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List of Abbreviations

AS: amplitude spectrum

CCEP: Cortico-cortical evoked potential
CSD: Current source density

CT: Computed tomography
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EEG: Electroencephalogram

ERSP: Event-related spectral perturbation
fMRI: functional MRI

IAM: Individual Adjustment Method
IID: interictal discharge

LFP: Local field potential

LFPg: Local field potential gradient
LME: Laminar microelectrode

LTP: Long-term potentiation

MRI: Magnetic resonance imaging
MUA: Multiple unit activity

NREM: Non-rapid eye movement

PCA: principal component analysis
PET-MRI: positron emission tomography-MRI
SOZ: seizure onset zone

SPES: Single-pulse electric stimulation
SUA: Single-unit activity

SW: Slow wave

sSW: Spontaneous SW

SWd: SW downstate

TFR: Time—frequency representation
TMS: Transcranial magnetic stimulation

TRN: thalamic reticular nucleus



I. Introduction
I.1. Evaluation of epileptic patients with invasive electrodes

Epilepsy surgery offers a potential cure for patients with drug-resistant epilepsy. In the
case of resective surgery, the success of the procedure depends on the accurate
identification of the seizure onset zone (SOZ) during preoperative assessment. In cases
where the results of preoperative non-invasive investigations (MRI, fMRI, PET-MRI,
neuropsychological tests, scalp EEG, seizure symptoms) do not allow a clear localization
of the seizure onset zone due to discordant data or in cases where a deep or eloquent area
close focus is suspected, further examinations with invasive electrodes (subdural grid (1),
strip (2), or stereo-EEG (3)) may be necessary. These surgically implanted subdural or
deep brain electrode systems can not only be used to study the pathophysiology of
epilepsy, but also offer a unique opportunity to study physiological brain oscillations. In
addition to the electrodes routinely used in clinical practice, we used a special intracortical
laminar microelectrode (LME) system (4) to study local neocortical pathological and
physiological changes. Previously, our group has investigated the local cortical
mechanisms of interictal epileptiform discharges (5), high-frequency oscillations (6),
sleep slow waves (7) and K-complex (8) generation. In our current study we focused on
the laminar analysis of sleep spindles (9) and electrically evoked cortical potentials
(CCEPs) (10). Additionally, we sought to demonstrate that the intracortical characteristics
of electrically evoked surface negativities during wakefulness resemble those of

spontaneous slow wave (SW) downstates during sleep (10).

1.2. Sleep spindles

Sleep spindles are approximately sinusoidal oscillations generated by interactions
between thalamocortical, corticothalamic, and reticular thalamic networks (11-13). They
are observable on both scalp EEG and ECoG recordings (14). These spindles are
characterized by neural firing patterns that promote long-term synaptic changes,
including long-term potentiation (LTP) (13). Sleep spindles have been widely studied for
their role in memory functions and sleep regulation (12, 15). They are linked to learning
efficiency (16, 17) and general cognitive ability (18) and serve as important clinical

markers in various neurological and psychiatric conditions (19-23). Given that sleep



spindles originate in thalamocortical networks, they are influenced by the anatomical
structure of thalamocortical connections. Based on the distinction between 'core' and
'matrix' thalamocortical pathways (24, 25) — which target cortical layer IV and layers I-
II, respectively — it has been suggested that sleep spindles may arise from either or both
networks, with potentially varying contributions from each (26). As different
thalamocortical projections reach different cortical layers, the thalamic source of EEG
events can be inferred from the current source density patterns recorded from electrodes
that penetrate the cerebral cortex (4, 27). Studies in epileptic patients have mapped the
laminar profile of the K-complex (8) and the slow wave (7), both of which predominantly
originate in superficial layers. Research in animals (28, 29) — though not explicitly framed
within the core-matrix model — has shown that various thalamocortical networks
contribute to spindle generation, with a prominent sink in layer IV and an additional, more
superficial sink. Recent research using laminar probes in epileptic subjects (30) found
that cortical spindles occur with diverse topographies, with some localized to either upper
or middle cortical layers. Sleep spindles differ in at least two characteristics which may
be associated with a different network of origin, and consequently a different laminar
profile. First, sleep spindles can be divided into functionally different slow and fast
subtypes, based on their frequencies (12, 14). Second, there is substantial variability in
the spatial extent (globality) of spindles (14, 31, 32). Although, the division of sleep
spindles based on their extent- i.e. local versus global spindles- is arbitrary, because it
depends largely on the number of sampling points, i.e. the detection technique. There is
some evidence on how thalamocortical spindle generators differ between slow and fast
spindles or spindles with varying cortical involvement. First, an in-silico simulation of
thalamocortical networks (33) suggested that wider thalamocortical connections to
superficial layers promote greater spatial extent and cortical synchrony of spindles.
Second, pharmacological studies show differential effects on slow and fast spindles: the
Ca2+ channel antagonist flunarizine selectively reduces fast spindle activity, while the
Na+ channel antagonist carbamazepine reduces fast spindle activity but increases slow
spindle and ~0.75 Hz slow wave activity (34). Ca2+ channels, particularly in the reticular
nucleus (TRN), are key in thalamic spindle generation (13, 35), and the resilience of slow
spindles to Ca2+ channel blockade suggests that they may be generated independently of

the thalamus, challenging traditional theories of spindle generation (36). It has also been



hypothesized that slow and global spindles rely more on thalamocortical or possibly
cortico-cortical networks terminating in superficial layers ("matrix" network), whereas
fast and local spindles depend on the more focused "core" network (26). Accordingly,
slow, and global spindles would be associated with more superficial activations, while
fast and local spindles would activate deeper cortical layers. Recent findings show that
spindle-frequency oscillations in the cortical depths display a heterogeneous topography

(30), though the relationship between spindle topographies and subtypes remains unclear

9).

I.3. Cortical potentials evoked by single pulse electrical stimulation

Single-pulse electrical stimulation (SPES) is commonly used in presurgical evaluation of
epileptic patients with implanted intracranial electrodes. Cortico-cortical evoked
potentials (CCEPs), especially those evoked by low-frequency (<1Hz) SPES, help map
brain network organization (37) and can assist in locating pathological areas (38, 39).
CCEPs refer to a consistent series of early physiological responses, while later deflections
(>100ms) with varied latencies, such as repetitive or delayed responses and
afterdischarges (40), are considered pathological (41). However, this distinction is
debated, as late components can also appear under normal conditions, and early
components may be influenced by pathological processes (42, 43). Changes in early
CCEP responses can indicate reorganization within epileptic networks (44, 45). Typically,
CCEPs include an early negative component (N1: 10-50ms) linked to direct cortico-
cortical projections within functional networks, and a later negative component (N2: 50-
500ms), which involves both cortico-cortical and cortico-subcortico-cortical circuits,
representing intra- and internetwork connections (46-49). Additionally, smaller positive
components, P1 (before N1) and P2 (following N1), have been noted (50). In our study,
we identified a further late positive potential, termed P3 (10). Despite the widespread use
of cortical stimulation, the intracortical mechanisms underlying CCEP generation in

humans remain unknown (10).



I.4. Spontaneously occurring and evoked sleep slow waves

A slow wave (SW) is defined by alternating cortical up and down states during NREM
sleep stage 3 (51), and it has been widely studied in both cats (52) and humans (53, 54).
The active phase (up-state), marked by membrane depolarization, involves excitatory and
inhibitory postsynaptic potentials, while the inactive phase (down-state), marked by
hyperpolarization, reflects a global disfacilitation in the cortico-thalamic network (52).
Animal studies have shown that both cortico-cortical and cortico-thalamic networks
contribute to SW generation (52), but the mechanisms are less understood in humans.
Though cortical networks alone can produce SWs—demonstrated in thalamectomized
cats (52) and cortical slice preparations (55)—the thalamus is crucial for synchronizing
cortical neuron populations (56). Research on animals suggests that SWs can originate in
any cortical layer, most commonly in infragranular layers, with layer V pyramidal cells
playing a key role in up-state initiation (55, 57). However, studies in anesthetized rats
with spinal cord injury show increased SW initiation in layer II/IIT (58). Interestingly,
Csercsa et al. observed the generation of SWs detected in epileptic patients primarily in
supragranular layers (7). Whether these differences are due to pathological reorganization
of the epileptic neocortex or interspecies variations in cortical cell population, remains
unclear (59). SWs appear over large cortical areas due to local intracortical connections
(60) and travel from one definite region to all over the scalp mostly within the default
mode network (54, 61). Nevertheless, SWs can also remain local, associated with local
cessation of neuronal firing (62). SWs can be elicited during sleep by cortical stimulation
using transcranial electric (63), -magnetic stimulation (TMS) (64, 65) in humans, and by
intracortical electrical stimulation in rats (66). Spontaneous, local, sleep-like cortical
phenomena have been observed at the regional or columnar level in awake rats under
sleep pressure (66) and in human participants (67). In humans, these phenomena have
also been associated with attentional lapses even without sleep deprivation (68, 69),
suggesting that local sleep states can coexist with wakeful brain activity. However, there
is limited and somewhat contradictory evidence on whether and how SWs can be induced
in the awake state (64, 70). Massimini et al. (64) reported being unable to evoke SWs in

awake individuals (10).



I1. Objectives

By examining both sleep spindles and cortico-cortical evoked potentials (CCEPs), using
simultaneous electrocorticographic (ECoG) and laminar (LME) recordings in humans,
our aim was to extend prior work on cortical layering to provide a more detailed picture

of laminar functionality in both spontaneous and evoked cortical processes.
My main hypotheses are:

1. Different types of sleep spindles (slow/fast, local/global) are generated by
different thalamo-cortical networks.

2. Single pulse electrical stimulation of the neocortex triggers a specific excitatory-
inhibitory sequential proccess, with various involvement of different cortical
layers.

3. The underlying mechanisms of late components of CCEPs are similar to those
observed during sleep slow wave down- and upstates, i.e. a local sleep-like

phenomenon can be evoked by electrical stimulus in the awake state.

In the present work I aimed to investigate how neural networks associated with different
cortical layers contribute to the generation of sleep spindles and whether this contribution
varies across spindle types (slow/fast, local/global). To prove our hypotheses, we
examined the cortical profiles (using LFP, CSD, MUA and SUA analyses) of “micro-
domain” (LME) and “macro-domain” (ECoG) spindles to assess their dependence on
sleep spindle type. In addition, we analyzed the intracortical profile of various CCEP
components to understand the function of local cortical circuits during cortical electrical
stimulation. Based on the results of these analyses, we aimed to propose a hypothetical
model to describe intracortical activation and inhibition during cortical electrical
stimulation. To prove our hypothesis that the late components of the CCEPs correspond
to a sleep slow wave, we compared in detail the cortical presentation patterns of the two

phenomena.



II1. Methods

II1.1. Patient selection

Seven patients with focal epilepsy (4 males, average age 25.42 + 11.37 years), undergoing
phase 2 presurgical evaluation in our institute (Department of Neurosurgery and
Neurointervention, Semmelweis University, Budapest, Hungary) were included in the
evoked potential part of the study. Detailed patient characteristics are provided in Table
1. Informed consent was obtained from all participants or their legal guardians in line
with the Declaration of Helsinki, and the study received approval from the National
Scientific and Ethical Committee of the Medical Research Council in Hungary (approval
numbers: 242/K0/2001 6008/6/2001/ETT and 20680-4/2012/EKU (368/P1/2012)). The
paradigm of cortical stimulation was related to current study and was included in the
ethical approval. For the sleep spindle analysis, electrophysiological data were selected
from four of the seven patients whose NREM sleep phase could have been clearly
identified based on EEG and the signal quality of both ECoG and LME data was adequate
for spindle analysis (Table 1, yellow-colored columns) (9, 10).

II1.2. Electrode implantation and reconstruction

All patients underwent fluoroscopy aided subdural strip and grid implantation (AD TECH
Medical Instrument Corp., Racine, WI, USA: various subdural electrodes) planned
entirely on clinical grounds. Up to two LMEs (24 contact, 150um intercontact distance,
3.5mm span; Neuronelektrod Ltd., Budaors, Hungary, Fig.1f) were inserted perpendicular
to the cortical surface underneath the subdural electrodes for scientific purposes (4, 8, 71)
(Fig. 1a-d). Following electrode implantation, the surface electrode and LME locations
were superimposed on the 3D reconstructions of preoperative MRIs based on
postoperative CT scans (Fig. le). A gyrus likely to be removed later was selected for
microelectrode implantation. After securing the output leads of the LME with appropriate
stitches, the subdural grid electrode was positioned above the multielectrode. The
electrode penetration track was reconstructed upon removal in the surgical block(7, 72,
73) (Fig. 1a-d). Surgery was performed in six out of seven cases. The electrode containing

tissue block was removed in 4 patients (Pt.1, 2, 3, 5; Tablel/CCEP study). The resected
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tissue was cut into 2—5 mm blocks and chemically fixated (7, 73). The laminar topography

of the cortical tissue blocks was reconstructed from these samples and it was used to

determine the location of LME electrodes within cortical layers, taking into account the

shrinkage of brain tissue during preparation (7, 74). The cortical layer from which an

LME signal originated was estimated based on the histological reconstruction of the

electrode track (9, 10).

Table 1. Summary of patients involved in the spindle and CCEP studies (9, 10). The

numbers in parentheses indicate the number of the multielectrode selected for analysis in

cases where two electrodes have been implanted. P¢ patient, /' female, M male, R right, y

year, gy gyrus. Note that only 4 out of 7 patients were selected for the spindle study.

Distance
between
stimulated a .
Age at LME and slow spindle | fast spindle Number of sleep spindles
spindle study| CCEP study| Gender |MRI finding . Seizure type " frequency | frequency
surgery location recording
range range
electrodes
(CCEP
study) Naiow, giobal | Nstow, ocat Niast, global Niast, local
Pt1 Pt1 F normal 34y R frontal —Focal, tonic |, & 11.45-12.61 13.3-14.67 |73 19 76 19
(Th2) postural
R fronto-
tro- Focal,
P4 P2 M centro 20y R frontal ocal 1 cm 11.28-12.22 | 13.49-14.44 | 404 167 324 241
opercular hypermotor
dysgenesis
R frontal R fi 1 Focal, toni
P2 Pt3 M romal gy ronta 0CaL 1OMe ) 5 em 10.43-11.54 | 12.49-13.38 [335 256 460 356
dysgenesis (Th2) postural
R frontal Focal, toni
Pt4 F romal gy R frontal 0CaL 1oMe 1 em
dysgenesis postural
Focal
. sensory-
R parietal
Pt3 Pt5 M . 13y R frontal motor 2.5 cm 12.26-13.5 |13.64-15.28 |34 97 28 84
dysgenesis .
hemiconvuls
ive
R frontal-
Pt6 F cingular 44y :{Tfhr;)mal Multifocal |1.5 cm
dysgenesis
R inferior
R frontal Focal
Pt M frontal gy. 2 ’ 1
2 rontal 8y 32y (Th1) hypermotor em
dysplasia
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Figure 1. Macro- and microelectrodes (10). (a, b row 1) Intraoperative photo showing
a surface subdural grid electrode and two "thumbtack" multielectrodes (T1 and T2) for
LFP and SUA recordings in Pt1 and Pt3. (a, b row 2, ¢, d) Histological reconstruction of
electrode tracks showing cortical lamination around microelectrodes in Ptl, Pt2, Pt3, and
Pt5. Note that all the histologically evaluated electrode tracks verified normal cortical
lamination around the electrode trajectory. (e) 3D MRI reconstructions with electrode
locations for seven patients, showing surface electrodes (grid and strip; red filled circle),
microelectrode (green filled circle), and stimulated electrode contacts with best-response
(yellow filled circle) relative to seizure onset zones (blue open circle) and MRI lesions
(grey filled circle). Laminar electrodes were placed outside MRI lesions but near seizure

onset zones. (f) Photo of a 24-contact laminar microelectrode.
II1.3. Surface and laminar recordings

Following implantation, patients were admitted to the epilepsy monitoring unit and
continuously monitored for epileptic activity. Video-EEG monitoring was carried out
using a standard hospital system (Brain Quick System 2 or 98 or Plus Evolution,
Micromed, Mogliano Veneto, Italy). All signals were recorded with mastoid reference
(Acquisition rate: 1 or 2 kHz/channel, 16 bit, no filtering) and stored on external hard
disks for offline analysis. The data obtained from LMEs were recorded by a separate
system consisting of a custom-built preamplifier, amplifier, and a Labview-based
acquisition software (National Instruments, Austin, TX), allowing recording of the

gradient local field potential (LFP) as a voltage difference between two adjacent electrode
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contacts. LFP (0.1-500 Hz, 2 kHz/channel, 16 bit) and multiple unit activity (MUA)
(500-5000 Hz, 20 kHz/channel, 12 bit) were recorded from the LMEs simultaneously
while the patients were awake or sleeping (4). LME recordings were co-registered to the
surface ECoG recordings using a common marker generated by an external trigger

computer (9, 10).

II1.4. Detection and analysis of sleep slow waves and sleep spindles

The sleep staging was performed by an expert neurophysiologist (D.F.) based on scalp-
EEG and ECoG. The downstate phases of SWs were then detected visually on the
corresponding laminar recordings of NREM sleep stage 3. Layer II signal was filtered
(low pass 5 Hz, 24 dB/oct, zero-phase shift). Next, exact downstate positions were refined
as local minima of the filtered signal. Two second-length epochs (= 1000 ms) time-locked
to downstate peaks and averaged for each LME channel were used for spectral, current
source density (CSD) and MUA analyses (see sections below).

For spindle analysis, the hypnograms were visually scored for ECoG data on a 20 second
basis using standard criteria (75). Artifact-free NREM stage II and III data underwent
sleep spindle detection using the Individual Adjustment Method (IAM) (76, 77),
identifying slow and fast spindle frequencies for each subject. The IAM essentially
defines sleep spindles as waveforms with a specific frequency and sufficient amplitude
that contributes to the spectral peaks of the NREM sleep EEG. In the first step, the high-
resolution (0.0625 Hz) amplitude spectrum (AS) of the visually scored, artifact-free
NREM sleep EEG was calculated for each ECoG channel free of interictal discharges
(IIDs, “spikes”) based on 4 sec segments (Hanning-tapered, zero padded to 16 sec to
ensure sufficient resolution in the frequency domain). A spectral peak was defined as the
interval within which second-order AS derivatives were below zero. In line with the
assumptions of the IAM about the spectral characteristics of sleep spindles, two clear
spectral peaks were visible for each subject, one for slow spindles and another for fast
spindles. In the second step, ECoG data was filtered to the subject’s individual slow or
fast sleep spindle frequency range, and sleep spindles were identified as events in which
the amplitude exceeded an electrode-specific threshold defined as the average of the AS

values at the spectral peak boundaries, multiplied by the number of high-resolution
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frequency bins within the frequency range. If this dynamically defined threshold was not
exceeded for at least 0.5 second, no sleep spindle was detected. Sleep spindles were
detected in this manner for IID-free ECoG channels and LME channels with no
permanent artifacts. An ECoG spindle was considered as “local” if it was detected in less
than or equal to 33% of the IID-free ECoG channels, and “global” if it occurred in more
than 33% of IID-free ECoG channels. The exact timing of ECoG sleep spindles were
defined on the channel spatially closest to the LME for the analysis of laminar dynamics.
ECoG data from this channel was filtered to the individual slow and fast spindle
frequency, respectively, as it was determined in the first step of the IAM (two-way FIR
filtering). LME data was triggered to the maximum positive deflection of the spindle
cycle closest to the point where the envelope (defined as the modulus of the Hilbert
transform of the filtered signal) of the filtered signal of this spatially closest ECoG
electrode was maximal (spindle peak). LME LFPg data segments from -500 msec to 500
msec relative to the identified ECoG spindle peaks were selected for further analysis. All
data segments were filtered to a generic sleep spindle range (10-16 Hz, two-way FIR
filtering implemented in Matlab EEGLab) and smoothed across layers using a Hamming
window. For further analysis steps on CSD, MUA and SUA analysis, see the section
below. EEG analysis was performed using Fercio© (Ferenc Gombos, Budapest, Hungary)
for the IAM analysis, MATLAB 2018b (The MathWorks, Inc., Natick, MA) EEGLab
(Swartz Center for Computational Neuroscience, San Diego, CA) for filtering, envelope

calculation and data synchronization (9).

II1.5. Single pulse electrical stimulation (SPES) of the neocortex

Cortical stimulation was performed at the bedside on post-implant day 3 to 7. In all cases,
before the electrical stimulation sessions, we have already had recorded enough
spontaneous seizures for clinical analysis. Stimulation was performed in seizure free
periods, at least 4 h after the last recorded seizure. All patients underwent stimulation in
the awake state (alert state with eyes opened), verified by video observations and EEG
patterns. SPES (bipolar, 10 mA, 0.5 Hz, biphasic, square pulse, pulse width: 0.2 ms, trial:
20-150) was administered to each adjacent pair of grid and strip electrodes using IRES
Surgical 600 stimulator (Micromed S.p.A. Via Giotto, 2-31021, Mogliano Veneto—Italy)
(Pt 1, 3, 5) or built in Micromed stimulator from 2015 (Pt. 2, 4, 6, 7). The number of

14



stimuli per pair of electrodes varied from 25 to 150, depending on the patient’s clinical
state (stimulation was interrupted if the patient had a seizure during the protocol) and
clinical question (considering the relevance of eliciting abnormal CCEPs in presurgical
planning). All patients had one stimulation session. The risk of seizure initiation has been
shown to be relatively low when applying 0.5 Hz pulses. Stimulation parameters were
selected based on literature data (37, 46), and our previous experience that 0.5 Hz
stimulation above 10 mA does not provide significantly better evoked responses, however

it increases the risk of inducing seizures (10).

II1.6. Analysis of SPES evoked potentials

Data analysis was performed using Neuroscan (Compumedics, El Paso, TX), EEGLAB
(78), and custom MATLAB scripts (MathWorks, Natick, MA). Evoked responses to
stimulation were divided in 1250 ms epochs (250 ms pre-stimulation to 1000 ms post-
stimulation) time-locked to stimulation pulse delivery. Following low-pass filtering (20
Hz, 48 dB/oct) and baseline correction (— 250 to — 50 ms), the raw LFP signals were
averaged in each grid pair stimulation trial. CCEP components’ peak amplitude was
measured as the absolute peak voltage between 5 and 500 ms. Z-score was computed
using the standard deviation (SD) of baseline (— 250 to — 50 ms). Evoked potential latency
was defined as the time from stimulus to peak of each component. The ratio of each
detected component and the total recording on LME channels for each patient were
determined, including all grid stimulation sites that triggered LME responses. The ratio
of triggerability of individual components by layer and by distance from stimulated grid
contacts, was also analysed (Fig. 2d). LFP, CSD, MUA, TFR, SUA analyses (Figs. 2c, 3,
4,5, 6) and peak latency across channels (Fig. 2d/2) were examined in stimulation sites
yielding the highest amplitude response (see Fig. le, yellow dots, for the location of
preferred stimulation sites) on signals averaged across stimulation trials. In case of
measuring peak latency pooled across channels and patients (Fig. 2d/1) and rate of evoked
components (Fig. 2d/3—6) all stimulated sites with visible CCEP were included. When
examining the layer-by-layer distribution of CCEP N2 and SW downstate, amplitude
values (Figs. 4d and 6a—c and Fig. 16) of each patient were normalised across LME

channels (10).
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Figure 2. CCEP components (10). (@) CCEP components remain consistent across

w5

50 o soms

signal processing methods in both ECoG and LME recordings. (b) Single-trial example
(Pt7) shows early components evoked from LME-adjacent ECoG contacts (Gr21-22) and
middle/late components triggered from distant ECoG contacts (Gr13-14). (¢) Laminar
profile of CCEPs illustrated by the recordings of Ptl (averaged across trials of a single
stimulation site) shows LFP (c¢/1), CSD (c/2), MUA (c/3), and TFR (over 0-200Hz, c/4)
aligned to stimulation. (¢/1) and (c/2) bottom row: zoomed in to make early components
more visible. Note that zoomed-in figures are unfiltered to make P1 component visible,
while those in the top row are filtered with 20 Hz (48 dB). White and black curves mark
the activity on the max-amplitude channel. The early components consist of a surface
positivity with lower-middle layer sink (P1) and surface negativity with superficial sink
(N1), accompanied by elevated MUA. The middle components consist of surface
positivity (P2) with superficial source and surface negativity (N2) with wide middle layer
source, accompanied by marked decrease in MUA. P3 is characterised by surface
positivity with middle layer sink and upper-middle layer increase in MUA. The spectral
power shows increase during early and late components and decrease during P2 and N2.
(d) Peak latencies of LFP components (n = 7): pooled over all LME channels (mean,
median, Ist and 3rd quartiles; d/1); across LME channels with no significant depth-
dependent change (d/2). Considering the total number of detected components, N2 is
evoked at the highest rate (n = 7, d/3). Although statistically non-significant, N1 and P2
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components tend to be evoked in middle-, while N2 and P3 in supragranular layers (n =
4, d/4). The appearance of components is distance-dependent: N1 and P2 are most likely
evoked within 1 cm from LME, P3 rather from a distance and N2 both up close and from
further away (n = 7, d/5). There are no significant differences between stimulation from
SOZ vs. non-SOZ, regarding appearance of components, though there is a tendency that
N1 and P2 can be better evoked from SOZ (n = 7, d/6) (see “Results” for details of

statistics).

II1.7. Wide-band spectral power, current source density (CSD), multiple unit activity

(MUA) and single unit activity (SUA) analysis of CCEPs and sleep spindles

In the CCEP study, following removal of stimulated channels and bad epochs (> 500 uV:
— 250 to — 10 ms or 50—1000 ms), base- line correction (— 250 to — 50 ms) was applied.
Time—frequency response (TFR) analysis for spontaneous and stimulation-induced
oscillatory power changes between 1 and 200 Hz was computed and visualized on event-
related spectral perturbation (ERSP in dB) maps (78) for each LME channel, in case of 2
patients (Ptl, Pt2), where the quality of the recordings was sufficient to obtain meaningful
measures. Single-trial ERSPs were averaged and plotted on depth-versus-time color
maps. Significant decrease and increase in ERSP was marked with color blue and red,
respectively (see below for details regarding statistical analysis). CSD analysis (79) was
done by second spatial derivation of LFP trial-averages after spatial hamming-window
smoothing (detailed by Ulbert et al. (4)) and filtering (low pass, 20 Hz, zero phase shift,
24 dB/oct). In our case the raw LFP signal was inherently the first spatial derivative of
the field potentials since it was recorded as gradual bipolar montage between contacts
along the laminar electrode’s shaft. We applied a second derivation to get the CSD signal:
positive values are present where summed transmembrane currents exit the neighboring
neurons (source), while negative values are measured where current enters the neurons

(sink).

In the spindle study, to quantify laminar differences in field potential and current strength,
the root mean square (RMS) of the LFPg and CSD signal of each channel was calculated
for each 1 second LME data segment. Channel-wise RMSs were averaged across channels

in the same cortical layer, yielding an average of LFPg and CSD signals for each spindle

17



and for each cortical layer (LFPg/CSD magnitude). One-dimensional averaged CSD data
are presented on depth-versus-time maps, with color-coded sink (red) and source (blue)
amplitudes. CSD was calculated for each patient (n = 4 in spindle, and n= 7 in CCEP
study). MUA was calculated using high frequency filtering (1) 500-5000 Hz, zero phase
shift, 48 dB/oct; (2) full wave rectification; (3) low pass filter: 20 Hz, 24 dB/oct) on
individual sweeps. The sweeps, averaged across epochs, are visualized on depth-versus-
time maps as color-coded activity increase (red) and decrease (blue) in population
activity. MUA was triggered to ECoG spindle detections in a similar manner as LME data
from the EEG range and averaged across detections by spindle type (slow/fast,
local/global). The quality of the recording allowed MUA calculation for only 2 patients
(Ptl, Pt2) in both spindle and CCEP studies. Single-unit activity (SUA) analysis was
performed on LME data recorded with high sampling rate (20 kHz) in case of one patient
(Ptl) in CCEP and two patients (Ptl, Pt2) in spindle analysis, where individual cell
activities could be separated reliably from MUA/field activity and background noise.
LFPg, CSD and MUA analysis was performed using Neuroscan (Compumedics, El Paso,
TX), EEGLAB (78), and custom MATLAB scripts (MathWorks, Natick, MA). SUA was
detected on epoched raw LME data sampled at 20 kHz (from — 250 to 1000 ms relative
to stimulation start for CCEPs and #1000 msec around all ECoG spindle peaks, separately
for slow, fast, local, and global spindles). After DC offset removal, we detected SUA with
an amplitude threshold adjusted manually according to the magnitude of background
noise of each channel. Multiple individual neurons were identified as the generators of
SUA on each channel based on clustering with on-line template setup by action potential
morphology and amplitude in a 0.4 ms timeframe. We applied a principal component
analysis based on template waveform correlations to refine clustering and reduce false
detections. Then each cluster was revised visually. All SUA detections were performed
in Spike2 (version 7 software (CED Limited, UK). All SUA detections were pooled from
all cells on the same channel and from all LME channels in the same layer, resulting in
time histograms of CCEP-associated single-unit firing (Fig. 3). Histograms of single trials
were then averaged across stimulation epochs corresponding to one stimulated channel-
pair. SUA occurrence relative to LFPg spindle phases was calculated based on the
instantaneous phase angle of LFPg signal’s Hilbert transform. All SUA detections within

+500 msec from ECoG spindles of the same spindle type were pooled from all cells on
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the same channel and from all LME channels in the same layer, while the rest more

temporally removed from ECoG spindle peaks were discarded (Fig.9) (9, 10).
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Figure 3. Single-unit correlates of CCEPs (10). (a) Average time histogram of neuron
firing (n = 26, Pt1) shows sequential firing rate changes after stimulation. Increased firing
occurs during P1-N1 (0-50 ms) and P3 (205-500 ms), while firing decreases during P2-
N2 (55-200 ms). Asterisks on error bar plots indicate statistically significant differences

in firing rate between all CCEP intervals and also between each interval and pre-and

poststim. baseline periods (Kruskal-Wallis ANOVA; x2(4) = 151.8, p < 0.001. Mann—
Whitney U post- hoc tests, p < 0.01) (b) Firing rate changes in two neurons from layer II.
(c) Largest firing change occurs in layer V during P1-N1; significant firing changes are
noted in all layers (ANOVA with Bonferroni post-hoc tests, p <0.001). Boxplots represent
median with interquartile range (IQR), whiskers mark the most extreme values within
1.5xIQR. Crosses mark outliers outside this range. (d) LFP (orange), CSD (black;
negative value=sink, positive value= source), MUA (light blue), and SUA (dark blue)
overlays in Ptl, averaged per layer. Shaded areas represent the same time-windows as in

case of (a)
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Figure 4. Laminar Distribution of N2 LFP, Current Sinks and Sources (10). (@) N2
field potential gradient changes across microelectrode contacts, averaged across trials, in
7 patients. (b) Significant N2 amplitude differences between cortical layers in 4 patients
with histological data (one-way ANOVA (F(5)=7.7, p<0.001, n>=0.336 and Tukey HSD
post-hoc test ti.rv=4.3, p<0.001, tn.v=5.77, p<0.001, tn.vi=4.89, p<0.001; black bars). No
significant difference in N2 CSD source amplitude across layers (red bars). (¢) Biphasic
distribution of current sinks and sources in CCEPs across cortical layers, shown for 6
patients. (d) N2 current source peaks in middle layers, around layer III, normalized to

each patient's peak response.
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Figure 5. Electrically induced N2 during awake state is similar to the downstate of
spontaneous slow waves (SWd) during sleep (10). (a—d, Row 1) Laminar profile of
spontaneous SW time locked to downstate, showing upper layer negativity (LFP), middle
layer source (CSD), decreased MUA, and broadband power decrease across layers (trial-
average of Ptl). (Row 2) Laminar profile of CCEP in awake state (trial-average of Ptl):
N2 shows superficial negativity (LFP), middle layer source (CSD), reduced MUA, and
broadband spectral power decrease. Note the time scale differences between the two
analyses (— 250-1000 ms for the N2 and — 1000—-1000 ms for the SWd). Red arrows
indicate the time of stimulus. (Row 3) Statistical comparison of SWd and N2 using
Pearson’s correlation (For LFP r = 0.92, CSD source r = 0.75, MUA r = 0.79, TFR r =
0.41, p <0.05). The different color dots indicate individual electrode contacts. The warm
color dots are for contacts located in superficial layers, the cold color dots indicate
electrodes from deep layers. All data are derived from Ptl. (e) Averaged SWd and N2
waveforms (Ptl) on selected channels show neural silence. (f) Overlay of SWd (grey
curves) and N2 (black curves) averaged waveforms in LFP and CSD. LFP (top) is derived
from layer I-1I, while the CSD (bottom) from layer III recordings (corresponding to the
layers of maximal event amplitudes). Stimulation preceding N2 is marked with a dashed

line.
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IT1.8. Statistical analysis

Statistical analyses were performed using IBM SPSS (version 16.0), STATISTICA 10.0
(StatSoft, Tulsa, OK), JASP (version 0.18.3), jamovi (version 1.6.15.0) softwares and in-
built Matlab (2018b, 2019b) algorithms. The statistical analysis of spindle SUA was
performed using Oriana (v2.02c, Kovach Computing Services). Normality of
distributions were tested with the Kolmogorov—Smirnov test. If normality was rejected
non-parametric tests were applied, except for some cases (rate of appearance of CCEP
components, Fig. 2d/3-4), when there were only moderate deviations from normality,
acceptable in case of one-way ANOVA. To analyze the occurrence patterns of LME
spindles and their co-occurrence with ECoG spindles, we used one-way ANOVA, the
two-sample Kolmogorov-Smirnov test, Fisher's r-to-z transformation, and Pearson's
correlation (Fig. 8, 9). For examining how spindle characteristics (including spindle type,
globality, cortical layer, and amplitude measured by LFPg and CSD magnitudes) affected
the laminar profile, we conducted mixed-effects ANOVA and principal component
analysis (Fig. 11 and Fig. 12). To assess LFPg and SUA coupling, we applied Rayleigh's
Z-test for circular uniformity. For examining the effects of layer and spindle type on the
preferred phase of SUA-LFPg coupling, we used circular factorial ANOVA (Harrison-
Kanji test) with Mardia’s test for post-hoc comparisons (Fig. 13). To test the temporal
consistency of CCEP components across cortical depth we calculated peak latencies of
each component for each LME channel (7 patients) and used one-way ANOVA to test
the significance of differences between LME channels (Fig. 2d/2). To compare the rate
of evoked potentials across LME contacts (7 patients, Fig. 2d/3) and cortical layers (4
patients, Fig. 2d/4), we have applied one-way ANOVA for each CCEP component). Rates
of CCEPs were also compared according to stimulation distance (within 1, 2 or 3 cm from
CCEP presenting LME contact), using Kruskal-Wallis with post-hoc Tukey—Kramer
tests (Fig. 2d/5), and to stimulation site [seizure onset zone (SOZ) vs. non-SOZ], using
Mann—Whitney U test (Fig. 2d/6). The firing rate (FR) of cortical neurons (n =26) of one
patient (Pt1) was compared across various time intervals: pre- (— 250 to — 5 ms) and
poststimulation (500 to 1000 ms) baseline periods and time intervals corresponding to
different CCEP components. First, units from all LME channels were pooled and the
changes of FR in time were compared by Kruskal-Wallis ANOVA and Mann—Whitney

U post-hoc tests (Fig. 3a). Then additional statistical tests were performed for each
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cortical layer separately, using one-way ANOVA with Bonferroni post-hoc tests (Fig.
3c). We have analyzed in more details the intracortical laminar profile of N2 components
across patients. For this purpose, we averaged the absolute value of LFP amplitude at
each LME channel for N2 (Fig. 4a) and LFP and current source amplitude at each cortical
layer, in four patients (Ptl, 2, 3, 5), where histology was available allowing precise
localization of microelectrode contacts to cortical layer (Fig. 4b, d). To test the statistical
significance of differences in absolute amplitude values (both for LFP N2 and N2 current
source) between cortical layers (and also between supragranular layers: layer I-III and
granular-infragranular layers: layer IV-VI), we applied one- way ANOVA with Tukey
HSD post-hoc test and Kruskal-Wallis ANOVA with Dwass-Steel-Critchlow-Fligner
post-hoc analysis, following the correction of significance level according to the number
of comparisons (significance level: p < 0.05, corrected significance level: p < 0.0033).
Results are shown on whisker plot [dot = mean; whisker = 95% confidence interval,
asterisk = statistically significant difference] (Fig. 4b). We have compared the
characteristics of sSSW and N2 components, using LFP and CSD data of four (Pt 1,2,3,5)
and MUA and TFR data of two patients (Pt 1,2) (Fig. 5), Pearson’s r correlation method
was used to evaluate the relationship between SW and N2 measures with p < 0.05
significance level criterion, and we presented the results on scatter plots [dots = channels
of LME] (Fig. 5 row 3 and Fig. 6a). The significance of difference in normalized
amplitude values between N2 and SW downstate was determined by two-sample t-tests
for each cortical layer (Fig. 6b) and confirmed by two-sided permutation t-test (Gardner-
Altman estimation statistics plots) (Fig. 6¢) (80). Due to low sample size, Bayesian
statistics were also applied: Bayesian ANOVA for the layer-by-layer and distance-
dependent comparison of components and Bayesian Mann Whitney U test for the
comparison of appearance rates in SOZ vs non-SOZ areas. To define the strength of
evidence for correlation between N2 and SW downstate amplitude values in each cortical

layer we performed Bayesian Pearson correlation (9, 10).
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Figure 6. Similarities in the appearance of electrically evoked N2 and spontaneous
SWd across cortical layers (10). (a) Scatter plots show a strong correlation in current
source amplitudes for SWd and N2 in all four patients (Pearson's R for Pt1=0.75,
Pt2=0.76, Pt3=0.88, Pt5=0.878). Color dots indicate electrode contacts; dots at 0 mark
cases with undetectable N2/SWd. The dots in 0—0 locations represent more than one
electrode contact per patient (for Pt 1 = 6, Pt2 = 9, Pt3 = 8§, Pt5 = 11 contacts). (b)
Averaged normalized field potential and current source amplitudes show no significant
amplitude differences between N2 and SWd across cortical layers (p > 0.05, two-sample
t-tests for each cortical layer). Maximal amplitudes occur in supragranular layers (field
potential: layer I-II, current source: layer III). Data include four patients (Pt1,2,3,5) with
histological reconstruction of electrode track; error bars indicate standard deviation. (c)
Gardner-Altman estimation plots show non-significant mean differences in N2 and SWd
amplitudes by cortical layer with 95% confidence intervals, indicating no statistical
differences. Both groups are plotted on the left axes; the colored dots represent the
individual electrode contacts; the mean difference is plotted on floating axes on the right

as a bootstrap sampling distribution.
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IV. Results

Clinical subdural grid and strip electrodes were implanted over the frontal, parietal and
temporal cortices in seven patients to localise both the epileptogenic and eloquent cortical
areas (Fig. le). Six patients had single focus (frontal n = 5; parietal n = 1; for detailed
types of seizure onset see Table 1). One patient (Pt6) had multifocal seizure onset,
therefore resective surgery was contraindicated in this case. LMEs (Fig. 1f) were
implanted into the frontal lobe, underneath the subdural electrodes, in all seven cases (Fig.
la,b). No clinical side effects or complications related to the multielectrodes were
observed. Patients 2, 3, 4, 5 and 7 had a pathology of focal cortical dysplasia placed
locally deep in sulci and gyri below the area marked by grey circles on Fig. le. Ptl was
MRI negative and Pt6 had a midline pathology (see Table 1). All the laminar electrodes
fell outside the MRI lesion, but inside or very close to seizure onset zone (Fig. 1e). In
four cases (Ptl, 2, 3, 5), histological reconstruction of the neocortical laminae was
performed along the penetration track of the removed multielectrode (Fig. la—d).
Electrode penetration tracks (Fig. la—d) showed intact cortical laminarization (well-
preserved pyramidal cells, interneurons and glias, indicating no structural damage of the
examined cortex). The thumbtack electrode successfully penetrated all six layers in three
cases, while in one case (Ptl) the tip of the microelectrode ended in layer V. In the
remaining cases (3/7), cortical areas sampled by LMEs were not removed according to

the surgical plan (10).

IV.1. Characteristics of sleep spindles detected on surface and laminar electrodes

In the initial analysis, we identified spindle-like oscillations in LME recordings for 2 out
of 4 patients (Patients 1 and 2), with visible oscillations and spectral peaks in the sigma
range (8-16 Hz) matching those in ECoG data. For the other two patients, no visible LME
oscillations or sigma peaks were detected. However, when LME recordings were aligned
with ECoG spindle peaks, spindle-frequency oscillations emerged in the averaged LME
signal, indicating sub-threshold spindle activity aligned with ECoG spindles (Fig. 7) (9).
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Figure 7. Sleep spindles are not always visible on LME LFPg recordings, but
consistently appear when EcoG-triggered spindle detections are averaged (9). (4) In
Patient 1, both slow and fast spindles visible on ECoG are also evident in LME
recordings, with matching spectral peaks (Panel C shows z-transformed power spectral
density; blue and red vertical lines indicate ECoG-derived slow and fast spindle frequency
ranges, respectively. (D) Averaged LME LFPg triggered to ECoG spindle detections also
reveals the presence of spindles on the LME during ECoG spindles. (B) In Patient 4,
spindles are not visible in raw LME data nor create spectral peaks (E), but averaging LME

LFPg data triggered by ECoG spindle detections reveals spindles (F).

Since spindle-like oscillations and sigma frequency peaks were observed in the LME
signals of two patients at frequencies matching the ECoG signal, we further analyzed the
occurrence patterns of LME spindles and their co-occurrence with ECoG spindles. We
directly detected sleep spindles in the LME recordings of these two patients and compared
them with ECoG spindle detections from the same recording sessions. While ECoG

spindles showed slight location-based density variations (Fig. 8A), LME spindle density
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was more uniform across layers (Fig. 8B), but had higher amplitude in superficial layers
(Fig. 8C). In both ECoG and LME detections, most spindles were localized to a few
channels or a single layer, with global spindles being rare (Fig. 8D-E). For both ECoG
and LME, spindle amplitude increased with the number of channels or layers involved
(Fig. 8 F-G). Density and amplitude measures are reported here as the mean density and
amplitude, respectively, of all LME channels within a cortical layer. For the co-occurrence
analysis, we considered two spindle events from sources sl and s2 as co-occurring if the
spindle in s2 began before the spindle in s1 ended, with s1 always marking the earlier
event. For cortical layers, only spindles co-occurring in at least one-third of the channels
within a layer were considered to account for the increased likelihood of simultaneous
spindles with more channels. LME and ECoG spindles were considered co-occurring if
they overlapped in any cortical layer and ECoG electrode. A significant proportion of
spindles co-occurred across layers (50-80%) and between LME and ECoG (over 90% of
ECoG spindles co-occurred with LME). Co-occurrence was more likely between
neighboring layers, and LME-ECoG co-occurrence decreased with greater distance
between electrodes. While LME-only spindles were common, most ECoG spindles had
corresponding LME spindles (Fig. 9). We hypothesized that higher-amplitude LME
spindles would be more likely to co-occur with ECoG spindles or appear on more ECoG
electrodes. This was supported by a significant positive correlation between LME spindle
amplitude and the spatial extent of co-occurring ECoG spindles in 13 of 20 cases, rather

than the single case expected by chance (9).

IV.2. The laminar profile of sleep spindles

We found that micro-domain spindles detected on the LME show a heterogeneous cortical
profile, consistent with previous findings (81). We then tested whether spindle type
(slow/fast, local/global) influences spindle occurrence by cortical layer, as previously
hypothesized (82, 83). No significant differences were observed in the density of slow vs.
fast spindles across layers (X’-test with row-wise z-tests, all p>0.05, Fig. 8/B).
Additionally, we examined if ECoG spindle globality affected the layer of co-occurrence
with LME spindles, finding no significant variation, except in Patient 2, where Layer
V/VI spindles co-occurred with less global ECoG spindles (Fig. 10). Overall, the laminar

distribution of LME spindles is heterogeneous, but similar across spindle types (9).
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Figure 8. Sleep spindle characteristics on ECoG and LME (9). (4, B) Mean spindle
amplitude and density by cortical layer on LME. (C) Histogram of spindle spatial extent
on LME, showing the number of spindles detected across cortical layers (only spindles
on at least 1/3 of same-layer channels were included; histograms show no significant
difference, 2-sample Kolmogorov test, pmin=0.69 from all possible comparisons). (D)
Histogram of spindle extent on ECoG, showing co-occurrences across channels (no
significant differences; Kolmogorov test, pmin=0.27). (E, F) Correlations between spindle
amplitude and extent on ECoG and LME, respectively. On ECoG spindle amplitude and
spindle extent correlation coefficients are not significantly different (Fisher’s r-to-z
method, pmin=0.23 from all possible comparisons). On LME, slow spindles in Patient 2
show a stronger correlation with extent than fast spindles (p=0.044); other correlations

are not significantly different (Fisher’s r-to-z, pmin=0.13).
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Figure 9. Co-occurrence of ECoG and LME spindles (9). (4) Proportion of ECoG

spindles with a corresponding LME spindle in at least one cortical layer, shown on a
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topographic map of the electrode grid (white dot = LME location). (B) Proportion and
number of ECoG spindles co-occurring in specific cortical layers on LME and nearest
ECoG channel for Patients 1 and 2 (only spindles on at least 1/3 of LME channels in the
same layer included). The matrix shows layer-by-layer co-occurrence proportions. (C)
Left: Co-occurrence probability decreases with layer distance (Pearson’s r = -0.31,
p=0.005). All spindle types from both patients were pooled for this analysis, within-
patient and within-type correlations range between -0.28 and -0.37. Middle: ECoG
spindles are more likely to co-occur on LME than LME spindles on ECoG (ANOVA
F=22.65, p<0.001). The box and whiskers show means and 95% confidence intervals,
individual data points (co-occurrence probabilities between ECoG and each layer from
Panel B) are shown. Right: LME spindles co-occurring on ECoG have higher amplitude
(F=166.6, p<0.001); pattern holds across layers (F=13.9-48.2, p<0.001).
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Figure 10. Spatial extent of sleep spindles (9). The extent (number of ECoG channels a
spindle was detected on) of ECoG spindles co-occurring with LME spindles detected
from each cortical layer in Patient 1 (4) and Patient 2 (B). Error bars denote 95%

confidence intervals. Slow and fast spindles were pooled for this analysis.

After confirming that sub-threshold spindle oscillations were present in all patients' LME
recordings, we examined whether the laminar profile— that is, the characteristic pattern of
LFPg and CSD amplitude across layers — of macro-domain (ECoG) spindles varied by
spindle type (slow/fast) or globality (global/local). ECoG spindles, detectable over larger
areas, were classified as macro-domain, while LME-detected spindles represented micro-

domain activity. We detected sleep spindles in all physiological ECoG channels, and
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triggered the signal of LME channels to the peaks of ECoG spindles detected from the
ECoG electrode closest to the LME. Using a mixed-effects ANOVA, we analyzed how
spindle characteristics influenced the laminar profile, with factors including spindle type,
globality, cortical layer, and amplitude (LFPg and CSD magnitudes) as the outcome. We
observed significant between-subject variability with intermediate effect size, and larger
LFPg and CSD magnitudes were associated with more superficial layers, slow spindles,
and global spindles. However, interactions of spindle type and globality with layer had
small effect sizes (partial N’max=0.01), suggesting similar laminar profiles across spindle

types within the same patient. These findings are illustrated in Figure 11 (9).
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Figure 11. Laminar profile of sleep spindles (9). (4) The laminar profile of slow, fast,
local and global spindles, including LFPg, CSD and MUA, in representative Patient 2.
Color maps illustrate the average amplitude fluctuations £100 msec before and after
ECoG spindle peaks. Layer centroids are marked with Roman numerals. Note the
similarity of the profile across all spindle types. (B) Grand average LFPg and CSD
magnitude across layers for slow and fast spindles from all patients. uV values refer to

uV/150 um in case of LFPg and uV/150 pm? in case of CSD
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To account for potential biases from individual differences in mean voltage, we repeated
the analyses using z-transformed LFPg and CSD magnitudes across layers. This method
removes between-subject main effects but retains sensitivity to interactions, allowing us
to examine how spindle type and globality affect the laminar profile. Results were similar
to the non-normalized model, showing substantial between-subject variability but similar
laminar profiles for all spindle types within each subject (interaction partial n* max =
0.007). Further analyses using PCA confirmed that different spindle types (slow/fast,
local/global) exhibit a consistent laminar amplitude pattern, suggesting similar cortical

network involvement across types. Detailed results are shown in Figure 12.
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Figure 12. Normalized LFPg and CSD laminar profiles of sleep spindles (9). (4, B)
Mean LFPg and CSD magnitudes by cortical layer for each subject. (C, D) LFPg and
CSD magnitudes by layer and spindle type (local, global, slow, fast) for each subject.

Error bars show 95% confidence intervals. Laminar profiles are similar across spindle

types.
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IV.3. Single- and multiunit correlates of sleep spindles

High-quality single-unit (SUA) and multiunit activity (MUA) was recorded from two
patients (Patient 1 and 2, Table 1. spindle study). Based on a statistically significant
deviation from circular uniformity, in Patient 1 SUA was significantly coupled to LFPg
during all spindle types and in all layers except slow local, fast local and slow global
spindles in Layer II and during fast local spindles in Layer V. In Patient 2, coupling
occurred for slow and fast global spindles in Layers II and III. Slow local spindles in
Layer II and fast global spindles in Layer VI were also significantly coupled. SUA
preferentially occurred during positive-negative LFPg transitions when coupling was
significant, in all patients (Fig. 13) (9).
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Figure 13. Preferred phases of SUA during spindles (9). (4) Preferred SUA phases
during significant (based on Rayleigh’s Z-test) LFPg-SUA coupling for each spindle type
(coded by color) and cortical layer (coded by shape), overlaid on a typical spindle-
frequency oscillation. (B) Example of SUA occurrence at positive-negative LFPg phase
transitions during fast global spindles on a layer III channel in Patient 1. Rose plot shows
preferred firing phase just after 90°, aligning with the first data marker in (A). Line

histogram shows SUA frequency aligned with mean spindle LFPg on the same channel.
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A circular factorial ANOVA (Harrison-Kanji test) showed a significant effect of both
layer and spindle type on the preferred phase of SUA-LFPg coupling in both patients (p
<0.001). Post-hoc comparisons (using Mardia’s test) revealed that in Patient 1, slow and
fast spindles in the same layer had similar phase preference, which were however
different for the same spindle types in different layers, and for local and global spindles
even in the same layer. In Patient 2, similar trends were observed but reached significance
only when comparing superficial and layer V-VI global spindles. MUA and LFPg signals,
triggered to ECoG spindles, were generally correlated and showed an antiphase (90° <
AD < 270°) relationship, as it was estimated by the angular mean of the difference of the
phase angle of their Hilbert transforms (Fig. 14). However, the phase angle difference
varied, particularly in Patient 2, reducing correlation consistency. Overall, SUA and
MUA were negatively correlated to LFP, with variations by patient, layer, and spindle
type (9).
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LFPg and MUA averages from channel 10 (Layer III) in Patient 1 and channel 6 (Layer
IT) in Patient 2, showing fluctuations in phase differences. (B, D) Similarity of LFPg and
MUA signals and their phase differences by layer and spindle type for each patient. In
compass plots, arrow length represents the LFPg-MUA correlation coefficient, and

orientation shows the mean phase difference.

IV.4. Characteristics and laminar distribution of CCEP components

CCEPs were recorded both with surface and laminar electrodes in seven patients (Fig.
le). Characteristic components of CCEPs were identified and analysed: early (P1, N1),
middle (P2, N2) and late (P3) evoked responses (Fig. 2a, Fig. 15), with special emphasis
on N2. The appearance of P1 was less consistent compared to other components (it was
found in only 3/7 patients) and was highly dependent on stimulation distance, mostly
visible on adjacent surface electrodes (Fig. 2b, Fig. 15). Components of CCEPs could be
clearly identified and were consistent, regardless of different signal processing methods
(i.e. averaging and low pass filtering), both on ECoG and LME recordings, except for P1
which tended to smear with low-pass filtering (Fig. 2a, due to its inconsistent appearance
of P1, it is not shown in this figure). The appearance of some components is distance-
dependent, i.e. the early ones (P1, N1) can be triggered mostly from the vicinity of LME,
while the middle and late ones (P2, N2, P3) can also be triggered from a more distant site
(Fig. 2b and d/5). We have analysed the components using LFP and CSD data of seven,
and using MUA and TFR data of two patients, in a time-window of — 250 to + 500 ms
relative to stimulation. The resulting activation patterns were qualitatively very similar in
all patients (Figs. 2c, 4c, 5 row 2, Fig. 15) and revealed different intracortical mechanisms
in the background of CCEP components. Figure 2¢ shows the typical LFP, CSD, MUA
and TFR patterns. LFP under P1 exhibits a maximal positivity and a sink-source pair
located around cortical layer III, while there is a considerable sink also in deeper layers.
It is associated with increased MUA and TFR, encompassing all cortical layers. The N1
component appears as a negative wave in layer III LFP and is linked to a sink in cortical
layers I-II, and source pattern reaching to deeper layers, with increased MUA and TFR,

mainly in infragranular layers (10).

35



. LFP ] CSD m
k= . ¥ . : .
Pt6 2 § 2f |"' il ) =
=
2 4% P] P2 '
6 !
() 8L y
: -
©
R
[&]
L
= -
3
2 W—
s Gr19:20§ W<
< L - 4 ‘ —en——— ®
150 200 250ms = = 100 150 200 250ms
Pt7
=

-
Aunmsod

i)
(0]
{ oy
C
@©
e
& I
g 14|
- 16| [
318_
20 { WS 20| . o kE
29 . Gr21-22 =2 - Qr21-22 3

-50 0 50 100 150 200 250ms -50 0 50 100 150 200 250ms

Figure 15. LFP and CSD patterns for early CCEP components (10). (a) LFP patterns
for early CCEP components (P1, N1, P2) in 2 patients. (b) Corresponding CSD maps,
noting that Pt6’s map shows artifacts due to low recording quality, as CSD is sensitive to

low signal-to-noise ratios.

The prominent positive wave seen during P2 in the LFP engages multiple layers and is
associated with a source in cortical layers I-II, and decreased MUA and TFR power. The
N2 shows the most marked negative deflection in layers I-III, while it is accompanied by
a source in cortical layers III-IV with decreased MUA and TFR power during the
descending phase across all layers (see more detailed description of N2 in next section).
This LFP pattern is subsequently inverted (positive deflection) in upper layers during P3
component, which corresponds to a sink at layers I1I-IV concomitant with increased MUA

and TFR in layers I-IV. MUA and TFR increase already starts at the ascending phase of
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N2. It has to be noted that LFP, CSD, TFR and MUA were only analysed in preferred
stimulation sites, i.e. those yielding the highest amplitude response. Nevertheless, the
pattern obtained in non-preferred stimulation sites was similar to that presented above,
although with lower signal-to-noise ratio (Examples for CSD patterns corresponding to
preferred and non-preferred sites are presented in our scientific paper- (10)/ Suppl. Fig.
S3). The peak latency of evoked components was measured on individual LME contacts.
Latencies derived from all stimulation epochs with elicited responses and averaged across
LME contacts and patients were, as follows (mean + SD): N1 21.95 + 7.16 ms, P2 57.47
+20.7 ms, N2 147.31 £ 51.7 ms, P3 374.88 + 83.22 ms (Fig. 2d/1, n = 7). No significant
difference was observed in latencies across cortical depth, as shown by the results of one-
way ANOVA: N1 F(20)=0.32 and p=0.96; P2 F(22)=1.3 and p=0.24; N2 F(22)=0.36 and
p=1; P3 F(21)=0.33 and p = 1 (Fig. 2d/2, n = 7). In this case only the epoch with the best
response was used for each patient. The rate of appearance of each component was
calculated considering all the CCEP-eliciting stimulations of all patients (mean + SD):
N10.35+0.2;N20.64+£0.1; P2 0.51 £0.2; P3 0.28 &+ 0.2. The highest rate was observed
in case of N2 (Fig. 2d/3, n=7), which was significantly greater than the rate of N1 and P3
(one-way ANOVA p = 0.0008, F (3) = 7.48; post-hoc Tukey—Kramer). When dividing
occurrence rates to cortical layers (n = 4, with histological reconstruction), N1 and P2
components appeared to be more frequent in middle (III-IV), while N2 and P3 in
superficial (I-II-1IT) layers (Fig. 2d/4, n = 4), although these observations were statistically
not significant (one-way ANOVA N1: p = 0.388, F (4) = 1.116, P2: p = 0.124, F(4) =
2.183; N2: p = 0.081, F(4) = 2.606; P3: p = 0.182, F(4) = 1.813). In both cases, normal
distributions were tested with Kolmogorov—Smirnov test. Bayesian ANOVA showed only
with anecdotal evidence that the rate of appearance of N1 and P3 components is not
different across layers, and also with anecdotal evidence that the rate of appearance of P2
and N2 might be different across layers (for detailed statistical results (10)/
Supplementary Table S4). CCEPs elicited from varying stimulation distance contained
different components at varying degree. N1 and P2 components were triggered most
likely from within 1 cm, P3 emerged most often within 3 cm distance, while N2 seemed
to be independent from stimulation distance (Fig. 2d/5, n = 7). These observations were

confirmed by statistical testing only in the case of P2 evoked from 1 vs 3 cm (Kruskall—

Wallis test, post-hoc Tukey—Kramer N1: p = 0.1457, y2(2) = 3.85; P2: p = 0.01947, v2(2)
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=7.88; N2: p = 0.68, y2(2) = 0.77; P3: p = 0.4185, ¥2(2) = 0.41) The result of Bayesian
ANOVA show only anecdotal evidence also in this case: in favour of no distance-
dependence in case of N1, N2 and P3 and in favour of distance-dependence in case of P2
(see our scientific paper (10)/ Supplementary Table S4). Normality of distributions was
rejected in most cases, tested by Kolmogorov—Smirnov test. Figure 2b illustrates this by
an example where early components are visible only following stimulation of adjacent
electrodes, while later components emerged by the stimulation of more distant contacts.
Whether a certain component can be triggered more often when stimulated from the SOZ,
compared to non- SOZ areas, has not been confirmed by our analysis (Fig. 2d/6, n = 7).
Although N1 and P2 components seem to emerge at a higher rate in case of SOZ
stimulation, the difference was statistically not significant (Mann—Whitney U-test N1:
p=0.3681, U=268.5; P2: p=0.80444, U=149; N2: p=0.90358, U=570; P3: p=0.05152,
U=206.5 while the evidence provided by Bayesian Mann—Whitney U test was only
anecdotal (for detailed statistical results see our scientific paper (10)/ Supplementary

Table S4). Normal distribution was rejected by Kolmogorov—Smirnov test (10).
IV.5. Single unit correlates of CCEP

Analysis of SUA was performed in the case of one patient, with the highest quality
recording (Ptl), resulting in 26 clustered cells. The firing pattern of detected neurons was
examined during the time-windows of different CCEP components. Significant changes
relative to pre- (from — 250 to — 5 ms) and poststimulation (500—1000 ms) periods were
found (Kruskal-Wallis ANOVA; x2(4) =151.8, p =0.0001, Mann—Whitney U post-hoc
tests, p < 0.01). During P1 and N1 (0-50 ms), the firing rate of neurons increased
significantly, followed by a significant decrease occurring in the time-window of P2 and
N2 (55-200 ms). P3 window (205-500 ms) was again associated with increased firing
activity (Fig. 3a, b). The same pattern was shown to be significant in all cortical layers
(one-way ANOVA with Bonferroni post- hoc tests; layerl-II: F (4) = 67.47, p = 2*10—
38 layerlIl: F(4) = 51.42, p = 3*10739; layerlV: F(4) = 129.21, p = 4*10~54; layerV:
F(4) = 115.17, p4*10—55), although the changes relative to prestimulation window were
most prominent in case of layer V (Fig. 3¢). Temporal association of spiking activity,

MUA, CSD and LFP has been visualised by overlaying these time series (Fig. 3d) (10).
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IV.6. Laminar distribution of CCEP N2 component

Intracortical amplitude distribution of N2 is shown in Figs. 4a,b, 5a row2, 6b and Fig. 16.
LFP under N2 of 7 patients showed negative deflection with amplitude maxima in the
upper channels (Fig. 4a, n = 7). N2 amplitude of the 4 patients with histological
reconstruction was significantly greater in supragranular (I-III) versus infragranular (IV-
VI) layers (0.7 versus 0.15, grand average for baseline normalised values, Mann—Whitney
U-test (U=452, p=0.0001). The greatest amplitude was observed in layer II (Bonferroni
adjusted at o = 0.0033). Layer II showed higher amplitudes than layer IV (t (5)=4.3,p =
0.001), layer V (t (5) =5.77, p = 0.001) and layer VI (t(5) = 4.89, p = 0.001) (one-way
ANOVA and Tukey HSD post-hoc test with Bonferroni correction (F(5)=7.7, p <0.001);
Fig. 4b black bars, n = 4). Regarding the CSD analysis, there was a prominent source
under N2, qualitatively very similar in all patients (Fig. 4c overlaid maps of n = 6
patients). The detailed quantitative analysis of N2 reflected that the source was present in
all layers but primarily involving the middle-upper layers with a maximum in layer III
(Figs. 4b, d and 6b, n = 4). We observed greater amplitudes in supragranular versus
infragranular layers (0.45 versus 0.25, grand average for normalised values, n =4, Mann—

Whitney U-test, U = 599, p = 0.031). Layer-by-layer comparison resulted in slightly
significant differences revealed by Kruskal-Wallis ANOVA (32 = 16.7, p = 0.005),

although post-hoc tests did not show any relevant differences between layers (Fig. 4b red

bars, 4d, n =4) (10).
IV.7. Comparison of spontaneous slow wave (sSW) and CCEP N2 component

We defined the laminar characteristics of sSW in four cases where histological
reconstruction of microelectrode track was available (Ptl, 2, 3, 5), in order to compare
the two types of negative potentials (i.e. the N2 and downstate of sSW) quantitatively.
The total nr. of identified SWs for each patient and examples for raw recordings of sSSW
and N2 are shown in our scientific paper (10)/ Supplementary Fig. S3 and Suppl. Table
S3. Figure 5 illustrates the data of one patient (Ptl), while the results of the other three
subjects can be found on Fig. 6, 16 and (10)/ Supplementary Fig. S4. Similar to our
previous findings, the SWd was characterised by a negativity maximal in supragranular

layers (I-III, Fig. 5 row1/a, (10)/Supplementary Fig. S4), a current source highest in the
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middle-upper layers (II-IV, Fig. 5 row1/b) and a MUA decrease in the middle layers (II-
IV, Fig. 6 rowl/c), accompanied by a pronounced wideband (1-200 Hz) spectral power

decrease across all cortical layers (Fig. 5 row1/d) (10).
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Figure 16. N2 and SWd amplitude patterns across cortical layers (10). Normalized
field potential and current source amplitudes for N2 (blue bars) and SWd (orange bars)
on each microelectrode in four patients, with layer-specific colors. N2 and SWd show
similar intra-cortical patterns, with maximal field potentials in upper layers and current

sources predominating in upper and middle layers.
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Figure Se demonstrates the prominent decrease in neural firing during both SWd and N2,
corresponding to neural “off ” periods. The temporal association of sSSW and N2 is
illustrated on the overlaid LFP and CSD plots of Fig. 5f. Despite the slower progression
and higher amplitudes of sSWs, the laminar characteristics of N2, described in the
previous section, are highly similar to those observed by sSW. To highlight the
similarities, the same N2 measures of the same patients were placed by the side of sSSW
data (Fig. 5, 16). To quantify the above-mentioned similarities in LFP, CSD, MUA and
TFR of N2 and sSW, we compared the amplitudes measured on individual channels. In
all patients, we found a strong relationship between all parameters: across channels of the
superficial negative potential in absolute and normalised amplitude (LFP; Pearson’s r =
0.92 for Ptl), in current source density (CSD; r = 0.75 for Ptl; Pt2 r = 0.76; Pt3 r = 0.88;
Pt5 r=0.878) and in MUA decrements (MUA; r = 0.79 Ptl), while the extent of spectral
power decrease correlated weakly (TFR; r = 0.41 Ptl) (Fig. 5 row3, Fig. 6a). There was
no significant difference in amplitude between N2 and sSW downstate in either cortical
layer, both in terms of field potentials and current sources (two-sample t-tests: layer I-II
p=0.31, layer lll p=0.48, layer IV p=0.12, layer V p=0.09, layer VI p=0.31; bootstrap
estimation statistics for each cortical layers) (Fig. 6b, ¢, n = 4). Maximal amplitudes were
measured in supragranular cortical layers (field potential: layer I-II, current source: layer
IIT) for both potentials (Fig. 6b, 16). Amplitude differences between N2 and SWS
downstate are illustrated at a Gardner-Altman estimation plot (Fig. 6c). Results of
Bayesian Pearson correlation indicated very strong evidence (BF = 86.48) in favour of a
positive correlation between N2 and SW downstate amplitude (r = 0.77, median = 0.71,
95% CI [0.39, 0.91]) in layer III. Regarding CSDs, there were strong and extreme
evidences of correlation between N2 and SW downstate source amplitude in layerI-II (r
=0.76, 95% CI [0.44, 0.89], BF = 465), layer III (r = 0.68, 95% CI [0.23, 0.86], BF =
15.5), layer IV (r=0.87,95% CI [0.49, 0.96], BF = 143) and layer V (r = 0.86, 95% [0.62,
0.95], BF = 6290), suggesting similarities in their laminar distribution (see our paper (10)/
Supplementary Table S4).
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V. Discussion

Our findings provide an in-depth examination of layer-specific dynamics in the human
neocortex through the analysis of two critical phenomena: sleep spindles and cortico-
cortical evoked potentials (CCEPs). By examining these two phenomena with intracranial
laminar microelectrode (LME) and electrocorticography (ECoG) recordings, in seven
epileptic patients, we explored how each reflects underlying laminar cortical activity,
including thalamocortical and cortico-cortical processing. By analyzing these events
separately, we elucidated distinct yet complementary roles of cortical layers in supporting
both intrinsic oscillatory activities and responses to direct cortical stimulation. We
investigated several aspects of sleep spindle characteristics, including co-occurrence
patterns, laminar profiles, and also the dynamics of neuronal firing and their relationship
to sleep spindle oscillations, in order to reveal functional differences across spindle
subtypes (9). We examined the electrophysiological properties of CCEP components and
their relationship to sleep slow waves (sSWs), at the levels of local field potentials (LFP),
current source density (CSD), multiunit activity (MUA), and single-unit activity (SUA).
We observed similarities between the downstate of intrinsic sleep slow waves (SW) and
the N2 component of CCEP, supporting our hypothesis that SW-like activity can be

elicited even in the awake state (10).

In the analysis of sleep spindles (9), we found that spindles detected in cortical layers are
often local events (Fig. 8/C), typically confined to a single cortical layer, and co-occur in
other layers in 50-80% of cases, with co-occurrence in the nearest ECoG derivation about
one-third of the time (Fig. 9). Larger, higher-amplitude spindles show more frequent co-
occurrence with nearby layers. This finding aligns with previous research on the spatial
extent and synchronization of sleep spindles, demonstrating that the most localized
spindles are captured by intracortical recordings (LME), while larger spindles detected in
ECoG are more widespread (14, 30, 31). Our study, however, is the first to extend this
finding to a combination of subdural and intracortical electrodes, showing that these co-
occurrence patterns are general phenomena. Importantly, LME spindles exhibit highly
variable laminar topographies and can occur in any cortical layer, but their laminar
profiles are not distinctly associated with spindle subtypes -slow and fast spindles, or

spindles with variable cortical involvement (local and global spindles, Fig. 11)-, contrary
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to earlier hypotheses suggesting such differences (26, 36). Despite the variable laminar
topographies the EEG activity recorded via LME during ECoG spindles is highly
stereotypical and shows an amplitude distribution which is very stable at least within the
same patient (Fig. 12). These findings align with a model of sleep spindle generation
suggesting that spindles may originate from multiple thalamocortical (or potentially
cortico-cortical) networks with diverse cortical innervation patterns. Only exceptionally
localized spindles—Ilikely undetectable by EEG or ECoG (84, 85)—depend on a single,
distinct generator. In contrast, larger spindles typically involve multiple networks,
resulting in co-occurrence across multiple layers and producing a more consistent laminar
profile. Both slow and fast spindles rely on similar cortical networks, and their laminar
profiles do not significantly differ across subtypes. The similar laminar profile of slow
and fast spindles is also in line with recent findings showing their similar coupling to
thalamic downstates (86), and these findings overall suggest that any functional
differences between sleep spindle subtypes are unlikely to be driven by different
generating networks. When examining the neuronal dynamics underlying sleep spindles,
we replicated previous findings regarding single-unit activity (SUA) and multi-unit
activity (MUA), showing that SUA was strongest during sleep spindle troughs and the
preferred phase of single-unit discharges was during the positive-negative transition of
sleep spindles, with MUA exhibiting an antiphase relationship with local field potentials
(LFP) across most cortical layers. Unlike in case of LFPg and CSD, we observed notable
differences in the preferred SUA phase angles and the LFPg-MUA relationship across
spindle subtypes (but also cortical layers and patients). This suggests that local neuronal
events and their contribution to the local field potential are more heterogeneous across
sleep spindle subtypes than laminar topography, and may contribute to functional
differences. However, due to the lack of consistent effects across the two patients as well
as the relatively low statistical power of our study this issue requires further research.
Overall, our findings suggest that any differences in spindle subtypes are more likely to
be driven by variations in local neuronal activity rather than differences in their laminar

profiles (9).

The second part of our study (10) focused on the electrophysiological changes related to
various CCEP components on the level of LFP, CSD, multi- and single unit activity,

revealing that CCEP responses involve widespread but layer-specific cortical activation.
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In particular, single pulse electrical stimulation (SPES) was found to produce significant
responses in deep layers associated with cortico-cortical communication pathways,
suggesting a prominent role of these layers in mediating evoked responses. Unlike sleep
spindles, which are strongly influenced by thalamocortical input, CCEP responses are
thought to primarily reflect intracortical and cortico-cortical circuitry, which aligns with
our findings of laminar activation patterns that are distinct from those seen in spindles.
The laminar specificity observed in CCEPs may also relate to structural properties of
these layers, where descending and ascending cortico-cortical fibers terminate,
implicating these regions in the integration of evoked information across the cortex.
Across patients, we identified similar CCEP components grouped into three categories
based on their latency and underlying cortical mechanisms: early (P1, N1), middle (P2,
N2), and late (P3) (Fig. 2a). Though distinct latency thresholds were not determined
between categories, approximate latency values were as follows: N1 around 20 ms, P2
and N2 approximately 60 ms and 150 ms, respectively, and P3 around 375 ms. The
latency of CCEP components remained stable across cortical layers, indicating that
separate cortical processes are involved in these phases (Fig. 2d/2). We found that early
components (P1, N1) were most reliably evoked from nearby stimulation sites, typically
within 1 cm (Fig. 2d/5), while middle and late components exhibited less distance
dependence. N1’s latency and amplitude, linked to cortico-cortical projections within
functional networks, might reflect the proximity and number of tracts between stimulation
and response sites (48, 49). N2, however, was not distance-dependent and occurred more
frequently than other peaks at all distances, possibly reflecting cross-network activation
propagated to subcortical and functionally less connected regions. P2 and P3 were
identified in lower rates, similar to N1 peak, while in terms of stimulation distance
appeared to lie in-between N1 and N2. P2 was mainly evoked within 1 cm but appeared
more consistently at farther stimulation sites compared to N1. In contrast, P3 was more
often elicited by stimulations from 3 cm away but remained less frequent than N2. This
pattern suggests that P2 and P3 are generated by the weighted contribution of N1 and N2-
related processes, respectively (Fig. 2d/5). Additionally, stimulation within or outside of
the seizure onset zone (SOZ) did not significantly affect CCEP component appearance,
though N1 and P2 were more frequent within the SOZ. Increased short-distance

connectivity and excitability in epileptogenic networks, which are suggested to elevate
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N1 amplitude, may explain this finding (45). However, the lack of statistical significance
could be due to our small sample size, and further research on a larger dataset is
warranted. We found a discrepancy between postsynaptic processes (LFP and CSD) and
unit firing (MUA and SUA). Most of the CSD components were found in the superficial
layers (I-III) while the MUA involved mostly the deep layers shifting upwards to the
middle layers. The early components were associated with an alternating sink-source
pattern in superficial layers (I-III) starting with a layer III sink under P1 followed by a
layer I-1I sink during N1. There was also a low amplitude early sink in layer V during P1,
as the only deep layer CSD component throughout the whole CCEP pattern. The early
MUA response showed a huge increase mostly but not exclusively in the deep layers and
wide-band spectral power with maxima in the infragranular layers (Fig. 2c) indicating
strong excitation during this phase. Furthermore, the most prominent increase in SUA
relative to baseline was found also in lower-middle layers. Layer V neurons have
extended dendritic arborization spanning across multiple layers and a widespread
projection system, involving both subcortical, intra- and interlaminar connections (87).
Therefore, these cells, especially large pyramidal neurons with tufted dendritic
arborization in layers I/Il, are suitable drivers of stimulation- elicited responses,
depolarized either through their dendritic trees or by traversing axons. In the latter case,
the impulse conducted by the axons can travel both orthodromically, leading to trans-
synaptic neural activation and antidromically, however backpropagation is thought to
contribute to stimulation-evoked cortical responses to a lesser degree (37, 71, 88). Hence,
P1 most likely corresponds to suprathreshold depolarization of layer V cells. In contrast
to P1, N1 is thought to represent oligo- or polysynaptic activation (71). Activation
originating in layer V spreads across all cortical layers, with cells forming dense
connections in deep layers that sustain infragranular MUA. These cells also extend
vertically through prominent axon bundles (87). Consequently, signal propagation
primarily follows a wvertical trajectory, as confirmed by recent layer-specific
microstimulation studies in the rat visual cortex (89), which demonstrated that stimulation
in layers V and VI primarily travels along the cortical column (90). Layer V cells densely
innervate layers I/Il through feedback projections, both directly and via long-range
connections involving excitatory neurons in layers III/IV, likely creating a superficial sink

linked to N1. Unlike the early components, the middle components presented with
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surface-positive (P2) and surface-negative (N2) waves, originating from superficial (layer
I-1T) and middle (layer III) sources, respectively, and were associated with reduced MUA,
SUA, and TFR. This observed neural inhibition may result from both local and long-
range inhibitory effects. Animal studies have demonstrated that while layers II/III contain
extensive recurrent excitatory circuits that selectively amplify sensory inputs, they also
experience greater inhibitory control compared to deeper layers (90). A study on
intracortical microstimulation in awake macaque monkeys found that stimulation leads
to spiking inhibition, with or without a preceding excitatory response (88). The authors
observed that inhibitory responses, unlike excitatory ones, were independent of
stimulation distance (up to 4.5 mm) and occurred 5-100 ms after the stimulus. They
proposed that inhibition without prior excitation could be due to the activation of long
horizontal fibers with stronger feedforward connections to inhibitory neurons than to
principal cells, particularly in layer II/III cells. When an excitatory response is triggered,
it further activates feedback inhibitory circuits. Our finding that P2 is more likely to be
induced from closer stimulation sites (1-2 cm) aligns with the idea that reduced neural
activity and superficial source during P2 arise from feedforward/feedback inhibition by
local interneurons. Considering the 5—-100 ms time frame for neuron spiking suppression
after microstimulation (88), this mechanism could contribute to both P2 and N2
components. However, existing literature on CCEPs suggests that the N2 component
likely has, at least in part, a subcortical origin (49, 91). The P3 component identified in
our data appears as a rebound following N2, characterized by an upper-middle layer sink
and a significant increase in MUA and SUA. This activation pattern closely resembles
sleep SWs, suggesting a potential involvement of thalamocortical pathways (as discussed
later in detail). Based on our findings, the laminar intracortical profile of the sSW
downstate and the N2 component of CCEP share notable similarities. The cortical sources
of the negative phase of SSW and N2 were located in the supragranular layers (I-I11), with
peak amplitudes observed in layer II (see Figs. 5, 6b and Fig. 16). During both N2 and
sSW, LFP changes showed a negative potential in the upper layers followed by a positive
potential in the same layers during P3. Biphasic CSD responses, showing a source in N2
and a sink in P3, were primarily localized to the middle-upper layers (II-IV), indicating
activation of the supragranular portion of the cortex after cortical stimulation. Both

potentials were associated with broad TFR decreases and increases during N2 and P3,
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respectively, mirroring changes seen in sSSW (Fig. 5). A typical cortical downstate is
marked by neuronal silence, outward currents from neurons in the upper-middle layers,
and a decrease in wideband power (7, 92). According to these criteria, we propose that
N2 represents a single downstate of an SW cycle. Following N2, the rebound excitation
observed in P3 exhibits distinct properties, such as increased neuronal firing, inward
currents on the CSD, and an increase in spectral power, which are characteristic of cortical
upstates (7, 55, 93, 94). Therefore, we suggest that these components together represent
one complete cycle of a sleep slow wave. There is evidence from animal (66) and human
cortical electrical (63) and transcranial magnetic stimulation (64, 65) studies that SWs
can be triggered during NREM sleep. SWs evoked by microstimulation of rat cortex
showed remarkable similarity to sSSWs (66). Likewise, it has been found that TMS evoked
SWs in human during NREM sleep have similar features and spreading patterns over the
scalp to spontaneous ones (64). Additionally, both spontaneous and sensory-evoked K-
complexes were shown to share similar intracortical disfacilitation as spontaneous SWs
in epileptic patients implanted with laminar microelectrodes (8). Spontaneous local
cortical sleep-like phenomena were observed on cortical regional or columnar level in
awake state related to sleep pressure in rats (95) and human participants (67), but also
linked to attentional lapses in not sleep-deprived human subject (68, 69), supporting that
local sleep phenomena might co-occur with awake brain functioning. In turn, there are
few and partially contradicting results on whether and in what form SWs can be elicited
in the awake state (64, 70). Massimini et al. (64) state that they could not evoke SWs in
awake. The difference between these and our results might arise from the non-invasive
nature of the recording technique since EEG combined with TMS cannot record the
precise local effects of the stimulation. Pigorini et al. (70) were able to trigger SWs in a
more activated, low amplitude, ‘wakefulness-like’ phase of sleep, and in few cases, also
in the awake state, when evoked potentials were recorded from the vicinity of stimulated
electrodes. Nevertheless, they claim that CCEPs triggered in awake generally lack the
suppression of high frequencies characteristic to SWs. The discrepancy between this and
our result might arise from the more localised nature of this phenomena during
wakefulness, captured only by contacts close to stimulation and microelectrodes. Despite
these similarities in laminar distribution of cortical generators, sSWs have higher

amplitudes and a slower characteristic than the N2-P3 cycle, although it has to be noted
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that while the downstate-upstate cycle is indeed slower, the duration of downstate might
be comparable to N2 (Fig. 5f) Regarding the amplitude difference, this is in line with
previous findings that both sensory (96) and electrically evoked responses are of larger
magnitude during NREM sleep, than in awake state. Considering differential durations,
sleep SWs typically consist of a 0.3-0.4 Hz cycle with some variance up to 1 Hz in
animals (97). Despite this frequency interval for SW, which is broader in humans (0.5-2
Hz (98)), the cortical pattern of short and long cycles were found to be identical (7).
Additionally, there is evidence (99) that downstate-upstate durations can be variable even
within an oscillatory cycle. Additionally, both animal (95) and human (67) studies
showed that extensive use of certain brain areas results not only in increased SW
frequency during sleep but also in greater theta power density when awake in the same
cortical areas (100). In the work of Vyazovskiy (95), these theta frequency waves,
recorded in sleep-deprived, but awake and behaving rats, were related with neuronal OFF
periods. It might be possible that the same neural mechanisms manifest with slightly
different durations depending on vigilance state. Based on these results, we think that the
frequency itself is not characteristic to this type of cortical oscillation, but the laminar
distribution reflects more the similarities of the underlying neural processes. The faster
frequency of the N2 component of the CCEP may reflect more localised cortical
participation after SPES than the widespread involvement in sleep. Similar phenomena
can be observed studying cortical slowing associated with pathological processes, where
the frequency rather reflects the severity and the volume of the cortical malfunction than
the etiology (101). Based on our findings, we developed a hypothetical model to represent
the sequence of intracortical activation during SPES-evoked potentials (Fig. 17). Initially,
layer V pyramidal neurons are depolarized (P1), generating a local feed-forward
excitation (N1) that reaches layers I-II and disrupts local inhibitory processes,
contributing to the active inhibition observed in P2. This is followed by a sleep SW-like
cycle: a downstate reflecting disfacilitation across all layers (52) (N2), and an upstate
(P3). The transition mechanism between the local neuronal processes (early components
and P2) and the evoked SW (N2 and P3) remains unknown. We hypothesize that cortical
inhibition during P2 may propagate to the thalamus, potentially triggering an SW(102).
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Figure 17. Hypothetical intracortical activation sequence of evoked potentials (10).
Based on the laminar profile of CCEPs and single-unit analysis (SUA), electrical
stimulation directly activates deep layer pyramidal cells (P1), followed by apical dendritic
excitation (N1) via short-range recurrent connections or activation of layer III-IV
excitatory neurons. The hyperpolarization and reduced SUA in supragranular layers
during P2 may result from a feedback inhibitory mechanism or upper-layer interneuron
involvement. The N2 and P3 components represent an evoked sleep slow cycle, with N2
showing a middle layer source and decreased SUA (downstate) and P3 indicating
excitation in middle and upper layers (upstate). The transition from P2 to N2 may involve
thalamic input. Neuronal firing is represented by red (excitatory) and blue (inhibitory)
colors, with synaptic activation shown by colored buttons; gray neurons indicate inactive

or inhibited firing.
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VI. Conclusions

In conclusion, our study provides novel insights into the spatiotemporal dynamics of sleep
spindles and cortico-cortical evoked potentials (CCEPs) in the human neocortex, using a
laminar approach with invasive electrophysiology. By analyzing sleep spindle and CCEP
responses within intracortical microelectrode (LME) and electrocorticography (ECoG)
recordings, we identified unique aspects of layer-specific neural processing. We observed
the highly localized nature of LME spindles, their variability across cortical layers, and
their relationship to larger, synchronized ECoG spindles. Our findings challenge previous
assumptions that spindle subtypes (e.g., slow and fast) correspond to specific laminar
profiles, instead suggesting that spindle generation involves overlapping cortical
networks, regardless of spindle frequency or spatial extent (9). In our analysis of
responses to single-pulse electrical stimulation (SPES), we observed complex
intracortical activation sequences, with patterns resembling sleep slow waves (SWs),
suggesting that cortical responses in wakefulness may reflect brain mechanisms active
during sleep (10). Our hypothetical model proposes an activation sequence where deep
layer pyramidal neuron excitation propagates upward, ultimately triggering a downstate-
upstate cycle reminiscent of sleep SWs. These results underscore the importance of local
cortical dynamics, providing a basis for future studies to explore how these intrinsic and
evoked patterns relate to overall brain function across different states of consciousness.
Our findings emphasize the complementary roles of distinct cortical layers in sustaining
both oscillatory (spindles) and evoked (CCEP) activities, contributing to an enriched
understanding of layer-dependent cortical functions. Sleep spindles reflect intrinsic
thalamocortical rhythms, while CCEPs offer a window into cortico-cortical connectivity,
each supporting unique aspects of cortical processing. These insights have significant
implications for neuromodulatory strategies targeting specific cortical layers or pathways,
with potential applications for clinical interventions. Our findings may also help to refine
stimulation parameters that can be used to induce cortical inhibition. Future research
should aim to refine our understanding of these dynamics by using advanced techniques
like optogenetics or pharmacological methods to clarify the causal roles of cortical layers
in generating spindles and CCEP responses. Expanding this approach to different cortical
regions may further reveal whether these patterns are universal or specific to certain areas,

ultimately advancing our models of cortical function and plasticity.
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VII. Summary

Our study (9, 10) investigates the layer-specific dynamics of sleep spindles and cortico-
cortical evoked potentials (CCEPs) in the human neocortex using intracranial laminar
microelectrode (LME) and electrocorticography (ECoG) recordings from seven epileptic
patients. The goal was to explore how these phenomena reflect thalamocortical and
cortico-cortical processing in different cortical layers. Regarding sleep spindles, we found
that spindles recorded in cortical layers are often localized events. However, in 50-80%
of cases, spindles co-occur across adjacent layers, with larger spindles showing more
frequent co-occurrence, and LME-ECoG co-occurrence decreased with greater distance
between electrodes. While LME-only spindles were common, most ECoG spindles had
corresponding LME spindles. This supports the idea that intracortical spindles are more
localized than those detected by ECoG. We did not find distinct laminar profiles for
different spindle subtypes (e.g., slow vs. fast spindles), suggesting that any differences
between subtypes are more likely driven by local neuronal activity rather than selective
contribution of different thalamocortical pathways. Single-unit activity (SUA) peaked
during spindle troughs with a phase preference for the positive-negative LFPg transition,
while multi-unit activity (MUA) exhibited an antiphase relationship with local field
potentials (LFPs), consistent with previous findings. Overall, SUA and MUA were
negatively correlated to LFP, with variations by patient, layer, and spindle type, indicating
heterogeneous contributions to the local field potential across layers. In the analysis of
CCEPs, we identified five major components: early (P1, N1), middle (P2, N2), and late
(P3). Based on the laminar profile of CCEPs, we developed a hypothetical model to
represent the sequence of intracortical activation during SPES-evoked potentials.
Initially, layer V pyramidal neurons are depolarized (P1), creating a local feed-forward
excitation (N1) that propagates to layers I-1I, where it disrupts local inhibitory processes
and contributes to the active inhibition observed in P2. This is followed by a sleep slow
wave (SW)-like cycle, with a downstate reflecting widespread disfacilitation across all
layers (N2) and an upstate (P3), with increased cell-firing. In conclusion, our research
highlights that sleep spindle subtypes are influenced by local neuronal dynamics, not
distinct thalamocortical pathways (9). CCEP components involve complex interactions
across cortical layers, with late components resembling sleep slow waves, revealing that

stimulation can evoke sleep-like cortical dynamics in awake states (10).
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