such as the 
inner aspect of the hemispheres and the limbic structures.15,16,20 
Few studies have been devoted to the description of spindles 
in deep EEG.21,22 Direct recording of the EEG activity through 
depth electrodes stereotactically implanted in the brain (ste-
reoelectroencephalography or SEEG) is carried out in patients 
before epilepsy surgery in order to identify the epileptogenic 
area, the resection of which is expected to result in seizure ces-
sation.23 This technique allows the recording of neuronal popu-
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Intracerebral Stereotactic EEG Procedure
An average of 13 (range: 11-16) depth electrodes per patient 

were implanted perpendicular to the sagittal plane with a stereo-
tactic frame. Each platinum-iridium electrode had a diameter of 
0.8 mm and contained 5 to 15 recording contacts, which were 
2 mm long and spaced by 1.5 mm (Dixi, Besançon, France).

The stereotactic implantation procedure was derived from 
that first described by Talairach and Bancaud (1973) and is de-
tailed in Ostrowsky et al.24,25 A cerebral angiogram was first 
performed in stereotactic conditions using an x-ray source 4.85 
m away from the patient’s head, to eliminate the linear enlarge-
ment due to x-ray divergence. In order to reach the eloquent 
cortical target, the stereotactic coordinates of each electrode 
were calculated preoperatively on the individual cerebral MRI 
previously enlarged at scale 1.26 Cerebral MR and angiograph-
ic images were superimposed to avoid any risk of vascular 
injury during implantation. Electrodes could be left in place 
chronically up to 15 days. To check the final position of each 
electrode with respect to the targeted anatomical structures, a 
post-implantation frontal x-ray was performed and superim-
posed on MR images.

Video and SEEG signals were collected through bipolar re-
cordings between two neighboring contacts with a sampling 
rate of 128 Hz (4 patients), 256 Hz (6 patients), or 512 Hz (3 
patients) using Micromed software (Treviso, Italy). The high-
pass digital filter was set at 0.53 Hz. Value of the low-pass digi-

lation activity in brain regions that are not accessible to scalp 
EEG. The goal of the present study was to provide a detailed 
description of spindle frequency and of their regional distribu-
tion in the human cortex, including limbic structures.

METHODS
Thirteen patients suffering from pharmaco-resistant focal 

epilepsy (9 males and 4 females, mean age: 31 years, range: 
17-50 years) and investigated with SEEG in the Epilepsy Unit 
of the Neurological Hospital of Lyon between June 2003 and 
May 2008 were included in this study. This exploration aimed 
at identifying the epileptogenic networks in order to propose a 
surgical curative treatment. The topography of the electrodes 
implantation was guided by data from noninvasive investiga-
tions (clinical history, video-scalp-EEG monitoring, morpho-
logic MRI, and [18F]-fluorodeoxyglucose position emission 
tomography). The choice of anatomic targets was different 
from a patient to another, but the most often explored areas 
were limbic structures (hippocampus, entorhinal cortex, poste-
rior and anterior cingulate cortex); frontal medial, orbital, and 
lateral cortex; and in some patients, insular, parietal, or occipi-
tal cortex (Figure 1). In 7 patients, the electrode implantation 
was bilateral. In the present study, the recording sites of interest 
were selected retrospectively after visual examination of EEG 
traces and elimination of sites showing interictal spikes and/or 
nocturnal epileptic discharges.
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Figure 1—Electrode locations on sagittal T1 MRI slices. Black-filled circles represent electrodes locations on sagittal T1 MRI slices. Topography of the sagittal 
sections is shown on the bottom right coronal slice, from (1) lateral to (5) medial. For each anatomical location, size is proportional to the number (1 to 7) 
of the patients explored. Slice (1): posterior lateral frontal cortex (precentral gyrus, precentral sulcus): n = 4; middle lateral frontal cortex (F1 to F3): n = 4; 
anterior lateral frontal cortex (pole): n = 5; lateral parietal cortex: n = 3. Slice (2): anterior insular cortex: n = 7. Slice (3): anterior hippocampus: n = 2; posterior 
hippocampus: n = 1; entorhinal cortex: n = 1. Slice (4): orbitofrontal cortex: n = 6; occipital cortex: n = 2. Slice (5): anterior cingulate gyrus: n = 4; posterior 
cingulate gyrus: n = 3; medial parietal cortex: n = 4; anterior medial frontal cortex: n = 4; middle medial frontal cortex: n = 2.
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eo-SEEG monitoring including during sleep; all signed writ-
ten consents.

Sleep Recording and Scoring
Sleep recordings were carried out approximately 1 week 

after surgical implantation of electrodes. Recordings started 
at 21:00-22:00 and continued for about 10 h. EEG, electro-
oculogram (EOG), and video recordings were used for sleep 
scoring. Slow wave sleep (SWS) was identified according to 
Rechtschaffen and Kales guidelines for 20-sec epochs.1 The cri-
teria used for sleep states were as follows: for stage 1, presence 
of theta rhythm; stage 2: presence of spindles and < 20% of del-
ta waves; SWS: > 20% of delta waves; paradoxical sleep: rapid 
low-voltage EEG resembling wake EEG with rapid eye move-

tal filter was fixed at half the values of the different sampling 
frequencies used, i.e., 64, 128, and 256 Hz. The slope of the 
filter was 32 dB/octave.

Patients and Epilepsy
All patients were candidates for neurosurgical treatment of 

partial drug-resistant epilepsy (Table 1). In 10 patients, mor-
phologic brain MRI was normal. Nine patients suffered from 
temporal lobe epilepsy (TLE), most of them from non-mesial 
TLE. All patients received anti-epileptic drugs, which were 
gradually tapered during video-SEEG in order to increase the 
probability of spontaneous seizures.

All patients were fully informed of the aims and risks of 
the implantation of SEEG electrodes and of continuous vid-

Table 1—Clinical and demographic characteristics of patients

Patient Gender/Age MRI findings Seizure onset zone Anti-epileptic drugs (mg/day)
Location of electrodes selected 

for spindles analysis

1 M/44 Normal Left temporal pole Levetiracetam (1000) 
Gabapentin (800) 
Lamotrigine (200)

PH, AMFC, ALFC, OFC

2 M/20 Normal Left parietal cortex Topiramate (100) 
Lamotrigine (300)

MMFC, MLFC, PLFC, ACG, OC

3 M/35 Normal Right lateral temporal cortex Information not available MPC, MLFC

4 M/23 Normal Left basal temporal cortex Levetiracetam (500) 
Oxcarbazepine (600)

 IC, LPC, MPC, OC

5 M/32 Normal Right perisylvian cortex Phenobarbital (150) 
Carbamazepine (1000) 
Levetiracetam (1000)

 Clobazam (15)

AMFC, ALFC, OFC, 
IC, MPC, ACG

6 F/31 Normal Right temporal pole Carbamazepine (200)
 phenobarbital (150) 

IC

7 M/26 Normal Left amygdala Oxcarbazepine (1200) 
Levetiracetam (1000)

AH, OFC, IC, PLFC

8 F/20 Normal Right amygdala Levetiracetam (500) AH, EC, AMFC, ALFC, 
OFC, PCG, IC, ACG

9 F/50 Normal (lateral 
temporal cortex) 

dysplasia ?)

Right mesial temporal lobe Oxcarbazepine (600) 
Vigabatrin (500)

OFC

10 F/49 Normal Right temporal pole Topiramate (400) AMFC, ALFC, OFC, IC

11 M/17 Normal Not determined Clobazam (60) MLFC, PLFC (x 2), MMFC, ACG

12 M/21 Left occipito-
temporal dysplasia

Left occipito-temporal cortex Valproic acid (500) LPC, MPC, IC, MLFC, PCG

13 M/33 Lateral frontal cortex 
dysplasia

Lateral frontal cortex Carbamazepine (800) 
Phenytoin (200) 

ALFC, PCG, LPC

Abbreviation for location of selected electrodes: AH, anterior hippocampus; PH, posterior hippocampus; EC, entorhinal cortex; ACG, anterior cingulate gyrus; 
PCG, posterior cingulate gyrus; OFC, orbitofrontal cortex; MFC, medial frontal cortex (AMFC, anteriorMFC; MMFC, middleMFC); LFC, lateral frontal cortex 
(ALFC, anteriorLFC; MLFC, middleLFC; PLFC, posterior LFC); LPC, lateral parietal cortex; MPC, medial parietal cortex; OC, occipital cortex; IC, insular cortex.
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•	 Entorhinal cortex EC (BA 28): 1 patient
•	 Insular cortex pars anterior and superior IC (BA 52): 7 

patients

Analysis Epochs in SWS Recordings
In 11 patients, we performed our analysis on three 4-min ep-

ochs of SWS. During these 12 minutes of SWS we detected 
an average of 95 ± 32.3 (SD) spindles per site. In 2 patients 
(Patients 9 and 11), the SWS stage was entirely analyzed during 
the night in one selected frontal derivation to assess the stability 
of spindles characteristics throughout the night (Figure 2). In 
these 2 patients, we observed an increase of ≤ 0.5 Hz in intrinsic 
spindle frequency from the beginning to the end of the night, 
indicating that the spindle frequency was quite stable during 
sleep duration for a given patient. This intra-subject spindle 
frequency stability has been previously reported in scalp EEG 
recordings.16

Signal Analysis
The EEG traces were visually inspected independently by 

2 neurologists (LPD and FM), who looked for the presence 
of spindles and eliminated epochs contaminated by epileptic 
spikes in the background activity. Then, EEG files were ana-
lyzed after conversion using homemade software (http://www.
isc.cnrs.fr/informatique/jcc). A time-frequency analysis using 
Morlet wavelets allowed determining the presence (or absence) 
of pseudo-periodic energy peaks in the 10- to 16-Hz frequency 
band. To isolate the spindle waves from the ongoing EEG for 
further analysis, we filtered the signals with a finite impulse 
response (FIR) band-pass filter: 10-16 Hz. Then, the instan-
taneous power carried by this frequency band was computed 

ment on EOG recordings. In case of doubt between paradoxical 
sleep and wake, we analyzed the video recordings. Sleep stages 
were scored by two polysomnographers trained in analyzing in-
tracerebral sleep recordings.

Recording Sites
The EEG traces recorded by bipolar derivation between ad-

jacent contacts were first visually analyzed. For each anatomi-
cal region, the trace presenting the best signal-to-noise ratio 
was selected for further analysis. Following visual analysis, a 
mean of 4 (1 to 8) sites per patient were selected for spindles 
study, which were distributed in the following anatomical re-
gions (Figure 1; Table 1):

•	 Anterior lateral and medial frontal cortex ALFC/AMFC 
(Brodmann area 10-11): 5 and 4 patients, respectively

•	 Middle lateral frontal cortex MLFC (BA 6, 8, 9, 44 to 46): 
4 patients

•	 Middle medial frontal cortex MMFC (BA 6, 8, 9, 32): 2 
patients

•	 Posterior lateral frontal cortex PLFC (BA 4): 3 patients
•	 Orbito-frontal cortex OFC (BA 12 and 47): 6 patients
•	 Anterior cingulate gyrus ACG (BA 24): 4 patients
•	 Posterior cingulate gyrus PCG (BA 23, 26, 29, and 31): 3 

patients
•	 Lateral parietal cortex LPC (BA 7, 39, 40): 3 patients
•	 Medial parietal cortex MPC (BA 7): 4 patients
•	 Occipital cortex OC (BA 18, 19): 2 patients
•	 Anterior/posterior Hippocampus AH/PH (BA 34): 3 pa-

tients (11 patients had an hippocampal (5 bilateral) explo-
ration, but for signal analysis, only 3 patients were selected 
because of the scarcity of epileptic spikes)

Figure 2—Variation of spindle frequency along nighttime (Typical example from a recording site in the anterior lateral frontal cortex of patient 10). Bottom = 
Hypnogram. Top: each square represents the mean spindle frequency (± SD) during 8-min consecutive NREM sleep periods (for each period, approximately 
50 spindles are analyzed). The variation between mean spindle frequency during the first and the fourth period of NREM is significant but weak (11.34 ± 0.24 
vs 11.89 ± 0.37 ANOVA, P < 0.02). The variations of the mean frequency during the night are situated in the range of the slow spindles (between 10.8 Hz and 
12.3 Hz), consistent with the spindle frequency recorded in the lateral frontal cortex.
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to each detected spindle. This method consists in concatenating 
null values to the spindle signal in order to extend the signal 
window size. Since the spectral resolution is proportional to the 
window size in the time domain, this method allows increasing 
the resolution without adding information. Finally, we deter-
mined the spindle mean frequency (Fm) with previously calcu-
lated Fi values and established the frequency distribution of Fi 
values (number of spindles per frequency band).

In order to classify the frequency of spindles we carried out a 
k-means clustering algorithm, as shown in Figure 3A. We pre-
defined the number of clusters (in our case 2 clusters), and the 
algorithm partitioned the data (mean spindles frequency in each 

using a Gaussian sliding window (1 sec width) applied to the 
squared signal, and a threshold of 25% was applied to the nor-
malized power magnitude to extract the most significant spindle 
wave in a given episode. Thus, we computed statistically the 
spindles of all magnitude scales. Such parameters allowed us 
to identify spindles with a sensitivity of 85% and a specificity 
of 95% (in comparison to visual analysis). Once spindles were 
extracted, the normalized power spectrum (using fast Fourier 
transform [FFT]) for each spindle was calculated, and the peak 
of this spectrum Fi (= each spindle intrinsic frequency) deter-
mined. Note that in order to reach a 0.1 Hz spectral resolution, 
we applied the classical zero filling signal processing method 

Figure 3—Quantitative analysis of spindle frequency and density. (A) Inter-individual comparison of spindles frequency between parieto-occipital and frontal 
sites. K-means clustering of mean spindle frequency among “fast” (blue) and “slow” (red) sites in pooled patients. Fast spindle sites include parieto-occipital 
cortex, posterior cingulate gyrus, and posterior lateral frontal cortex. Slow spindle sites include other frontal sites, anterior cingulate gyrus, and anterior insular 
cortex. The probability density represents the probability to observe a spindle density (/min) for a given frequency in each site. Mean frequency is significantly 
higher in pooled posterior sites than in pooled anterior sites (13 Hz ± 0.2 (SD) vs 12 Hz ± 0.2 (SD), t-test, P < 0.00005). (B) Linear regression curve 
between the spindle frequency and the caudo-rostral distance between intermediate sites located in anterior and posterior cingulate gyrus. Unit of the X axis 
corresponds to the normalized linear distance (cm) from the most caudal recording site in the cingulate gyrus. The spindle frequency is negatively correlated 
with the linear caudo-rostral distance (r = −0.99, P = 0.007, n = 6). (C) Spindle density among different anatomical sites (MPC, medial parietal cortex; LPC, 
lateral parietal cortex; PCG, posterior cingulate gyrus; OC, occipital cortex; PLFC, posterior lateral frontal cortex; MMFC, middle medial frontal cortex; AMFC, 
anterior medial frontal cortex; ACG, anterior cingulate gyrus; ALFC, anterior lateral frontal cortex; MLFC, middle lateral frontal cortex; IC, insular cortex; OFC, 
orbito-frontal cortex). In each site, mean (± SD) spindle density in pooled data from recording sites in 12 cortical areas is represented. Spindle density is 
significantly higher in “fast spindle sites” than in “slow spindle sites” (10.1/min ± 0.7 (SD) vs 6.8/min ± 0.5 (SD), independent t-test, P < 0.00005). (D) Linear 
regression curve between spindle frequency and spindle density. Spindle density shows a significant positive correlation with the spindle frequency (r = 0.94, 
P < 0.0001) All points are mean from recording sites of the patients for the 12 cortical areas).
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typical oscillations at spindle frequency were also detected in 
deep structures, including insular cortex, medial parietal cortex, 
medial occipital cortex, and cingulate gyrus. In temporal neo-
cortex, sleep spindles were not visually detected and spectral 
analysis did not show any peak in the 12-14 Hz range. Never-
theless, as many of the patients were suffering from temporal 
epilepsy, the abundance of epileptic paroxysms in this region 
prevented us from drawing conclusions.

Frequency analysis of neocortical spindles
Intra-spindle frequency was assessed for all cortical spin-

dles recorded in the different areas. Different peaks in the 
spindle frequency band emerged from the time-frequency 
analysis of the EEG signal recorded in different sites. Such 
topographic differences in intra-spindle frequency were also 
observed in the Gaussian distribution of each spindle with re-
spect to its intrinsic frequency. Given these results we sought 
to determine whether the difference in spindle frequency 
might be observed between frontal and parieto-occipital sites, 
known from the studies of scalp EEG. Indeed, in patients 
whose implantation included both frontal and parieto-occip-
ital sites, an antero-posterior gradient in the distribution of 
spindle frequency was observed: spindles recorded in fron-

anatomical site), calculated the mean point, or centroid, of each 
set and constructed a new partition by associating each point 
with the closest centroid. Then the centroids were recalculated 
for the new clusters, and algorithm was iteratively repeated by 
alternate application of these 2 steps, so that the within-cluster 
sum of square was minimized.27

Normality of spindle frequency distribution was determined 
using a Kolmogorov-Smirnov test. All Fi frequency distributions 
were normal except for middle medial frontal cortex and ante-
rior lateral frontal cortex. Also, means (Fm) and SD of spindle 
frequency for a given site and for a given patient (and peak Fp 
of the distribution of Fi values for middle medial frontal cortex 
and anterior lateral frontal cortex) were used to compare similar 
sites between subjects and different sites for a given subject, us-
ing a t-test. Univariate effect of side, site, and epileptic spikes on 
spindle frequency in the hippocampus was analyzed with χ2 test. 
P values < 0.05 were considered as significant.

RESULTS

Neocortical Spindles
Sleep spindles could be easily detected in SEEG recordings 

in each neocortical site during SWS (Figure 4). Interestingly, 
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in 7 hippocampi (7 patients), while in the remaining 8 patients, 
epileptic spikes prevented us from carrying out an analysis of 
hippocampal oscillations. In 5 patients the hippocampal im-
plantation was bilateral, and in 3 patients both the anterior and 
the posterior hippocampus were explored. In patients with bi-
lateral exploration, hippocampal spindle frequency oscillation 
(HSO) emerged unilaterally in 4 patients, ipsilateral to the epi-
leptogenic focus in 2 cases and contralateral in the 2 others. We 
analyzed the effect of the side (ipsilateral to the epileptic focus 
vs contralateral), the site (anterior vs posterior hippocampus), 
and the presence or the absence of spikes: none of these vari-
ables was predictive for absence or presence of HSO (Figure 
5A). Nevertheless, in the only hippocampus without any epi-
leptic spikes at the time of the recording, sleep spindles were 
clearly observed (Figure 5B, Patient 8). In 2 patients (Patients 7 
and 8) with no or very rare epileptic spikes in the anterior hip-
pocampus, the mean HSO frequency was 13.4 ± 0.5 Hz and the 
HSO density was 5.4 ± 4.3/min. In patient 1, with rare epileptic 
spikes in the posterior hippocampus, the mean HSO frequency 
was 13.4 ± 0.5 Hz and the HSO density was 11.3 ± 3.5/min. 
In contrast, Figure 5B illustrates an example of recordings in 
a patient with rich epileptic spiking activity. In this case, no 
HSO was observed during the whole recorded period (Figure 
4B, Patient 5). Interestingly also, Patient 8, without any epilep-
tic spikes in the hippocampus, had electrodes in the entorhinal 
cortex, an area strongly interconnected with the dentate gyrus, 
the hippocampus proper and the subiculum. The entorhinal cor-
tex activity recorded in this patient exhibited spindle frequency 
oscillations, with a mean frequency of 14.2 ± 0.6 and a density 
of 5.3 ± 0.5/min, similar to those observed in the hippocampus. 
These results suggest that mesiotemporal limbic structures ex-
hibit spindle oscillations whose frequency is close to that of fast 
cortical spindles.

DISCUSSION
In the present study, we first showed that sleep spindles 

were generated in all recorded cortical areas, except temporal 
neocortex where the abundance of epileptic paroxysms pre-
vented us from drawing conclusions (one can note that Nak-
abayashi et al., did not find any spindles in medial and basal 
temporal lobe with electrocorticographic recordings).28 In 
particular, we observed the presence of spindles during SWS 
in areas such as insular cortex, medial parietal cortex, occipi-
tal cortex, and cingulate gyrus. Second, we demonstrated that 

tal sites were significantly slower than spindles recorded in 
parieto-occipital sites (Table 2).

We used the k-means clustering algorithm (see Methods) to 
classify spindles according to their intrinsic frequency. Several 
anterior sites (AMFC, ALFC, OFC, and ACG) showed slow 
spindles, whereas parieto-occipital sites (LPC, MPC, and PCG) 
exhibited fast spindles (P < 0.0005). However, although 2 clus-
ters of slow and fast spindles emerged from this analysis, clear 
intermediate spindle frequencies were also observed in 4 differ-
ent recording sites (MMFC, MLFC, IC, and PLFC, Figure 3A). 
To determine whether these differences in spindle frequency 
correspond to a caudo-rostral gradient or to distinct spindle fre-
quencies in frontal and parieto-occipital areas, we correlated 
in the cingulate gyrus (where recording sites are in the same 
sagittal plane) the spindle frequency with the rostrocaudal po-
sition of each electrode (Figure 3B). Although the number of 
sites was small, the linear regression between the caudo-rostral 
position of recording site and the spindle frequency was signifi-
cant (r = −0.99, P = 0.007, n = 6, Figure 3B). This observation 
suggests that the differences in spindle frequency between pa-
rieto-occipital and frontal sites might result from a progressive 
caudo-rostral change in spindle frequency and not from a steep 
separation between frontal and parieto-occipital areas.

Density analysis of neocortical spindles
Next, we examined the spindle density (number of spindles/

min). We observed that in neocortical sites with fast spindles, 
the spindle density was 50% higher than in sites with slow 
spindles (10.1 ± 0.2/min vs 6.8 ± 0.2/min, P < 0.0001; Figure 
3C). As for the intra-spindle frequency, spindles recorded in 
some sites (MMFC, PLFC) represented intermediate values 
of spindle density between frontal and parieto-occipital areas. 
This prompted us to determine whether there was a correla-
tion between spindle density and intra-spindle frequency when 
data from all neocortical sites were pooled together. Indeed 
we found a highly significant positive correlation between the 
spindle density and frequency (r = 0.94, P < 0.0001, Figure 3D). 
Altogether, our results suggest a gradient of spindle frequency 
and density along the caudo-rostral axis.

Spindle frequency oscillations in the hippocampus and entorhinal 
cortex during SWS

In the hippocampus, oscillatory bursts around 14 Hz sharing 
the typical features of neocortical sleep spindles were observed 

Table 2—Intra-individual differences in spindle frequency among sites

Patient

Anterior sites Posterior sites

t-testLocation
Mean spindles frequency 

(Hz) ± SD Location
Mean spindles frequency 

(Hz) ± SD
2 MMFC+MLFC+PLFC+ ACG 11.8 ± 0.4 OC 13 ± 0.1 P < 0.0005
3 MLFC 12.2 ± 0.3 MPC 13.4 ± 0.1 P < 0.005
5 AMFC+ALFC+OFC 11.5 ± 0.1 OC 13.3 ± 0.3 P < 0.005
12 MLFC 11.9 ± 0.2 MPC+LPC 13 ± 0.4 P < 0.00005
13 ALFC 11.3 ± 0.1 LPC 13.2 ± 0.3 P < 0.005

In each of the 5 patients recorded in both anterior and posterior sites, spindle frequency was significantly higher in pooled parieto-occipital sites than in 
between pooled frontal sites. Abbreviations for locations are the same as in Table 1
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both spindle frequency and density 
change smoothly along the caudo-
rostral axis. Finally, we identified the 
presence of spindle frequency oscil-
lations in the hippocampus and the 
entorhinal cortex.

Before discussing the results, we 
have first to address some method-
ological issues. Results were obtained 
in epileptic patients in whom cross-
interferences may occur between 
sleep oscillations and epileptogenic 
mechanisms.29 In epileptic neurons 
of mesial temporal lobe, higher fir-
ing rates and increased synchronous 
firing have been observed during 
SWS and paradoxical sleep compared 
with wakefulness.30 At a macroscopic 
level, the activation of interictal epi-
leptic discharges by sleep spindles is 
well kown.31 Enhanced spindle activ-
ity has been described in the epileptic 
hemisphere in patients suffering from 
partial epilepsy.32 Nevertheless, the 
spindle characteristics we observed 
in our study did not differ from those 
reported in scalp EEG studies of non-
epileptic subjects. Moreover, as indi-
cated in Methods, two neurologists 
(co-authors of the present article) 
discarded independently the record-
ings showing interictal spiking ac-
tivity. The antiepileptic medications 
taken by the patients can also inter-
fere with electrogenesis, but most of 
these treatments are only known to 
modulate spindle density.33 Lastly, 
all patients included in this study 
suffer from focal epilepsy and are 
candidates to a surgical curative treat-
ment. This implies that after success-
ful resection of the “epileptic focus” 
the brain of these patients will return 
to a non-epileptic, or rather a non-
epileptogenic, status. The situation 
would have been quite different in the 
context of idiopathic generalized epi-
lepsy, where epileptogenesis (which 
is likely to be genetically determined 
in this type of epilepsy) represents a 
characteristic supposed to be common 
to all, or most of, thalamocortical cir-
cuits.34 Thus, although we are unable 
to bring evidence that epileptic and 
non-epileptic brains generate spindles 
in a similar fashion, spindles recorded 
in the non-epileptogenic cortical ar-
eas of our patients look usable for ap-
proaching sleep spindle physiology.

Figure 5—Hippocampal spindle frequency oscillations (HSO). The table shows the distribution (number of 
patients) of HSO according to the presence of spikes and the location. No significant correlation was found 
for presence vs absence of HSO according to the side (ipsilateral to the epileptic focus vs contralateral), the 
site (anterior vs posterior hippocampus), and the presence or the absence of spikes (χ2, P > 0.3, n = 21). 
Examples of hippocampus EEG traces and time-frequency analysis (10 sec) during SWS sleep (spikes = 
red arrow, spindles = black squares). Top: no spikes and HSO (Patient 8); Middle: spikes and HSO (Patient 
1); Bottom: spikes and no HSO (Patient 5).
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sive rostro-caudal modulation in spindle frequency and density. 
This finding suggests that cortico-cortical and cortico-thalamic 
connections could modulate the spindling activity generated by 
reticulo-thalamic and thalamocortical neurons. This hypothesis 
is supported by several studies in animals showing an impor-
tant role of cortico-thalamic connections in sleep spindle gen-
eration.49,50 The recent study of Nir et al. also argues for local 
modulation of thalamocortical activity in SWS.22 Finally, the 
study of Debay et al. suggests an influence of peripheral senso-
ry inputs on spindle density, which increases when the synaptic 
bombardment of thalamocortical neurons by retinal ganglion 
cells decreases.51 Thus the caudo-rostral modulation of spindle 
density and frequency may result from a complex interplay of 
intrinsic properties and extrinsic modulation of thalamocortical 
and corticothalamic neurons.

We observed spindle frequency oscillations in the hippocam-
pus, ipsilateral or contralateral to the epileptic focus, in both the 
epileptic and non-epileptic hippocampus. This result confirms 
and further underlines the physiological role of such oscillations 
in the hippocampus. Oscillation of 12 to 14 Hz have been re-
corded in the hippocampus by several authors.53,54 These articles 
suggested that such oscillations were either a physiological ac-
tivity or an evoked response of the hippocampus to an epileptic 
afferent discharge. In other studies, “limbic spindles” have been 
found to occur simultaneously or independently of surface spin-
dles, without any relationship with the epileptogenic region.54-56 
In monkeys, the posterior parahippocampal gyrus is connected, 
as the posterior cingulate gyrus, to the medial nucleus of the 
pulvinar but also to the so-called limbic nuclei (anterior nuclear 
group and laterodorsal nucleus), and to the lateral-posterior nu-
cleus, which is modality-specific.58,59 In rats and cats, the hippo-
campal formation (including CA1, the entorhinal cortex, and the 
subiculum) are connected to the anterior thalamus, in particu-
lar to the nucleus reuniens, and in squirrel monkeys to anterior 
and laterodorsal thalamic nuclei.59-61 Thus sleep spindles may 
emerge from mesial temporal areas, as these structures receive 
connections from thalamic nuclei.62 The question whether they 
result from thalamo-hippocampal loops is important, given the 
role of thalamo-hippocampal circuits in learning and memory.63

In summary, we recorded sleep spindles from almost every 
cortical area that was explored with deep electrodes. This ar-
gues for the fundamental role of spindles in cortical functions. 
Mechanisms of caudo-rostral gradient modulation in spindle 
frequency and density remain hypothetical and would require 
further studies based on simultaneous recordings of thalamic 
and neocortical spindles. However, our study does not fit with 
the concept of two distinct thalamocortical circuitries generating 
anterior slow and posterior fast spindles, and rather suggest a 
continuous rostrocaudal change of spindle frequencies reflect-
ing the existence of multiple thalamocortical circuits and their 
modulation by corticothalamic and cortico-cortical connections.
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Another issue concerns the new methods of signal analysis 
we developed. Automatic detection of spindles could misclassify 
some oscillations as spindles. However, the reliability of the soft-
ware detection of spindles was counterchecked by a careful visu-
al examination of the oscillations. We chose selective automatic 
detection criteria in order to reach a high detection specificity 
(approximately 95%), to the detriment of the detection sensitiv-
ity, which was, however, 85%. This procedure entailed the risk 
of spindle density underestimation. Nevertheless, this slight de-
crease in detection sensibility probably did not introduce any bias 
in the quantification of the fast/slow spindle density ratio, which 
was similar to that reported in scalp EEG studies.20

To our knowledge, the present study is the first in which sleep 
spindle density and frequency have been studied in relation to 
their topography using intra-cortical electrodes in the human 
brain. Nakumara et al., using electrocorticographic surface re-
cordings, have shown that low-frequency spindle oscillations 
around 12 Hz were widely distributed across orbital, medial, 
dorsolateral prefrontal cortices and frontal pole.21 These authors 
reported that spindle frequency peak value in frontal sites was 
slower than that observed at the midline central site [Cz] (13.5 
Hz), but no postcentral deep recording sites were available in 
their study. We observed similar results in prefrontal sites and 
added information about posterior fast spindles. These results 
confirm scalp EEG and magnetoencephalographic studies, 
which described two or three types of spindles.14,15,20,35 Differ-
ences between spindles not only concern frequency and den-
sity but also homeostatic and circadian regulation, as well as 
pharmacologic and hormonal modulation or maturation during 
life.3,16,36-39 Moreover, learning-dependent increase in spindle 
density has shown local specificity, depending on the type of 
the pre-sleep learning task. Verbal memory retention has been 
positively correlated to an increase in the low-frequency sleep 
spindle density in left frontocentral areas, motor-skills tasks 
with spindle activity in contralateral central area, and spatial 
visuomotor task with fast-spindle activity in parietal areas.40-43

What could be the mechanism generating differences in 
spindle frequencies? It has been shown that spindle bursting 
oscillations emerge from reciprocal interactions between GA-
BA-ergic inhibitory nucleus reticularis thalamic neurons and 
excitatory thalamocortical relay neurons.44 The reticular tha-
lamic nucleus acts as a pacemaker, which induces rhythmic 
hyperpolarization and consecutive rebound depolarization sec-
ondary to low threshold calcium spike activation in thalamo-
cortical neurons. Thalamocortical neurons connect to neurons 
in different cortical areas giving rise to the spindle waves.45 A 
change in ion channel conductance of thalamocortical neurons 
projecting on frontal and parieto-occipital cortex may thus ex-
plain spindle frequency differences between these two cortical 
regions.8 Slow and fast spindles could thus emerge from distinct 
thalamocortical networks involving, respectively, the reticular 
nucleus, mediodorsal and anterior thalamic nuclei, prefrontal, 
orbito-frontal, anterior insular, and anterior cingulate cortices 
for slow cortical spindle oscillations, and the reticular nucleus, 
ventral lateral, and posterior thalamic nuclei including pulvinar, 
precentral, postcentral, parietal, occipital, and temporal cortices 
for fast posterior spindles.46-48 However, our results are not in 
favor of an abrupt change in spindle frequency between ante-
rior and posterior recording sites, but rather show a progres-
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