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Abstract

Study Objectives: The aim of the study was to describe the spontaneous electroencephalographic
(EEG) features of sleep in the human calcarine cortex, comparing them with the well-established

pattern of the parietal cortex.

Methods: We analysed pre-surgical intracerebral EEG activity in calcarine and parietal cortices
during NREM and REM sleep in 7 patients with drug-resistant focal epilepsy. The time course of the
EEG spectral power and NREM vs. REM differences were assessed. Sleep spindles were automatically
detected. To assess homeostatic dynamics, we considered the 1% vs. 2" half of the night ratio in the

delta frequency range (0.5-4 Hz) and the rise rate of delta activity during the 1** sleep cycle.

Results: While the parietal area showed the classically described NREM and REM sleep hallmarks,
the calcarine cortex exhibited a distinctive pattern characterized by: a) the absence of sleep spindles;
b) a large similarity between EEG power spectra of NREM and REM; c) reduced signs of homeostatic
dynamics, with a decreased delta ratio between the 1* and the 2" half of the night, a reduced rise
rate of delta activity during the 1° NREM sleep cycle, and lack of correlation between these

measures.

Conclusions: Besides describing for the first time the peculiar sleep EEG pattern in the human
calcarine cortex, our findings provide evidence that different cortical areas may exhibit specific sleep
EEG pattern, supporting the view of sleep as a local process and promoting the idea that the

functional role of sleep EEG features should be considered at a regional level.
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Statement of Significance

In the present study, we assess for the first time the EEG pattern of the human V1 during a whole-
night intracerebral recording. We found that the calcarine cortex exhibits a distinctive EEG activity
characterized by absence of spindles, overall spectral similarity between NREM and REM sleep, and
reduced homeostatic dynamics of NREM delta activity. These findings depict a unique
electrophysiological scenario further supporting the notion of sleep as a local phenomenon. This is
theoretically relevant in that it suggests that the electrophysiological boundaries ‘across different
sleep states are not well-defined and has implications for both research (e.g., neural plasticity,
cognitive processing, behavioural disconnection, dreaming) and clinical (sleep disorders) domains,

for which the observed regional specificity should be carefully considered.
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Introduction

Sleep is considered a global behavioural state, which is tightly regulated by central specialized
neuronal networks modulating whole-brain activity [1]. Recently, a growing body of evidence
revealed local regulatory aspects of sleep [2,3] and suggested that different cerebral areas exhibit

specific spatiotemporal sleep electroencephalographic (EEG) patterns [4-7].

Animal studies suggest that the primary visual cortex (V1) is characterized by a peculiar local EEG
pattern. The assessment of mice neuronal firing rates points to a lack of homeostatic regulation
during sleep in V1 [8], as well as the possible existence of local synaptic strengthening processes
during sleep in this area [9,10]. Moreover, a recent study in mice found that primary sensory cortices
(including V1), but not associative regions, exhibit slow waves in layer 3 and 4 during REM sleep,
possibly accounting for the disconnection from the environment observed in this stage despite the

presence of a surface EEG activity close to that observed during wakefulness [11].

Overall, these findings allow to hypothesize the existence of specific sleep EEG features in V1, in
relation with local homeostatic processes and mechanisms involved in behavioural disconnection
during sleep. At present, however, an exhaustive description of the spontaneous sleep EEG in V1 in
humans is still missing. Frauscher and co-workers [12] examined the intracerebral stereo-EEG (SEEG)
recordings of the human V1 in epileptic patients, but they limited their analyses to the assessment of
possible ponto-geniculo-occipital (PGO) waves comparing tonic and phasic REM sleep. The results
showed that V1 was characterized by an increase of sharply contoured theta waves during phasic
versus tonic REM sleep, not observed in other brain areas and by decreased delta power during
phasic versus tonic REM sleep [12]. More recently, the same group provided an atlas of regional
oscillatory activity during human sleep based on intracerebral EEG recordings in a large number of
subjects [13]. The authors found a distinct pattern in the mesial occipital lobe, characterized by a

dominant theta peak in all sleep stages and a lower number of sleep spindles and slow waves
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compared with other brain structures [13]. However, their analyses were limited to brief segments

of the first sleep cycle.

The aim of the present study is to assess for the first time the EEG pattern of the human V1 during a
whole-night recording, with a particular attention to sleep spindles, slow waves, and homeostatic
processes. To this aim, we compared the visual (calcarine) cortex with a cortical area characterized
by a well-established sleep pattern: the parietal cortex. We analysed intracerebral SEEG data
recorded during sleep of seven epileptic patients without sleep disturbances. Classical features of
the EEG power spectra (time course; NREM vs. REM differences) have been measured, and sleep
spindles have been automatically detected. Since slow wave activity (SWA) represents a reliable
marker of the homeostatic processes underlying sleep need [14], the ratio in NREM delta activity
(0.5-4 Hz) between the 1% and 2™ halves of the night and the slope of delta activity during the 1°
NREM sleep cycle has been considered to assess, albeit indirectly, mechanisms of homeostatic

regulation.

Methods

Subjects

Seven patients (four females, mean age+SE= 27.9+5.9) with drug-resistant focal epilepsy underwent
an‘individualized investigation with stereotactically implanted intracerebral multilead electrodes for
an accurate definition of the epileptogenic zone for surgical purposes (see [15] for details on SEEG
methodology). Table 1 summarizes patients’ demographic and clinical data. The sample includes
only those participants whose SEEG revealed that seizures originated outside the structures of
interest. The contacts here analysed were free of inter-ictal epileptic discharges and were not
involved in the ictal discharge during seizures. Sleep was recorded four days after electrode

implantation, so that subjects were adapted to the stereotactic implantation and the procedures for
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SEEG recordings. During the study patients maintained the standard doses of anticonvulsant
medications (for details see Table 1). The protocol was approved by the Ethical Committee of

Niguarda Hospital (ID 939 - 12.12.2013), as part of the presurgical clinical evaluation.

Please insert Table 1 about here

Electrodes placement and EEG/SEEG recordings

SEEG activity was recorded from platinum-iridium semiflexible multilead depth-electrodes,
with a diameter of 0.8 mm, 5-18 contacts 2 mm in length and 1.5 mm intercontact distance
(Dixi Medical, Besancon, France) [15]. Each. patient had two contacts localized
unequivocally within the calcarine and parietal cortices (Figure S1). Immediately after the
implantation, cone-beam computed tomography was obtained with the O-arm scanner
(Medtronic), and registered to preimplantation magnetic resonance imaging (MRI) (voxel
size 0.5 x 0.5 x 2 mm). Subsequently, multimodal scenes were built with the 3D Slicer
software package [16], and the exact position of leads within the 3D volume of each
individual patient was- determined using multiplanar reconstructions and Freesurfer [17]
computed surfaces. An example of SEEG implantation highlighting the position of a contact
located in the calcarine cortex is reported in Figure S2 for a representative patient (#6). The
contacts' location in the calcarine cortex was confirmed by visual inspection performed by
two neurophysiologists (IS and LN), based on a) presence of lambda waves [18], b) clinical
response to low- and high-frequency intracerebral electrical stimulations, with simple and
colored visual hallucination, quadrant-specific or central, c) morphology of the visual evoked

potentials. Scalp EEG activity was recorded from two platinum needle electrodes placed
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during surgery at "10-20" positions Fz and Cz on the scalp. Electroocular (EOG) activity was
registered at the outer canthi of both eyes and submental electromyographic (EMG) activity
was acquired with electrodes attached to the chin.

EEG and SEEG signals were recorded using a 192-channel recording system (Nihon-Kohden
Neurofax-110) with a sampling rate of 1000 Hz. Data were then exported in EEG Nihon-
Kohden format and converted into MatLab (MatLab 7.0, The Matworks, Inc.) format using
customized routines. We used a bipolar montage between contiguous SEEG contacts and
between Fz-Cz scalp EEG electrodes, EOG and EMG derivations. Finally, data were
bandpass filtered (0.3-70 Hz), using third order Butterworth filters and downsampled to 200

Hz.

Procedure

The study began at 8 p.m. Patients were connected to the polygraph and the recording started. Then
patients were free to decide when going to sleep. The following morning at 7.30 a.m. patients were
disconnected and EEG-SEEG data were downloaded from the portable device memory card and

stored on the hard disk of a computer.

SEEG data analysis

Sleep was scored in 20 s epochs. EEG recordings were controlled with the aim to remove periods
with interictal spikes and pathological EEG signals from the subsequent analysis. No seizures
occurred during the selected recordings. Power spectra for the calcarine and parietal derivations

were computed by a Fast Fourier Transform routine for 4-s periodograms averaged in 20 s epochs,
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separately for NREM and REM sleep. Frequency range was 0.5-30 Hz with one 0.5-Hz bin (0.5-1 Hz)

and 29 1-Hz bins (1.1-30 Hz). NREM sleep included stage 2, 3 and 4.

In order to further quantify the differences/similarities between NREM and REM sleep, we also
calculated the slope of the Power Spectral Density (PSD) ‘background’ [19]. The PSD background
(i.e., non-oscillatory) is characterized by a decay from slower to faster frequencies [20]. The
steepness of such decay is represented by the so-called spectral exponent [19], which has been
associated to the balance between excitation and inhibition in neuronal signalling [21], that strongly
changes from wake to sleep. Indeed, the EEG spectral exponent is reduced (i.e., exhibits more
negative values) in slow-wave sleep compared to wakefulness [20,22,23], while the spectral
exponent of REM sleep and wakefulness are substantially similar [20]. Moreover, the PSD of the EEG
become steeper as sleep deepens (i.e., from REM sleep, through stage 2, to slow-wave sleep) [24-
26]. For these reasons, we also assessed the spectral exponent of the PSD in the calcarine and

parietal cortex in NREM and REM sleep.

The PSD background decline approximately according to an inverse power law: PSD(f) ~ 1/f ¢ [27]. In
the present study, we provide the spectral exponent 3 =- «, which represents the equivalent of
the slope of a linear regression of the PSD, fit after taking the logarithm of the x and y axis. To avoid
a potential bias due to a disproportionate weight of higher-frequencies compared to lower
frequency bins in a linear regression [28], we up-sampled the PSD curve with logarithmically spaced
frequency bins; resulting in an up-sampled PSD with 4 times the number of data points than the
original PSD, providing equally-spaced frequency bins under logarithmic scale. In line with Colombo
and coworkers [19], we used a three-steps procedure to estimate the spectral exponent f3
separately for NREM and REM sleep in both calcarine and parietal derivations: a) a least-square line
was initially fit to the PSD, under double-logarithmic axis; b) we considered the frequency bins with
large positive residuals (i.e., >1 median absolute deviations of the residual distribution) as likely

characterized by oscillatory peaks. The contiguous frequency bins with positive residuals were
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considered as part of the base of the peak, and than eliminated from the analysis; c) a final least-
square line was fit on the remaining frequency bins, and its slope was considered as the spectral
exponent of the PSD background. We avoid to fit the slope for frequencies < 1 Hz, due to the
sensitivity of the EEG at these frequencies to slow-drifts of the signal, movement artifacts and high-

pass filter-attenuation.

Detection of sleep spindles

Spindles detection was performed following previously published procedures consisting of fully
automatic and data-driven routines [29,30]. Presumed spindles were selected based on their power
and duration. For each subject, SEEG signals during NREM sleep were band-pass filtered between 10
and 16 Hz (-3 dB at 9.2 and 16.8 Hz) using a 2™ order Chebyshev filter. The instantaneous amplitude
of signals was computed via Hilbert transform and two thresholds were defined based on the
amplitude time-course. A detection threshold was set at the mean + 4 standard deviation (SD) and
amplitude exceeding this threshold were considered putative spindles. Detections within 1 s were
merged as single events. A second threshold was set at mean + 1 SD to identify the beginning and
the end of spindles and only those events whose duration was between 0.5 s and 2 s were further
considered. Among these selected events, only those in which power increases were specific to the
spindle range rather than broadband were considered spindles and further analysed. In order to do
so, the power of the raw EEG signal going from 1 s before the start to 1 s after the end of a detected
event was computed. Only those events with the maximal power value within the spindle range (10-
16 Hz) and exceeding 3 SD of the average power across bins were considered real spindles and
analysed. Analysed spindle detections were further confirmed by visual inspection performed by one
of the authors (M.G.). Spindles falling within the 10-13 Hz frequency range were considered as

“slow”, while those falling in the 13-16 Hz range were considered as “fast”.
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Statistical analysis

Time course of EEG frequency bins

An analysis on the time course of SEEG power across sleep periods was performed for each
frequency bins. To this aim, for each patient, the total number of epochs pertaining to the first three
NREM-REM cycles (i.e., the minimum common number of cycles across patients) were divided into
an equal number of intervals (10 equally-spaced steps for each NREM period; 5 equally-spaced steps
for each REM period) in order to account for the different durations of the recordings across

patients.

Sleep Spindles

Spindle density was calculated as the number of detected spindles divided by artifact-free NREM
sleep minutes. The difference in spindle density between calcarine and parietal cortex (for the whole
spindle range and separately for fast and slow spindles) was assessed by paired two-tailed t-test.

Alpha level was set at 0.05.

Comparison between NREM and REM sleep

For both calcarine and parietal cortex, paired two-tailed t-tests were performed separately for each
frequency bin on log-transformed SEEG power to compare NREM and REM sleep. Because of the
large number of comparisons, the False Discovery Rate (FDR) [31] was applied to correct for alpha

inflation.

10
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The spectral exponents of NREM and REM sleep were also compared (paired two-tailed t-tests) in

both calcarine and parietal derivations. Alpha level was set at 0.05.

Measures of homeostatic sleep pressure

1) First versus second halves of the night in NREM sleep

For each subject, the whole night of sleep (i.e., from the sleep onset to the final awakening) has
been divided in two halves. The two halves of the night had a comparable number of NREM sleep
20-sec. epochs (1% half: 492.57+115.06 epochs; 2* half: 416.29+80.66; t=1.6; p=0.1). The ratio
between 1* and 2™ halves in NREM sleep has been calculated on the spectral power in each
derivation separately for each frequency bin. As a reliable index of changes in the homeostatic sleep
pressure across the night, the power spectra in the delta band during NREM sleep was calculated as
the mean power across frequency bins between 0.5 and 4 Hz. Delta power ratio between the 1* and
the 2™ halves was computed and the difference between calcarine and parietal cortices have been

assessed by means of paired t-test. Alpha level was set at 0.05.

2) Rise rate of delta activity during the first NREM cycle

The rise rate of delta activity (0.5-4 Hz) during the first NREM cycle (i.e., 10 time intervals) was
modelled by a linear least-squares regression on individual data, separately for each derivation. The
resulting coefficients B (%) were compared between calcarine and parietal cortices by means of a

paired two-tailed t-test. Alpha level was set at 0.05.
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3) Relationship between indices of homeostatic sleep pressure

In order to assess the relationship between the two considered indices of homeostatic sleep
pressure, Pearson’s correlation coefficient was computed separately between the 1%/2™ halves
delta activity changes and the rise rate of delta activity during the first NREM sleep cycle. Alpha level

was set at 0.05.

Results

Time course of SEEG power during sleep

Figure 1 shows the average time course of log-transformed spectral power in calcarine and parietal
cortex during sleep. The parietal derivation exhibited the expected pattern of EEG power, with
NREM sleep periods clearly differentiated from REM sleep periods by (a) a higher power in the
slowest frequency range (that decreases across the night, pointing to a progressive reduction of the
homeostatic sleep pressure), (b) an increase in several bins included in the frequency range that
characterize fast sleep spindles range (~12-15 Hz) and (c) a strong reduction in the highest

frequencies (>16 Hz).

On the other hand, the calcarine cortex showed a distinctive sleep pattern, characterized by a
general similarity between EEG power spectra of NREM and REM sleep that makes difficult to
discriminate their time courses at a visual inspection. A descriptive comparison with the parietal
derivation suggests that this homogeneity in the calcarine cortex is mainly due to: (a) the absence of
difference in the delta power between NREM and REM periods; (b) a low beta power in REM sleep;
(c) the absence in NREM of a peak in the spindles frequency range. Moreover, the calcarine cortex
did not exhibit the progressive reduction of the slowest frequencies across the NREM cycles during

the night.

12
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Please insert Figure 1 about here

Sleep spindles

We found the complete absence of sleep spindles in the calcarine cortex during NREM sleep (Figure
2). Unsurprisingly, the parietal derivation exhibited sleep spindles (mean+SE spindle density:
1.59+0.49), with a higher density for fast (meanzSE: 1.38+0.48) than slow spindles (meanzSE:

0.22+0.09).

Please insert Figure 2 about here

Comparison between NREM and REM

Figure 3 shows the comparisons between NREM and REM sleep EEG power spectra. At a descriptive
level (Figure 3a), the power spectra in the two stages were characterized by a marked similarity in
the calcarine cortex, at odds with the parietal cortex, and the statistical analysis confirmed this
pattern (Figure 3b). In fact, the t-tests performed in the parietal cortex showed a significant (FDR g <
0.036; p £0.044, corresponds to a t > 2.54) increase between 0.5 Hz and 15 Hz and reduction in the
22-25 Hz frequency range in NREM sleep compared to REM sleep. On the other hand, the t-tests
performed in the calcarine cortex revealed a significant decrease at 6 Hz and increase in the 25-29
Hz range in NREM sleep compared to REM sleep. Finally, Figure 3c depicts the results of the
comparison between the spectral exponent of the PSD between NREM and REM sleep in the

calcarine and parietal derivations. As expected, the parietal cortex exhibited a significantly reduced

13
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spectral exponent (t=9.96; p<0.0001) in NREM (mean#SE: -1.65+0.14) compare to REM sleep
(mean#SE: -0.91+0.08), indexing a steeper PSD decay in NREM. On the other hand, the calcarine
cortex showed no significant difference (t=0.70; p=0.51) between NREM (mean+SE: -1.68+0.05) and

REM sleep (mean#SE: -1.71+0.09).

In a single patient we had the possibility to analyse three minutes of eyes-closed resting wakefulness
collected during the morning preceding the sleep recording. With the aim to control (at a descriptive
level) if the observed homogeneity of the EEG spectral power in the calcarine cortex is limited to
sleep or it is extended to wakefulness, we plotted the EEG power spectra (Figure S3) and the
background of the PSD of the EEG decays according to an inverse power-law (Figure S4) of this
patient in the calcarine and parietal cortex during eyes-closed resting wakefulness, NREM and REM
sleep. Results show that the EEG spectral profile during wakefulness is clearly differentiated from
NREM and REM sleep in both calcarine and parietal cortex (Figure S3). Moreover, both the calcarine
and the parietal locations exhibit a reduced steepness of the decay of the PSD background during

wakefulness, compared to sleep stages (Figure S4).

Please insert Figure 3 about here

Homeostatic sleep pressure

First/second half of the night ratio in NREM sleep

The calcarine cortex exhibited changes of smaller amplitude between 1° and 2™ halves of the night
compared to the parietal cortex in NREM sleep, with the latter showing a spectral power decrease
under 16 Hz (with higher percentage of change in the slowest frequency bins) and a slight increase in

the fastest frequency bins (>16 Hz) in the 2™ half of the night (Figure 4a). Considering the NREM

14
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delta frequency range (Figure 4b), the statistical comparison between the two derivations (t-tests)
showed a significantly lower 1°/2" halves ratio (t=2.74; p=0.03) for the calcarine cortex (meanSE:

116.1+4.35) compared to the parietal cortex (meanzSE: 207.49+33.43).

Please insert Figure 4

Rise rate of delta activity during the first NREM sleep cycle

The calcarine cortex showed a significantly lower rise rate of the delta activity (t=3.17; p=0.02)
during the first NREM sleep cycle (meanSE: 8.17+4.18) compared to the parietal derivation

(mean+SE: 38.75+8.93) (Figure 5).

Please insert Figure 5 about here

Correlation between different measures of homeostatic sleep pressure

While the parietal cortex exhibited a significant positive correlation (r=0.76; p=0.04) between the
1°'/2" halves of the night changes in NREM delta activity and the rise rate of delta activity during the
first sleep cycle, no significant correlation (r=0.18; p=0.70) between these measures of homeostatic

sleep pressure has been observed in the calcarine cortex (Figure 6).

Please insert Figure 6 about here

15
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Discussion

Here we provide for the first time an exhaustive description of SEEG activity in the human V1 during
sleep. Specifically, using whole-night intracerebral sleep SEEG recordings we found that the calcarine
cortex was characterized by: a) the absence of sleep spindles; b) an overall EEG spectral profile
similarity and the absence of differences in the spectral exponent of the PSD between NREM and
REM sleep; c) signs of reduced homeostatic dynamics, as indicated by the decreased ratio between
1% and 2™ half of the night in NREM sleep and the reduced rise rate of delta activity during the first

NREM sleep cycle; d) the absence of correlation between these measures of homeostatic regulation.

Sleep spindles and sigma activity

Taken together, the time course of the EEG activity, the comparison between NREM and REM
spectral power, and the automatic spindle detection point to the absence of sleep spindles in the

calcarine cortex.

Classically, sleep spindles have been considered as a global phenomenon, highly synchroned across
cortical areas [32-34]. However, recent studies pointed to a more local nature of sleep spindles, and

our results are in line with these findings [20,30,35-41].

In contrast with our results, sleep spindles have been observed in mouse V1 and lateral geniculate
nucleus neurons, and they seem to have a role in cortical plasticity after sensory experience [42]. In
humans, sleep spindles have been observed in almost all brain areas studied with intracranial EEG,
but their absence in NREM sleep has been previously reported in different locations of the temporal
cortex [43]. Nakabayashi and coworkers [43] hypothesized that the lack of spindles in the anterior
part of the parahippocampal gyrus could be due to a conserved level of retinal input to the visual
cortex in NREM, and to the fact that afferent synaptic drives hindered the intrinsic oscillations in the
lateral geniculate nucleus [44,45]. This mechanism could also account for the absence of spindles in

the calcarine cortex, given its connections with the lateral geniculate nucleus. Only von Ellenrieder

16

1202 Aenige g0 uo 1senb Aq G9¢ 1. £19/9209esz/des|s/S601 01 /10p/alonie-aoueApe/des|s/wod dnoolwapese//:sdyy Wol) pepeojumo(



and co-workers [13] assessed sleep spindles in the human V1 during the first sleep cycle, showing a

lower number of spindles in the calcarine cortex compared to other brain structures.

Different thalamocortical pathways target different cortical layers [46,47]. It has been proposed that
sleep spindles can be divided in two types depending on the pathway that generate them, with
different topographical and laminar distribution [48]. As a consequence, the detection of sleep
spindles may be affected by the recorded cortical layer. Beyond replicating our results, future
studies should be directly aimed at understanding in what measure the specific layer considered for

the recordings can account for the absence of spindles in the calcarine cortex.

Slow wave activity

SWA is a marker of sleep pressure and sleep intensity and is homeostatically regulated. During wake,
it increases before sleep onset [49,50] and after sleep deprivation [51,52]; during sleep, it represents
a typical feature of the NREM stage, reaching its maximum at the beginning of the sleep period and
decreasing progressively during the night [14]. The dynamics of the SWA observed in the parietal
cortex in the present study is consistent with this classical description, while the calcarine cortex is
characterized by a distinctive SWA pattern. First, we found no SWA difference between NREM and
REM sleep. Second, the calcarine cortex exhibited a drastic reduction of two markers of homeostatic
sleep dynamics (1 vs. 2™ half ratio and rise rate of the delta frequency during the 1% sleep cycle)
compared to the parietal derivation, and the absence of correlation between these measures. In
particular, while the calcarine cortex showed a 16.1% greater SWA in the first half of the night
compared to the second half, the same comparison for the parietal cortex showed that SWA in the

first half was greater by 107.5%.

Previous studies in the calcarine cortex found a reduced delta power during phasic versus tonic
human REM sleep [12] and a lower rate of slow waves during N3 in the calcarine cortex compared

with the median rate of slow waves among all the channels [13]. Our whole-night results confirm the
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existence of a specific modulation of SWA in the calcarine cortex, that points to a) a large power
spectra homogeneity across sleep stages and b) the absence of clear overnight homeostatic

dynamics.

Recently it has been observed that slow waves occur during REM sleep in layer 3 and 4 of the mouse
primary sensory cortices but not associative areas [11]. According to the authors, REM slow waves in
primary cortices may account for the sensory disconnection from the environment during this sleep
stage despite the presence of a scalp wake-like EEG activity. The absence of differences in the SWA
of NREM and REM sleep, then, may represent the expression of a common mechanism of

environmental disconnection.

Concerning the homeostatic dynamics of SWA, we propose that the absence of homeostatic SWA
changes in the calcarine cortex observed in the present study may indirectly reflect the existence of
unusual plastic mechanisms in this area, as also suggested by animal studies. Indeed, Hengen and co-
workers [8] found that prolonged monocular deprivation in adolescent mice first induced a
reduction of spontaneous firing rates in individual V1 neurons followed by a firing rates recovery to
the baseline level during the next 2 days despite continued deprivation. However, this homeostatic
recovery of firing rates was enabled only during wake and inhibited during sleep stages. According to
the authors, the lack of firing rate homeostasis during sleep suggests that homeostatic plasticity may
interfere with sleep-specific processes (e.g., sleep-dependent memory consolidation). Such
interpretation argues against the Synaptic Homeostasis Hypothesis, one of the most influent models
of the relation between sleep and neural plasticity which claims that the homeostatic regulation of
SWA during NREM sleep represents the increase of synaptic strength during wake [53-55]. In
another study, firing rates in single V1 neurons were assessed in mice during a period of novel visual
experience and in subsequent sleep or sleep deprivation, showing that firing rates increased during
post-training sleep and decreased in wake [9]. The authors considered their finding as an evidence of

synaptic potentiation during sleep that cannot be easily explained by Synaptic Homeostasis
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Hypothesis. Finally, recent findings in mice V1 showed that neuronal firing rates can be increased or
reduced during sleep in line with the neurons’ baseline activity level [10], supporting the notion that
sleep may induce both synaptic strengthening and weakening via spike timing-dependent plasticity
[56]. Overall, these data can be better interpreted in light of the hypothesis that sleep may not affect
synaptic plasticity in a single way, but it could have different effects influenced by several factors
such as the specific cerebral circuit under scrutiny [57], and our results seems to indirectly support
this view. Clearly, the interpretation of the present findings in terms of EEG expression of specific
local plastic processes in V1 remains speculative, since we did not use any tasks to directly assess
use-dependent changes in SWA. Future investigations should be aimed at understanding whether
the peculiar SWA pattern observed in the present study represents the EEG expression of a
characteristic plastic modulation of the calcarine cortex. Interestingly, several studies found an
activation of the occipital cortex in congenitally blind humans after nonvisual sensory inputs [58,59].
Albeit this phenomenon has been usually attributed to a strengthening of cortico-cortical pathways
involved in cross-modal plasticity, also presented in the sighted brain, a recent study points to the
involvement also of a faster thalamo-cortical connection in this process [60]. According to the
authors, such finding raises the question of the specific contributions of thalamo-cortical and
cortico-cortical pathways in cross-modal plasticity, and the role of sleep in this processes represents

an intriguing issue.

Limitations

Our observation of a large between-stages similarity in the calcarine cortex is limited to the EEG
spectral profile and spectral exponent. Such finding does not exclude the possibility that more
refined analysis of specific EEG graphoelements pertaining the sleeping calcarine cortex may
preserve a certain degree of differentiation between NREM and REM sleep stages. Future
investigations should be aimed at assessing this possibility thus confirming/disconfirming our

observation above and beyond sheer EEG power analysis.
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On the other hand, our results do not allow us to clarify whether the observed between-states
power spectra similarity in the calcarine cortex extends also to wakefulness or it is rather limited to
sleep. Being a retrospective study, our experimental procedure did not include the systematic
analysis of controlled periods of resting wakefulness. Only in one patient we had the opportunity to
analyse a period of eyes-closed resting wakefulness, showing that the EEG pattern during
wakefulness is clearly differentiated from sleep stages in both calcarine and parietal cortex, and that
the decay of the PSD background is less steep during wakefulness, compared to sleep stages, in both
regions. Such observation suggests that the homogeneity of the EEG spectral power in the calcarine
cortex observed in the present study may be limited to sleep. Future studies should systematically

assess this open question.

Conclusions

In the present study we found that the calcarine cortex a) has a substantially uniform EEG spectral
profile for both NREM and REM sleep, also showing no differences between sleep stages concerning
the spectral exponent of the PSD, b) does not produce sleep spindles, c) does not show clear signs of
overnight homeostatic SWA dynamics. To the best of our knowledge, this is the first exhaustive
description of the EEG pattern in the human calcarine cortex during an entire night of sleep, and
depicts a singular scenario in-which many well-established assumptions about sleep EEG seem to be
guestioned, highlighting that sleep involves a complex system of local brain processes. Future efforts
should be focused to the assessment of the functional meaning of the local EEG pattern in V1,
studying the role of the observed sleep features in neural plasticity and environmental

disconnection.

Our findings support the view of a local regulation of sleep [2,3], suggesting that the boundaries
between the EEG correlates of different sleep stages are not well-defined, and that their regional

specificity should always be considered for clinical and research purposes.
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Figures legend

Figure 1: Time course of EEG power. Average time course of EEG power in the 0.5-30 Hz frequency
range in the calcarine (left panel) and parietal cortex (right panel) across the first 3 NREM-REM sleep
cycles. Data are expressed in logarithmic scale and plotted for 1 Hz bins, with the exception of the

frequency range from 0.5 to 1 Hz (plotted for a 0.5 Hz bin).

Figure 2: Spindle density. Whole range (10-16 Hz) spindle density in the calcarine and parietal cortex

during NREM sleep. The error bar represents the standard error.

Figure 3: EEG spectral power. EEG spectral power in the 0.5-30 Hz frequency range in the calcarine
(left column) and parietal cortex (right column) during a night of sleep. A. Mean values of the power
spectra during NREM (black line) and REM sleep (grey line). Data are expressed in logarithmic scale
and plotted for 1 Hz bins, with the exception of the frequency range from 0.5 to 1 Hz (plotted for a
0.5 Hz bin). Error bars represent the standard errors. B. Results of t-tests (NREM vs. REM) performed
on log-transformed EEG power separately for each frequency bin. Data are expressed as t-values.
Each bar represents a frequency bin. Asterisks indicate statistically significant differences (FDR g <
0.036; p < 0.044, corresponds to a t > 2.54) . C. Results of the t-tests (NREM vs. REM) performed on
the spectral exponent of the power spectral density. Dots represent individual values, horizontal
lines indicates the mean of each sleep stage. The asterisk indicates a statistically significant

difference (p<0.05).

Figure 4: Ratio between 1% and 2™ halves of the night during NREM sleep. A. Power spectra of

NREM sleep in the 1% half of the night expressed as a percentage of the 2" half of the night (100%)
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in the calcarine (black line) and parietal cortex (grey line). Mean values are plotted in the frequency
range 0.5-30 Hz for 1 Hz bins, with the exception of the frequency range from 0.5 to 1 Hz (plotted for
a 0.5 Hz bin). Each dot represents a frequency bin. Error bars represent the standard errors. B.
Power spectra in the delta frequency range of NREM sleep in the 1% half of the night expressed as a
percentage of the 2™ half of the night (100%) in the calcarine (black bar) and parietal cortex (grey
bar). The delta band was calculated as the mean of the frequency bins between 0.5 and 4 Hz. Error

bars represent the standard errors. The asterisk indicates statistically significant difference (p<0.05).

Figure 5: Rise rate of delta activity. Rise rate of delta EEG activity (0.5-4 Hz) during the 1°* NREM
sleep cycle (10 time intervals). Error bars represent the standard errors. The asterisk indicates

statistically significant difference (p<0.05).

Figure 6: Correlations between measures of homeostatic modulation. Scatterplots of the individual
correlations between 1% vs. 2™ half of the night ratio calculated on delta EEG activity (0.5-4 Hz)
during NREM sleep and rise rate of delta EEG activity during the 1 NREM sleep cycle in the parietal

(upper panel) and calcarine cortex (lower panel).
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Table 1: Demographic and clinical information of each patient.

Patien Gende Age Medications SEEG
t r
(years (mg/day) Hemispher Sample Calcarin  Parietal Epileptogeni
) e lobe e cortex cortex czone
1 M 40 Tegretol 600- Left Temporal Calcarin  Precuneus Temporal
400-600 -parietal- e cortex
occipital
Gardenale 50-0- cortex
100
Rivotril 7-7-7
2 M 55 Carbamazepine  Left Temporal <Calcarin.  Superior Temporal
(800) -parietal- e parietal cortex
occipital lobule
Primidone cortex
(500)
Topiramate
(100)
3 F 34 Topiramate Right Temporal Calcarin  Paracentr  Dorsolateral
-parietal- e al lobule cortex of
(500) occipital the occipito-
cortex :
Carbamazepine parietal
junction

(1000)
Valproic acid
(1300)

Levetiracetam
(1500)

Fenobarbital
(100)
Clobazam

(20)
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4 F 16 Carbamazepine Right Temporal Calcarin  Postcentr  Superior

-parietal- e al gyrus parietal
(800) occipital gyrus and
cortex .
Fenitoine posterior to
the
(250) paracentral
lobule
Clobazam
(10)
5 F 15 Oxcarbamazepin Right Temporal Cuneus  Superior Left frontal
e -parietal- - parietal cortex (after
occipital  Calcarin  lobule 2°
(1200) e exploration)
Levetiracetam ,
(1250)
6 M 17 Tolep 750 — 0 — Left Temporal Calcarin  Precuneus Temporal
750 mg/die -parietal- e cortex
occipital
Frisium 10 - 0 — cortex
10 mg/die
Keppra 1250 -0
— 1250 mg/die
7 F 18 Oxcarbamazepin Right Temporal Calcarin  Precuneus Operculo-
e -parietal- e insulo-
occipital temporo-
(600) cortex parietal
Felbamate
(1200)
Clonazepam

(2)

Abbreviations: F = Female; M = Male; mg = milligrams; SEEG = Stereo-EEG.
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Figure 1
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Figure 2

Downloaded from https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsab026/6131365 by guest on 09 February 2021

Parietal Cortex

Calcarine Cortex

L L

25

N

\
re) - [rs) [=)
=1

(W3dN uwy#) Aysueq ejpuids

34



Figure 3

Parietal Cortex

Calcarine Cortex
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Figure 4

Delta activity (0.5-4 Hz)
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Figure 5
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Figure 6

Parietal Cortex

Downloaded from https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsab026/6131365 by guest on 09 February 2021

8

2 2 g S E]
8jofo 11 e1jaq (%) ared esiy

300

250

150

100

EEG Power [(1st/2nd half)*100]

Calcarine Cortex

|

1 1 I 1

120 125
EEG Power [(1st/2nd half)*100]

115

110

8

8 = 8 ° 8

8lofo 15| eljaq (%) ored asiy

38



