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Abstract

The goal of this master’s thesis is to give insight into the neural mechanisms that
allow us to perceive and understand actions of others, which is critical to engage in
soctal interactions. Many studies suggest that mirror neurons are at stake when it
comes to action perception. However, this is still up to debate and this matter hasn’t
been studied rigorously in humans using intracranial techniques.

To further study the question of mirror neurons at intracranial level in humans, power
modulations of local field potentials recorded from SEEG responses in patients with in-
tractable epilepsy were analyzed during action execution and compared to the visual
responses during action perception of the same action. We observed three frequency
ranges that encode important information both for motor and visual responses. High
frequencies (between 45 and 70 Hz-gamma band) and low to mid frequencies (0.1 to
8Hz- delta and alpha bands) induce a power peack related to movement. A power
drop between 15 Hz to 25 Hz (beta band) is associated with movement preparation and
execution. These modulations in neural responses were find similar between action
execution and action perception in the low to mid frequency band, but significantly
different in the beta and gamma bands. The grip types are encoded in gamma bands.
Even though this study was only conducted on one patient and the significance can be
questioned, this gives a first understanding of the comparison between action execu-
tion and observation of three different types of grips and opens the door for exciting

findings.

1 Introduction

This Master’s Thesis is the continuity of Al-
ice Motschi master’s project that she conducted
in the Kreiman Lab in 2019. One the most re-
markable and notorious ability of human beings
is their great action perception skills that allow
them to engage in very complex social interac-
tions. Everyday, we perform many joint actions
(which is defined by Sebanz et al. as any form of
social interaction whereby two or more individ-
uals coordinate their actions in space and time
to bring about a change in the environment [1]).
This requires to not only be able to understand
and monitor others’ actions at a certain point
in time, but also to interpret them, understand
them in a context and predict the outcomes of
their actions and what they are going to do next
in order to adopt the best complementary be-
havior. This capacity calls for a high level of
visual analysis and understanding of others ac-
tions. This is an incredibly complex task, from a
computational point of view at least, that our
brain seems to be doing effortlessly. Further-
more, unlike other species, we, as humans, are

able to learn by imitation [2].

Therefore, we can wonder what are the neu-
ral and cognitive processes that enable our brains
to perceive so smoothly the movements of others,
link action understanding to a particular context,
and with such a high level of details. Why do we
react so instinctively to other people’s actions.
How do we understand almost immediately their
thoughts, feelings and intentions? What mecha-
nisms allow this imitation learning?

In the last decades, a multitude of studies have
demonstrated the existence of a mirror neuron
system in the human brain, which fire both when
executing actions and when observing the same
actions done by other individuals. This dual
property earned them the designation of "rev-
olution in understanding social behaviour” by C.
Heyes [3]. This is thought to explain how we
perceive others actions. Indeed, when we see
someone else doing an action, the involved neu-
rons gets activated, and as we know the outcome
of those neurons when activated, we understand
what the other person is doing [REF]. This could
also explain why humans are able to show em-
pathy for others and learn through mimicry: if
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watching an action and performing that same ac-
tion can activate the dentical parts of the brain,
then it’s logical that watching an action can bring
out similar feelings in people then when execut-
ing this action. Nevertheless, this topic is still up
for discussion and we still haven’t been able to
prove that humans have individual mirror neu-
rons.

Finally, the questions that will be explored
in this project are: Which regions of the brain
encode for action execution and action percep-
tion? Are they the same? Which modulations
in the neuronal responses are characteristic for
movement execution and preparation 7 Are these
same mechanisms present not only in motor re-
sponses, but also in visual responses 7 What is
the dynamic of these mechanisms, meaning when
exactly do these neural modulations occur? Is
the dynamic the same during action execution
and action perception? Can we detect in humans
the presence of neurons that fire during action
execution and action perception at the level of
intracranial field potential 7
Is the intermediate goal of the action (meaning
the grip type) encoded in visual responses? To
answer these questions, I will first design and run
experiments with patients at the Boston Chil-
dren’s to collect physiological data. In a second
part, I will perform a data analysis to explore
the motor responses recorded and look out for
characteristics specific for frequency bands dur-
ing movement execution and preparation. These
characteristics will then be compared to those
of visual responses at different levels of depth in
different areas of the brain.

2 Theoretical background

2.1 Mirror Neurons

Mirror neurons were first discovered in the
early 1990s by neuroscientist Giacomo Rizzo-
latti, MD, and his colleagues at the University of
Parma. Their researchs allowed to shed light on
a consistent percentage of neurons in the premo-
tor cortex (area F5) of macaque monkeys that
transmit electrical impulses not only when mon-
keys carry out purposeful object-oriented motor

actions, but also during observation of the equiv-
alent action being done by another monkey or
a human. [4] [5]. This discovery can almost
be considered fortuitous. Rizzolatti et al. first
found that some neurons in the F5 area of mon-
keys fired when the monkeys did simple reaching
actions. To learn more about these neurons re-
sponses to different types of objects and actions,
they used electrodes to record activity from in-
dividual F5 neurons while handing the monkeys
different objects to manipulate. This is how they
discovered that when they picked up an object
to give it to the monkey, some of the monkey’s
motor neurons would become active and as a
matter of fact, these were the same neurons that
would also fire when the monkey itself grasped
the same object. The team observed that in-
dividual neurons responses were action-specific.
For example, a neuron that fired when the mon-
key handled a peanut would fire only when the
experimenter handled a peanut as well. Whereas
a neuron that fired when the monkey eats the
peanut would only fire when the experimenter
eats the peanut too [4] [6].

Neurons with the same mirroring properties
have been later discovered also in the inferior
parietal lobule of the monkey [7] [8] [5]. This
proves that the parietal cortex, that was up un-
til now only considered an association cortex, is
also involved in the execution and interpretation
of motor actions.

Beyond this congruent visuomotor responses
property, these findings revealed other interest-
ing characteristics of mirror neurons. First, mir-
ror neurons seem to be activated only by bio-
logical motions. Indeed, they did not respond
when grasping was achieved using artificial tools
such as pliers for example. Second, mirrors neu-
rons could also fire by hearing the sound of a
particular action so the activity of the mirror
neurons are triggered by the meaning and not
by the visual features of the observed action. Fi-
nally, activation of mirror neurons requires the
achievement of the goal of the action. For in-
stance, the observation of fake grasping in the
absence of an object, or of the object but with-
out any grasping action,is not enough to induce
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mirror neurons discharge [9]. The last property
gives the assumption that mirror neurons par-
ticipate, at least to some level, in understanding
the intention underlying action.

In this study from 2005 [8], Fogassi et al. sug-
gested that mirror neurons in the inferior parietal
cortex may be responsible for encoding the con-
text under which actions occur, helping us un-
derstanding the intentions behind other’s action.

Gentilucci and Rizzolatti later showed that
the F5 area codes for detailed movements of the
hand such as ‘precision grip’, ‘finger prehension’
or ‘power grip’ [5] [10], whereas the neurons in
IPL encode more generic actions such as ‘grasp’,
‘reach’ or ‘place’.

Given the homology between F5 area in mon-
keys and human Brocca’s region, Rizzolati et al.
suggested that a similar system exists in humans
[11]. The next step was then naturally to try and
prove it.

When conducting experiments with humans,
non-invasive techniques such as EEG (electroen-
cephalography), MEG (magnetoencephalogra-
phy), or magnetic-resonance imaging (fMRI) are
often used to record brain activity as they are
much simpler to use due to reduces ethical re-
strictions and more subjects available. However,
they lack in precision and make it difficult to dis-
tinguish simultaneously occurring processes. In-
vasive techniques like ECoG (electrocorticogra-
phy), SEEG (stereo EEG), or stimulated the ner-
vous system using TMS (transcranial magnetic
stimulation) are less commonly used but allow
to overcome these matters. Thanks to the previ-
ously cited techniques, researchers were able to
provide evidence of a mirror neuron system in
the human brain [2] [12]. The first human mir-
ror neuron study were conducted by Rizzolatti et
al. Motor-evoked potentials were recorded from
participants’ hand muscles while the participants
were asked to grasp object and watch the ex-
perimenter grasp objects. They found that po-
tentials recorded in both cases matched [13]. In
their study, Frith and Frith showed that medial
prefrontal cortex and posterior superior tempo-
ral sulcus were implicated as components of this
system [14] while J. Grezes et al. found neu-

rons that were activated in the dorsal premotor
cortex, the intraparietal cortex, the parietal op-
erculum, and the superior temporal sulcus when
subjects observed gestures [15]. M. Iacoboni et
al., used fMRI to image the brain activity of
participants while they watched experimenters
make movements with their finger and while they
did the same finger movements themselves. The
team found two areas that became active during
movement execution and observation in the left
inferior frontal cortex (opercular region) and the
rostral-most region of the right superior parietal
lobule [16].

However, even if evidence of a mirror neurons
system have been found in humans, there is still
a scale difference between the imaging studies in
humans and the electrophysiological studies in
monkeys. If we can record signals in monkeys at
a single neuron level, in human we can only show
that there is activation within a small area that
contains millions of neurons, meaning that it is
impossible to know for sure if it’s really the same
neuron that is firing in both cases or if it’s sim-
ply neigbhors neurons in this small area [6]. It
is yet to prove the existence of individual mirror
neurons in humans.

2.2 Specific frequency bands-
dependant modulation of neural
activity

The electric potential in the extracellular
space in brain tissue can be recorded through
SEEG electrodes. This potential is referred to
as Intracranial Field Potential (IFP). IFPs are
recorded in depth (from within the cortical tissue
or other deep structures). This is where it differs
from the EEG, which is recorded at the surface
of the scalp IFP constitutes a good measure for
brain activity. Indeed, IFP signals are believed
to reflect neural action potential activity, and
their frequency modulations are associated to
spiking events [17]. IFP analysis is done by com-
puting power spectra densities of these signals in
different frequency bands where most of the in-
formation is usually contained in lower frequency
bands [18]. Historically, frequency bands are de-
scribed as follows: d—delta band (less than 4
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Hz), 6—theta (4-7 Hz), a—alpha (8-15 Hz) (oc-
casionally p—mu (8-12 Hz)), S—Dbeta (16-31
Hz), yv—gamma (more than 31 Hz) (dissociated
between y-gamma (30-80 Hz) and high v-gamma
(80-150Hz)) [19] [20] [21]. For cortical IFPs, the
frequencies ranges can span from less than one
Hz to more than one hundred Hz. Therefore,
IFPS contain a broad spectrum of fluctuations
of neural activity and their different band-limited
components allow to capture a multitude of neu-
ral processes Recording and analysing IFPs give
insights into the circuit mechanism generating
neural representation of information. Finally,
IFPs provide stable signal for a long period of
time [?].

Depending on the frequency band, different
neuronal events can be observed and delta, theta
and gamma bands have been shown to be the
most informative ranges [22]. Gamma activ-
ity is linked to specific motor skills and move-
ments. It was demonstrated that the power in
the gamma band increases in the primary motor
cortex during motor tasks (like reaching for ex-
ample) and during cognitive processes [23] [24].
Motor gamma oscillations have also been ob-
served for simple and small movements, like fin-

ger movements (precision grip), tongue protru-
sions, eye-winking or fist-clenching [24] [25] [26]
[27] [28], but also for more elaborate movement
such as walking or cycling [29] [30].

We can also see modification in the amplitude
of other frequency bands during motion or cog-
nitive processes. Indeed, the amplitude of alpha
and beta bands has been shown to decrease dur-
ing reaching tasks [24], [31], [32] [33]. whereas
theta oscillations with high amplitude have been
observed in the human brain during perceptual
and cognitive processes. The interesting thing is
that we can see these changes not only during the
execution of these motions, but also when their
are imagined or perceived [34]. We could also see
beta desynchronization during movement prepa-
ration in the supplementary motor area [31].
Beta activity is characterized by increasing be-
fore the onset of movements, declining during
the movement, followed by a re-synchronization
after movement [35] [36]. The explanation be-
hind these observations can be that the phase
of lower frequencies, like theta, alpha and beta
bands, would modulate fast gamma oscillation
powers allowing to synchronize fast processes like
movements with slower processes like perception
and cognition [37] [31].
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3 Material and Methods

3.1 Data collection
3.1.1 Subjects

The experiments were carried out on 3 pa-
tients (2 males and 1 female; age 11 + 3 years
old) suffering from refractory epilepsy (drug-
resistant). The patients were hospitalized for the
purpose of identifying their epileptogenic zones
(which was defined in 1993 by Luders et al. as
“the area of brain that is necessary and sufficient
for initiating seizures and whose removal or dis-
connection is necessary for abolition of seizures”
[38]. The goal is to localize seizure foci in order
to later perform surgical resection to eliminate
the seizures.

Different recording methods allow to do this.
The most common non-invasive method is scalp
electroencephalography (EEG). This technique
is widely used in humans because it is function-
ally fast, cheap, easy and safe to implement.
However, EEG recordings offer poor spatial res-
olution and won’t allow pin-pointing the exact
source of activity. EEG electrodes are simply at-
tached onto the scalp and therefore the signal is
blocked by the skull, the skin, and other high re-
sistance tissues [39]. For a higher resolution, two
more invasive approaches exist: Wilder and Pen-
field’s use of subdural grid and strip electrodes
for electrocorticography (ECoG) developed in
1956 versus Talaraich and Bancaud’s approach
of using purely depth electrodes in stereo EEG
(SEEG) pioneered in Paris in 1965 [38] [40].
With both these techniques, we can detect two
of the most important features of intracranial
recordings, broadband gamma activity and low-
frequency oscillatory activity [41]. The choice
between these two methods depends on clini-
cal need. In our case, the three patients were
implanted with intracortical electrodes SEEG
(PMT Corporation, Chanhassen, MN, USA| see
Figure 18 in Annex). In SEEG, instead of plac-
ing electrodes on the lateral surface of the cor-
tex, SEEG inserts depth electrodes into the hu-
man brain. This technique allows to sample the
temporal evolution of neural activity at many

locations [41]. The electrodes are implanted us-
ing robotic assistance, which reduce the surgical
trauma (burr holes instead of a full craniotomy
[41]) [42]. Their location is determined based on
estimations where surgeons evaluate the seizures
might be starting, following non-invasive tests,
and is adapted to each patient individually [43].
The locations of the electrodes are entirely based
the meet the requirements of the clinical evalu-
ation but in our cases they were localized over
prefrontal, motor, temporal or parietal areas.
The electrodes penetrate the brain and provide a
sparse sampling of a unique set of brain regions.
They can record from deeper brain structures
such as hippocampus, amygdala and insula that
cannot be captured by superficial measurement
modalities such as electrocorticography (ECoG)
[44].

The patients stayed in the hospital implanted
for 7 to 10 days, during which we can record
physiological data after having obtained consent.

Neurophysiological data were recorded using
Natus (Pleasanton, CA) and the sampling rate
was 2048 Hz. For each experiment, we got a
TTL file containing the SEEG recordings from
the hospital.

3.1.2 Experimental Design and record-
ings

Participants were seated in their hospital
bed brought to a semi lying position in front
of a board placed on the bed table The board
consisted in a 40.8cmx40.8cmx1.3cm and made
of Plexiglas. We made sure that the patient was
at a correct distant allowing him to reach com-
fortably the objects. The board was equipped
with three types of objects of different size and
shape and a hand resting plate. Four touch sen-
sors (AT42QT1011, SparkFun Electronis, Niwot,
CO, USA) were implemented under the three ob-
jects and the hand resting plate and 3 LED were
placed next to each object. The touch sensors
had a built in 1nF capacitors. This allowed the
sensors to be sensitive enough to detect when the
objects were grabbed but not too sensitive that
the mere placing of the objects could trigger a
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signal (1).

Different shapes and sizes were used to in-
duce different types of grip: power grip (cylinder
of 6.35cm diameter and 3.81 cm height), pre-
hension grip (thin disk of 5.54cm diameter and
2.36cm height) and precision grip (small cylin-
der of 1.113cm diameter and 7.56mm height).
The two objects for power and prehension grip
were covered with a cupper band to allow con-
duction whereas the object used for precision
grip was made directly of cupper. The sensors

and lights were connected to the computer via
a 12-bit data acquisition board (USB-1208FS,
Measurement Computing Corporation, Norton,
MA, USA) and controlled by custom scripts in
matlab using the psychophysics toolbox [45].
This experimental setup is designed to ensure
naturalistic conditions (i.e., a real person per-
forming actions instead of video stimuli) while
measuring all the characteristics of executed and
observed actions.

Figure 1: Picture of the board used for experiments. (1) corresponds to power grip, (2) to precision
grip and (3) is prehension grip. (4) is the hand resting plate whereas (5) are the LED.)

During the action execution phase, the pa-
tient would keep his hand on the hand resting
plate while waiting for the cue. The cue happens
between 1.5 and 2 seconds after the beginning of
the trial and consisted of a sound (sampling rate
of 48kHz) that last between 1.5 and 2.5 seconds
(SoundOn) and a LED (cueOn) that would light
up for 500ms indicating which object to grab.
Once the sound was stopped (soundOff), the pa-

tient could, at his own pace, lift his hand from
the hand resting plate (HandOut), reach for the
object (objTouch), release the object (objRe-
lease) and put his hand back on the hand resting
plate (handBack). Once the hand is back on the
resting plate, we wait for 250ms and we go on
with the next trial (2).



Porte Yael

o) )
Q %4

Precision ﬁ/
Start —p Prehension ——p» CueOff —p SoundOff —p=| HandOut —p=| ObjTouch |—m| ObjRelease —m| HandBack
Power
1.5-2 05 0.25
Trial n Start CueOn CueOft Trial (n+1) Stan
SoundOn SoundOff Time(s)
1.5-2.5

Action preparation

Action execution

~10s

Figure 2: The panel shows the unfolding in time of the experimental design. At each trial, the
participant is cued by a light to perform an action (here, precision grip) and is required to perform

it when another cue (a sound) is turned off.

During the observation phase of the experi-
ment, the patient was asked to carefully watch
the experimenter perform the task described
above. The experimenter was sited in front of the
patient because this is what best reflects how we
most often perceive other’s movements in real life

So as to keep the experiment more enter-
taining for the patient, we divided the experi-
ment into smaller blocks and alternated between
execution and observation phases. Each phase
would stop once we reached n correct trials for
each object (n being the same for each object).
The experiment lasted for as many blocks as the
patients felt comfortable doing.

In total, each trial unfolds as follow:
Wait in start position (1.5-2s), SoundOn (1.5-
2.5s), Action Execution (4-6s, depending on the
patient’s pace), wait until mext trial (250ms).
Therefore, we estimated that each trial lasts ap-
proximately 10 seconds (2). As there are three
types of objects (prehension, precision, power

grip) and two phases (Action execution and Ob-
servation), in total there are 3 x 2 = 6 conditions.
If we want to have 15 correct trials per condition
if would take at least 10s x 30 trials x 6 condi-
tions = 900s = 15min, that is considering a 100
percent success rate, meaning that the patient
perform each trial correctly. If we consider that
the patient has a 30 percent success rate (which
is rational considering that the patients are of-
ten worn out from surgery), then it would take
almost 50 minutes to obtain 15 correct trials per
condition, which is a reasonable amount of time
to spend with the patient.

We set a maximal duration of 20 seconds per
trial, if the patient did not finish the task in that
time limit, the trial is aborted and we move on
to the next one.

For each block, we recorded the timing of
every event on a matlab file (8) (unfortunately,
due to an error in the code, the event "HandOut’
was not recorded for the last patient, but this
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error has been corrected since). Additionally, we
recorded other parameters necessary for further
analysis. First, we needed to send several trig-
gers to allow us to align these matlab files with
the SEEG recordings (TTL file). The triggers
that we sent was as follow:

A long trigger at the beginning of each block,
the trigger would last 300ms if the block was an
execution trial and 400ms if it was an observa-
tion one.

We also added three triggers at the beginning of
each block that will act as a time-coded unique
identifier to differentiate each blocks and be able
to link each matlab file with the correct block on
the TTL file.

Then, we send triggers that were multiples of
30ms for : TrialStart (30ms), cueOn (60ms),
objTouch (90ms) and HandBack (120ms). A
trigger was also sent if the patient touched the
wrong object (20ms).

The timing of each trigger is saved in the matlab
file (8).

When sending a trigger, there can be a small
delay between the moment we send the trigger
(which will be saved on the computer) and the
moment it is actually recorded. This delay de-
pends on the computer used for the experiment.
Therefore, calibration tests needed to be done
with a multimeter to estimate the delay induced
by my laptop.

We implemented a discard key used to dis-
card the trials that were wrongly executed due
to external factors that cannot be recorded di-
rectly on the computer (for example if a parent
or a nurse comes in and talks to the patient dur-
ing the trial). This key is especially useful during
the observation phase where we need to make ab-
solutely sure that the patient is paying attention
to what the experimenter is doing. The discard
key is controlled via the keyboard. If any key on
the keyboard (except for the space bar and the
sound buttons) is pressed at anytime during the
trial, then the discard key for this trial takes the
value 1, otherwise it stays at 0. The value of the
discard key is saved on the matlab file at every
trial.

The space bar is used for pausing the program

if needed, if the patient is getting tired or did
not understand the task properly and need to be
explained again or to take some rest. The sound
buttons are used to adjust the volume so the pa-
tient can hear the beeping cue properly.

Finally, there is a last parameter saved in the
matlab file called ”error_code”. Indeed, several
errors can occur during the trial. The mistakes
that we though could happen were:

-grabbing the wrong object,

-be too slow and exceed the maximal duration of
20 seconds,

-premature arm movement during “sound cue”
without waiting for the end of the cue (mean-
ing the patient would move his arm between
SoundOn and SoundOff),

-not keeping his hand on the hand resting plate
between the beginning of the trial and the begin-
ning of the cue.

If the trial was carried out correctly, the er-
ror_code parameter takes the value 0, otherwise
it takes a different value (-1, 1, 2 or 4) depending
on which of the previousy mentioned error has
occured. If any other error that was not listed
above happens, the experiment can press the dis-
card key to record this trial as incorrect.

Table (8) in annex is a summary of all the para-
maters saved during the experiment (throughout
the rest of this report, I will used the abbrevia-
tions that are detailed in this table).

3.1.3 Discussion about the experimental
design

The parameters described above are the lat-
est version, but they have been adjusted over
time. We made a few changes after each patients
in order to respond to some problematic points
that have been raised.

During the first two experiments, there was no
sound being played. The only cue was the LED
that would light up for a duration between 1
and 2 seconds. The patient was asked to wait
until the LED was off to go and grab the ob-
ject. The objective is to study what happens
in this period of time where the patient knows
what the movement is going to be next, with-
out doing it. However, the main problem that
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occured was that the patient would not wait for
the LED to go off before grabbing the object,
resulting in an error (premature arm movement
during cue presentation). To solve this problem,
we implemented the sound that would play for
a random duration between 1.5 and 2.5 seconds
while the LED only stays on for 500ms. That
way, we still have this time interval (between
cueOff and SoundOff) where the patient knows
what object will be grabbed while the movement
is still not initiated. We thought that it would
be easier for the patient to wait until the end
of the beep sound instead of the light. This
worked well as we did not get any error due to
premature arm movement with the third patient.

In the version of the experiment used with

the first two patients, we were sending 8 short
triggers of 15ms at the beginning of each block,
3 triggers of 25ms at trialStart, 1 trigger of 25ms
for cueOn and 1 trigger of 25ms for objTouch.
When aligning the matlab files with the SEEG
recordings for these patients, we realized that
having triggers of the same duration for each
event involved a complex analysis. We also had
no way of distinguishing between each block and
had to do it manually. Moreover, we couldn’t
distinguish a correct trial from a trial where the
patient touched the wrong object on the TTL
file. That is why we decided to add triggers at
the beginning of each block to tell each block
appart and differentiate between execution and
observation phases. We also added a trigger for
wrong object and made the triggers for each
event of different lengths.
In the prior versions, we also did not have any
way to pause the experiment or to discard the
trials. We realized during the first experiments
that the patient can easily be disturbed or loose
focus, especially during the observation phase .
That is why we added the discard key and a way
to pause the experiment.

In the previous models of the experiment,
each block would stop when we reached 3xn
number of trials (n being the number of tri-
als per object). However, these trials were not
necessarily correctly carried out. Therefore, we

could end up with only a very few number of cor-
rect trials that can be used or with an unequal
distribution of correct trials between each type
of object. To correct that, we made sure that
the block stops when we reach n correct trials
for each object.

Finally, we wondered if the distance between
the three objects could impact the response that
we will obtain for the different grips. Indeed,
if after analysis we find a significant different
response between grips, the question could be
raised that it is not necessarily due to the differ-
ent movements that were performed but because
the objects are in different field of views, lead-
ing to different visual stimuli. We considered
switching the three objects for a single one that
would combine the three grips. The cue would
then be either a LED that lights up in different
colors (one color for each grip), or three different
types of sound (each sound indicating one type of
grip). Ultimately, we decided that this solution
would be too complicated and confusing for the
patient. To remedy this problem, we decided to
switch the position of the objects from times to
times.

3.1.4 Summary of experiments con-

ducted

During the experiment with the first patient,
we started with the execution phase. We ran
a first block with 30 trials (10 for each object).
The patient was often too fast (meaning grasping
the object before the end of the cue, resulting
in the error 'premature arm movement’) or too
slow (going the object after the end of the maxi-
mal time), and often forgot to put the hand back
on the resting plate. The patient was also eas-
ily losing concentration and had to be reminded
how the task worked regularly. We winded up
with only 2 correct trials out of the 30. During
the second execution block,the patient felt tired
during the experiment so we stopped after 12
trials and again, we only had 2 correct trials out
of the 12. As for the observation phase, we ran
15 trials (5 for each object) but the patient was
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easily disturbed and not paying strong attention.

For the second experiment ran, the patient
had autism, behavioral issues, lack of impulse
control and was proned to hallucinations. Dur-
ing the execution phase, the main issue was that
the patient was not waiting for the LED to turn
off before going for the object, which could be
due to the lack of impulse control previously
mentioned. The second issue was that the sub-
ject had trouble really grasping the object and
was just slightly touching it (even though being
frequently reminded to truly grab it). Therefore
it was not detected by the touch sensor. This is
probably because the patient was sleep deprived
and therefore really tired. We ran 3 experiments
with 10 trials for each object, so 90 trials in total
and obtained 14 correct trials. Regarding the ob-
servation phase, it was really difficult to keep the
patient focused. The subject was very disturbed
by a balloon in the hallway which was probably
causing some hallucinations. Therefore, I did
not performed a lot of observation trials, only
1 experiment with 5 trials for each object (15
total) during which the patient was not really
focus.

However, for the third patient we performed 4

blocks, 1 observation phase with 10 correct trials
for each object, 1 execution phase with 15 cor-
rect trials for each object, another observation
phase with 10 correct trials for each condition
and a last execution phase with 15 correct trials
for each condition.
In total, for the observation phase, we have 20
correct trials for each object (60 trials in total).
The patient was very focus. To make sure that
attention was being payed, I paused the exper-
iment several times to ask what object I just
touched, and the patient gave the correct answer
each time. I didn’t have to discard any trial.

For the execution task, we got 30 correct tri-
als for each condition (90 correct trials and 127
trials in total, so approximately 70% of correct
trials). The patient was feeling good, did not
seem tired. We just had to pause the experiment
twice to remind the patient to wait until the end
of the sound to grab the object but otherwise the
experiment was performed well. There were no
external distraction and no trial were discarded.

There were no seizure events in any of the
sessions for any of the patient.

In light of these results, we ran the data anal-
ysis with the data collected with the third patient
only.

3.1.5 Electrode reconstruction

The patient had 15 stereoelectroencephalog-
raphy (SEEG) electrodes (PMT Corporation,
Chanhassen, MN, USA). The electrodes’ diame-
ter was 0.8 mm and contained 8-16 contacts (the
contacts were made of platinum, 2mm length and
the center to center contact spacing was 3.5mm)
(see Figure 18 in Annex). To do this electrode
reconstruction, we needed the implantation map
(Figure 3), the characteristics for each electrode
(Figures 17, 18 in Annex) MRI and CT scans
of the patient, which have been provided to us
by the Boston Children’s Hospital. We used
the iELVis (Groppe et al., 2017) pipeline to lo-
calize the depth electrodes. The pre-surgical
MRI scans was processed and automatically seg-
mented by Freesurfer (Dale et al., 1999; Reuter
et al., 2012), followed by co-registering the post-
surgical CT to the processed MR images. Elec-
trodes were then identified visually and marked
in each subject’s co-registered space using the
Biolmage Suite (Joshi et al., 2011). Each elec-
trode was assigned an anatomical location using
the Freesurfer localization tool.

Figures 4, 5 and Table 2 report the distribution of electrode locations.
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SEEG Implantation Plan
15 electrode

Orbital Frontal Lobe

Figure 3: SEEG implantation plan shown with left medial (A) and left lateral (B) views. The

patient was implanted with 15 electrodes with 6 to 16 channels each.

Figure 4: Electrode locations on the average brain atlas. Location of all n=160 electrodes shown
A: Left lateral; B: Left medial; C:Anterior; D: Superior, whole brain; E:

with different views.
Inferior, whole brain; F: Right lateral; G: Right medial; H:Posterior

11


a

b


Porte Yael

Figure 5: Electrode locations. Location of all n=160 electrodes overlayed on the Desikan Killiany
Atlas shown with different views. A: Right lateral; B: Left medial; C: Left lateral; D:Right Medial

12
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Location ‘ Count ‘ Channels name
Left-Cerebral-White-Matter 105 Olal, Ola2, Ola3, P2bl, T21, T22, T23,
T26, T3H1, T3H2, T3H3, T3H4, T3H5, T3H6, T3H7,
T3HS8, T3H9, T3H10, T3H11, T3H12, Tlalc4, Tlalch,
Tlalc6,Tlalc7, T1alc8, F3aCa3, F3aCa4, F3aCab, F3aCab,
F3aCa7, F3aCag, F3aCa9, F3aCal0, F3aCall, F3aCal4,
F3aCals, F3aCal6,F3blbl, F3bIb3, F3bIb4, T1bld1,T1bId2,
T1bId3, T1bld5, T1bId8, T1bld9, F2bCb2, F2bCb3, F2bCh4,
F2bCb5, F2bCh6, F2bCb7,F2bCbhb8,F2bCh9, F2bCb10, F2bCb14,
P2al, P2a2, P2a3, P2a4, P2ab, P2a6, P2a7, P2a8,
0O1bCe4, O1bCeb, O1bCeb, O1bCe7, O1bCe8, O1bCe9,
01bCel0, O1bCell, O1bCel2, O1bCel3, O1bCel4, P1bCd3,
P1bCd5,P1bCd6,P1bCd7, P1bCd8, P1aCc2, P1aCc3, PlaCc4,
P1aCc7, P1aCc8, P1aCcl12,P1aCc13,P1aCcl4, F15, F16, F17,
F18, F19, F2alal,F2ala2,
F2ala3, F2alad, F2ala5,F2ala6, F2ala8, F2ala9,
F2alal0 F2alal2, F2alal3, F2alal4
ctx-lh-precentral 3 F2alall, F2alal5, F2alal6
ctx-lh-insula 4 Tlalcl, T1alc2, F3bIb2, F2ala7
ctx-lh-postcentral 8 F3bIb5, F3blb6, F3bIb7, F3bIbs,
F2bCb11, F2bCh12, F2bCb13, F110
ctx-lh-paracentral 4 P1aCc6, F12, F13, F14
ctx-lh-posteriorcingulate 5 F3aCal, F3aCa2, F2bCbl, PlaCcl, P1aCch
ctx-lh-superiorparietal 7 P1bCd9, P1bCd10, P1bCd11,
P1bCd12, P1aCc9, P1aCcl0, P1aCcll
ctx-lh-precuneus 1 P1bCd4
ctx-lh-isthmuscingulate 4 01bCe2, O1bCe3, P1bCd1, P1bCd2
ctx-1h-lingual 1 0O1bCel
ctx-lh-inferiorparietal 7 P2b2, P2b3, P2b4, P2b5, P2b6, T24, T25
ctx-lh-parsopercularis 2 F3aCal2, F3aCal3
ctx-lh-transversetemporal 1 T1lalc3
ctx-lh-lateraloccipital 2 Ola4, Olab
ctx-lh-superiortemporal 3 T1bld4, T1bld6, T1bld7
unknown 3 O1la6, F11, T1bId10

Table 1: Distribution of electrode locations.

Number and name of channels for each location.

Channel 1 corresponds to the deepest channel.

13



Porte Yael

Electrode | Number of channels
F1 10
F2ala 16
F2bCb 14
F3blb 8
F3aCa 16
T1lalc 8
T1bld 10
T3H 12
T2 6
P2a 8
P2b 6
Ola 6
O1bCe 14
P1aCec 14
P1bCb 12

Table 2: Number of channels for each electrode.

3.2 Data Analysis
3.2.1 Data preprocessing

To perform this data analysis we used the
Chronux Toolbox on Matlab (Mathworks, Nat-
ick, MA, USA, version R2021a) [46]. The data
was collected in EDF (European Data Format).
The very first step was to convert them into a
matlab file and to extract all the channels. Once
this was done, we preprocessed the data by ap-
plying a bandpass filter (second-order bandpass
filter between 1 and 100Hz) and a notch filter at
60Hz (Matlab function "filtfilt”) to remove the
AC line frequency.

The following step was to align our matlab
files with the triggers sent in the TTL file. Once
this alignment was done, we only kept the correct
trials (the one that were completed with no er-
ror and were not discarded by the experimenter).
For each condition, trial and channel, the signal
was aligned with each event (HandOn, CueOn,
SoundOff, ObjTouch, ObjRelease, HandBack).

We then checked for artifacts, outliners and
abnormally distributed trials and remove them.
To detect artifacts we computed the range (dif-
ference between maximun and minimum value)
for each trials. We considered as artifacts the

Channel 1 corresponds to the deepest channel.

trials whose range were over three times the stan-
dard deviation away from the mean range across
trials.

The abnormally ditributed trials were the ones
whose kurtosis differs more then 2 standard de-
viations from the mean kurtosis across trials .
Finally, the ouliners were the trials that had an
absolute mean value over three times the stan-
dard deviation from the absolute mean across
trials in the same interval. We only remove the
trials from the electrodes where they were detect
as abnormal, but we keep the rest of the chan-
nels.

Table 3 shows the number and percentage of
remaining trials (across all 160 electrodes) used
for further analysis. As a reminder, for this pa-
tient we performed two blocks for execution task
with 15 correct trials per object for each, so we
have 30 trials per object for motor task, and 2
blocks for observation task with 10 correct tri-
als per object, so 20 trials per object for vusual
task. Multiply by the number of channels (160),
this is 3200 for perception task and 4800 for ex-
ecution task. The number of trials removed is
balanced between gip types so we still have an
equal distribution of trials across grip types.

14
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‘ Prehension Grip ‘ Precision Grip ‘ Power Grip

Action execution | 4725 (98.44%)

4722(98.37%) | 4684(97.58%)

Action perception | 3171(99.09%)

3152(98.5%) | 3160(98.75%)

Table 3: Number and percentage of trials remaining across all 160 channels after removal of artifacts,

outliners and abnormally distributed trials.

3.2.2 Time-frequency analysis

Once the data were retrieved, aligned and fil-
tered, we wanted to give us an idea of which fre-
quency bands contain important informations for
executions and observations tasks. To do so, we
investigated the power of the IFPs versus time
for each electrodes, both conditions and each ob-
ject. We calculated the power spectra of the IFP
using a multi taper time-frequency analysis with
a time-bandwith product (TW) of 3, 5 tapers
(the number of tapers used must be less than or
equal to 2TW-1), a window size of 0.3s and a
step size of 0.01s was computed. Each trial was
divided by the baseline, which was defined for
each trial as the interval of -0.1s and 0.1s around
cueOn. We chose this baseline after inspection of
the spectrograms and IFPs as it was the interval
where it did not seem to have any activity. At
first we chose an interval of -200s to Os before
cueOn in a way to not have event happening in
the interval, but it looked like there was some
residual neuronal activity from the previous tri-
als. After realising that, we increased the Han-
dRestTime (time between the beginning of the
trial and cueOn) to be able to take an interval
for the baseline of 200ms before cueOn without
having residual activity from previous trials. Un-
fortunately, we did not have any other patients
after doing this modification. For each channel,
we plotted the spectrograms for every trial, as
well as the average over trials and for both con-
ditions.

We plotted the spectograms in a frequency
range of 1 to 100Hz.

3.2.3 Electrodes selection

Once we got an idea of the frequency bands
that encoded interesting information, we wanted
to determine which electrode and channel gave
significant responses in those ranges. To do that,

15

we were inspired by the method detailed by Anat
Perry et al. in their paper published in 2017 [47].
We first band-pass filtered the signal in the fre-
quency ranges we deemed interesting (3.2.2) and
a Hilbert transform was applied for each trial per
electrode, per object and per condition. The ad-
vantage of using the Hilbert transform instead
of the IFPs is that the Hilbert transforms elimi-
nate the negative frequency part and double the
magnitude of positive frequency part in order to
keep the same power but work only with positive
components. Therefore, if a negative drop hap-
pens right after a positive peak, we will record
them both, when we would have get an aver-
age of zero if working with IFPs. This is es-
pecially interesting in our case where our trials
are not perfectly aligned (each event is performed
at the patient’s pace and varies between trials).
Then we applied the matlab function ”smooth-
data” to average each sample of the signal with
its neighbors (we chose a window of 0.5ms). To
identify periods of significant activation for each
channel, two-sample t-tests (alpha levels set at
0.05, using the matlab function "ttest2”) were
performed, comparing each sample of the hilbert
transform (averaged across neighbors) with the
baseline (chosen as explained in section 3.2.2)
for each electrode per condition and per object.
We considered as significatively responsive, the
channels that showed at least 300 ms of consec-
utive significant signal (we took a treshold of -
10logpvalue > 2). From these electrodes, we fo-
cused primarly on the ones that were not in the
white matter ad that were responsive for both
conditions.

3.2.4 Integrated power

In order to focus more precisely on certain
observations made with the spectrograms, we
plotted the temporal evolution of the integrated
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power in specific frequency ranges (0.1 Hz to 7
Hz, 8 Hz to 15 Hz, 15 Hz to 25 Hz, and 45 Hz
to 70 Hz) for each conditions (visual and mo-
tor task) and for each channel that was deemed
interesting by the method described in section
3.2.3. The signals were averaged across trials
and objects.

For a purpose of assessing the differences be-
tween condition and grip types, we plotted the
integrated power over time in the same frequency
ranges for each conditions and for each object,
averaged across trials.

3.2.5 Statistical analysis to evaluate the
difference between condition and
the ability to distinguish between

grip types

We wanted to evaluate if there was a sig-
nificant difference in power modulation between
motor and visual taks around specific event, fre-
quency range and electrode. To do so, we com-
puted the average power in a time-frequency rect-
angle for each condition (execution or observa-
tion), and each significant electrode. This gave
us a vector of one value per trial for each con-
dition that we compared with the vector for the
other condition using Student’s unpaired t-test

(v level=0.05), the null hypothesis being that the
average across trials for one condition is the same
as the average across trials for the other. We
performed these t-test for several time intervals,
in particular in intervals of 0.5s around cueOn,
soundOff, ObjTouch and ObjRelease. As both
conditions had different number of trials to in-
crease the power of the t-tes we took the first 20
trials for motor task in order to have same-size
samples.

Finally, we also wanted to estimate in which
frequency range and which electrode was able to
distinguisgh between grip types. Similarly as be-
fore, the average power in a time-frequency rect-
angle was taken for each condition and each sig-
nificant electrode. We ended up with a vector of
one value per trial for each grip type that we com-
pared with the vector for another grip type using
Student’s unpaired t-test (a level=0.05), the null
hypothesis being that the average across trials for
one grip type is the same as the average across
trials for another grip type. We performed these
t-test for the same time intervals as previously.
As we have three different object, each condition
and electrode has three comparison ttest. In the
end, each electrode for each object gets a ”dif-
ferentation result” that can go from 0 to 3 based
on the number of significant t-tests.
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4 Results

4.1 Time frequency analysis

In order to get a sense of which frequency
ranges carry major information with regards to
action execution and action observation, we per-
formed a multi taper time-frequency analysis for
every channels (160 in total) for frequencies be-
tween 1 et 100 Hz.

Figure 16 shows the modulation from base-
line (defined as -100ms to 100ms around cue cue)
for both conditions for three channels of elec-
trode F3aCa, located in the inferior frontal gyrus.
Channel FaCa2 is the deepest one, while FaCa8 is
the most superficial one. FaCa2 is located in ctx-
lh-poseriorcingulate and both FaCab and FaCa8
are located in the left-cerebral white matter. We
decided to present the spectrograms from this
electrode after inspection of the IFPs and of all
spectrograms, as it was the one that showed the
best responses (see Figure 16 in Annex).

From these spectrograms, we can directly see
that the responses seem to be condition and
depth-dependant. The responses do not appear
to differ between grip type for the motor task but
there seems to differ for observation tasks.

During motor task, we can observe at least
two discernable changes with respect to baseline.

An increase in power compare to baseline can be
detected in a low and mid frequency range (0.1
Hz to 20 Hz) and in the high frequency band
(45Hz to 70Hz).

If this second power increase in the gamma
band is visible for the three channels, the in-
crease in power in the low and mid frequency
bands is only present for channel FaCa6. The
increase in the d-delta, #-theta and a—alpha
bands are present specifically between Sound-
Off and ObjTouch and between ObjRelease and
Handback, so during movement. The power
increase in higher frequency bands however is
broader and starts a little before SoundOff and
extends shortly after HandBack.

For the observation task, the responses are
much weaker but seems to behave similarly. In-
deed, we can still distinguish small increase in
power with respect to baseline in the low and
mid frequency bands (from 0.1Hz to 20Hz) and
in the high frequency band (between 45Hz and
70Hz) for channel FaCa6 even though no clear
pattern seems to emerge. However, the patches
in high frequency band are present only for pre-
hension and power grip, especially the power grip
that evoke a stronger increase in power than the
preension grip.
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Figure 6: Time-frequency analysis of the motor responses from 3 channels of electrode F3aCa located
in the inferior frontal gyrus, averaged across all trials, for all three objects. From top to bottom
row, the channels go from deepest to most superficial. The tasks were aligned with ObjTouch (t=0
and the vertical red lines correspond to the average time of the occurrence of this event). The
vertical black lines correspond to the average time of the occurrence of the events (from left to
right): CueOn, SoundOff, ObjRelease and HandBack.
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Figure 7: Time-frequency analysis of the visual responses from 3 channels of electrode F3aCa located
in the inferior frontal gyrus, averaged across all trials, for all three objects. From top to bottom
row, the channels go from deepest to most superficial. The tasks were aligned with ObjTouch (t=0
and the vertical red lines correspond to the average time of the occurrence of this event). The
vertical black lines correspond to the average time of the occurrence of the events (from left to
right): CueOn, SoundOff, ObjRelease and HandBack.

With these spectrograms we could identify
frequency bands that seems to hold interesting
informations. We also saw that the responses
differ between motor and visual responses but
also between channel depth. However, it didn’t
seem to be a difference between grip type. In the
following section, done to confirm or refute that,
which is what we did in the following section.

4.2 Integrated Power in different fre-
quency bands

The goal of the next step was to zoom in
the different frequency ranges that appeared to
encode interesting information from the spectro-
grams and study more in details the observations
that were ade by visual inspection of the spectro-
grams. Based on the results of the spectrograms,
but also based on the literature (see section 2.2),
we decided to focus on 4 frequency bands : from
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0.1 to 7THz (0—delta and #—theta bands), from
8 to 15Hz ( a-alpha band), 15 to 25Hz(3-beta
band) and 45 to 70Hz (vy-gamma band).

Table 4 summarizes the electrodes that were
found reponsives using the method described in
section 3.2.3 in this different frequency bands.
We found more significantly responsive elec-

trodes for motor task ( 20%) than for observation
task ( 5%), which was expected as most of the
electrodes are on the frontal lobe, which contains
the motor cortex. We focused only on the elec-
trodes that were responsive for both conditions
and located in the grey matter.

Frequency Range (Hz) ‘ Electrode ‘ Location ‘ Condition ‘ Grip type

[0.17] Tlalc3 | ctx-lh-transversetemporal 1 2
2 3
0O1bCe3 ctx-lh-isthmuscingulate 1 2
2 2

[8 15] T1bld6 ctx-lh-superiortemporal 1 1-2-3
2 3

F3blb7 ctx-lh-postcentral 1 1-2-3
2 2
Olad ctx-lh-lateraloccipital 1 1
2 2

[15 25] F3bIb7 ctx-lh-postcentral 1 1-3
2 2

F1*2 ctx-lh-paracentral 1 1-2-3
2 3
[45 70] P1aCc9 ctx-lh-superiorparietal 1 1
2 1
F2alal6 ctx-lh-precentral 1 2
2 3

Table 4: Electrodes with significant responses (-logpvalue of the ttest comparing each sample to
the baseline of the hilbert transform > 2 for at least 300ms consecutive) and their location, by
condition (1=motor task, 2=observation taks) and grip type(l=prehension grip, 2=precision grip

and 3=power grip).
4.2.1 Integrated Power vs. condition

From inspection of the spectrograms, we saw
that the responses differed between visual and
motor tasks. Both seem to give response in the
high frequency range (45 to 70Hz) and in low-
mid frequency range (between 0.1 and 15Hz) but
the visual responses were weaker than motor re-
sponses, especially in the high frequency band.
To further study this, the temporal evolution of
the average power for execution and observation
tasks were plotted in different frequency ranges.
Figures 8, 9, 10 and 11 show the results recorded
from the significant channels (as shown in Table

4). Trials were aligned with ObjTouch (red line
in top left picture).

Visual and motor responses behave similarly
but the visual responses are weaker, which agrees
with our observations form the spectrograms.
We can distinguish two increases in power, the
first one, which is the strongest one, starts after
cueOn and reached its peak at SoundOff, then it
decreases until ObjTouch and increases again to
a lower level at ObjRelease until HandBack (Fig-
ure 11). Both visual and motor responses show
the same dynamic witht he peaks being synchro-
nized.

Similar behavior is observed in the low and
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mid frequency range as well. There are two
discernable pics around SoundOff and ObjRe-
lease (Figures 8 and 9). However, for electrodes
T1bld6, Olad4, Tlalc3 and O1bCe3, it appears
that the visual responses are stronger than the
motor ones (Figures 9a, 9c, 8a and 8b).
Interestingly enough, in the frequency range

Execution
Observation

f\

|
[

|
|

\ﬂ
\'V/\\/\
\

Integrated power

time (s)

(a) Channel T1alc3

of 15 to 25Hz, for motor tasks, we can observe
an increase in power before CueOn, followed by
a big drop of power happening during movement
until ObjRelease (Figure 10). For visual tasks,
we can see a small decrease after SoundOff (at
the onset of movement), quickly followed by an
increase in power.

Execution
Observation

Integrated power

time (s)

(b) Channel O1bCe3

Figure 8: Average power recorded by the significant electrodes in frequency band 0.1 Hz to 7 Hz
with respect to the baseline for execution and observation tasks. The shades represent the standard

deviation. Trials are aligned with ObjTouch (red

vertical line on top left picture). The black vertical

lines on top left picture are, from left to right: cueOn, SoundOff, ObjRelease, HandBack.
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Figure 9: Average power recorded by the significant electrodes in frequency band 8 Hz to 15 Hz
with respect to the baseline for execution and observation tasks. The shades represent the standard
deviation. Trials are aligned with ObjTouch (red vertical line on top left picture). The black vertical
lines on top left picture are, from left to right: cueOn, SoundOff, ObjRelease, HandBack.
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Figure 10: Average power recorded by the significant electrodes in frequency band 15 Hz to 25 Hz
with respect to the baseline for execution and observation tasks. The shades represent the standard
deviation. Trials are aligned with ObjTouch (red vertical line on top left picture). The black vertical
lines on top left picture are, from left to right:cueOn, SoundOff, ObjRelease, HandBack.

Execution
Observation

Integrated power

time (s)

(a) channel P1aCc9

Execution
Observation

Integrated power

0.95

0.9

time (s)

(b) channel F2alal6

Figure 11: Average power recorded by the significant electrodes in frequency band 45 Hz to 75 Hz
with respect to the baseline for execution and observation tasks. The shades represent the standard
deviation. Trials are aligned with ObjTouch (red vertical line on top left picture). The black vertical
lines on top left picture are, from left to right: cueOn, SoundOff, ObjRelease, HandBack

4.2.2 Integrated Power vs. grip type

The objective was to evaluate if and in which
frequency bands the grip type is encoded. From
the spectrograms, it looked like there was a dif-
ference in power modulation between object type
in the high frequency range, especially for visual
responses. To dig deeper into the question, the
average power for each object was plotted be-
tween 45 and 7T0Hz both for motor and visual

tasks. The results are shown in Figure 12. Dur-
ing observation tasks, the power increases to a
different extent for the grip types: for electrode
F2alal6 (located in ctx-lh-precentral) power grip
has the highest increase in power, followed by
prehension grip whereas the power modulations
for precision grip are much weaker (Figure 12b).
This agrees with the observations we made in sec-
tion ?7. On the contrary, for electrode P1aCa9,
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the power rise is much more important for pre-
cision grip as compare to the two other grips
(Figure 12d). The average power for each object
grip was also plotted for motor tasks between
45 Hz and 70 Hz. Even though from the spec-
trograms, the power increased looked the same
for all grip types, we can see here that precision
grip also induces weaker response than prehen-
sion and power grips for electrode F2alal, while
prehension grip induces a higher response than
precision and power grips for electrode P1aCc9
(Figures 12¢ and 12a).

To study the effect of other frequencies on
the ability to distinguish between gip types, we
computed the average power in other frequency
ranges. For the beta band (between 15Hz and
15Hz) for motor tasks, we find the same decrease
in power during action preparation and execution
for but no strong difference between grip types
(Figure 15). For visual task however, we can ob-
serve two increases and two decreases in power
that are slightly delayed between object types.
For electrode F12, similarly to what was found
for electrode F3alal6 in the highest frequency

4.3 Statistical analysis to evaluate the
difference between conditions and
the ability to distinguish between

grip types

The goal of this section was to answer the
questions:
-”Is there a significant difference in power modu-
lation between action execution and perception?
If yes, for which specific event, frequency range
and electrode?”
To examine that question, Student’s unpaired t-
test (« level of significance=0.05) were performed
for each electrode in specific frequency ranges
(0.1Hz to 8Hz, 8Hz to 15Hz, 15Hz to 25Hz and
45Hz to 70Hz) and time intervals (500ms around
CueOn, SoundOff, ObjTouch and ObjRelease).
The results of the t-test are presented in Table
5. The second question was: -”is the averaged
power across trials for on grip type the same for
another type in specific frequency ranges and for
specific events?” To answer that question, we
performed Student’s unpaired t-test at a signifi-

range, the power increase is higher for power grip,
followed by prehension and is weaker for preci-
sion grip and this remains consistent trhough-
out the whole trial. For electrode F3bIb7 the
response is higher for prehension grip until Ob-
jRelease and becomes higher for precision grip
after this event.

In the mid frequency range (8 to 15Hz), there
doesn’t seem to be a significant difference be-
tween grip type for motor responses (14a) but
we can see a distinction for visual responses. In-
deed, for visual responses, the power increase is
much higher for power grip than for the two other
objects (Figure 14b).

Finally, for the low frequency range (0.1 to
THz), for motor responses, the power modulation
seems lower for power grip than for precision and
prehension grip (Figure 15a) . We can also notice
that the response for prehension grip is slighlty
ahead compare to precision and power grips. For
visual responses, the responses are much stronger
for prehension and power grip as compare to pre-
cision grip (Figure 15b).

cant level of a=0.05 between grip types for each
condition and electrode in the same frequency
ranges and time intervals as previously men-
tioned. Then, each condition, time interval and
electrode was assigned a ”differentiation score”
that corresponds to the number of significant
t-tests for that combination. The results of the
differentiation score are presented in Tables 6
and 7.

We can see that there are significantly differ-
ent responses between action execution and per-
ception in S and 7 bands during movement exe-
cution and movement preparation. We can also
see that the responses are significantly different
in the a band during action execution. However,
the differences between the responses of visual
and motor tasks are not significant in the low
frequency range (Table 5).

As regards to distinguishing grip types, it
looks like this is mainly done in the high fre-
quency band but for motor and visual tasks. (Ta-
bles 6 and 7),
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Figure 12: Average power recorded by significant electrodes between 45 Hz and 75 Hz with respect
to the baseline for execution (left) and observation (right) tasks. The shades represent the standard
deviation. Trials are aligned with ObjTouch (red vertical line). The black vertical lines are, from
left to right: CueOn, SoundOff, ObjRelease and HandBack
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Figure 13: Average power recorded by significant electrodes between 15 Hz and 25 Hz with respect
to the baseline for execution (left) and observation (right) tasks. The shades represent the standard
deviation. Trials are aligned with ObjTouch (red vertical line). The black vertical lines are, from
left to right: CueOn, SoundOff, ObjRelease and HandBack

26



Porte Yael

integrated power channel T1bld6, cond 1, ObjTouch - integrated power channel T1bld6, cond 2, ObjTouch

Prehension
=== Precision
Power

Prehension
s Precision 2.4

1.8 \ Power
- \ 2.2
o\ .‘:‘

>

Integrated power
a
Integrated power
P
¢
Sy
™ /I
N

3 2 1 0 1 2 3 3 2 1 0 1 2 3
time (s) time (s)
(a) Motor responses (b) Visual responses

Figure 14: Average power recorded by electrode T1bId6 between 8 Hz and 15 Hz with respect to
the baseline for execution (left) and observation (right) tasks. The shades represent the standard
deviation. Trials are aligned with ObjTouch (red vertical line). The black vertical lines are, from
left to right: CueOn, SoundOff, ObjRelease and HandBack
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Figure 15: Average power recorded by electrode O1bCe3 between 0.1 Hz and 7 Hz for electrode
T1lalc3, with respect to the baseline for execution (left) and observation (right) tasks. The shades
represent the standard deviation. Trials are aligned with ObjTouch (red vertical line). The black
vertical lines are, from left to right: CueOn, SoundOff, ObjRelease and HandBack
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Frequency range ‘ Electrode | CueOn | SoundOff | ObjTouch | ObjRelease

[0.1Hz 8Hz| Tlalc3 0.2771 0.3173 0.0037* 0.077
01bCe3 0.3677 0.3169 0.6329 0.7178

[8Hz 15H7] T1bId6 0.4564 0.5734 0.0215 0.0413

F3bld7 0.6745 0.0323 0.0645 0.0039*

Ola4 0.1156 0.3173 0.0043* 0.0183

[15Hz 25Hz7] F3bIb7 0.4988 | 0.0036* 0.004* 3.43e-4*

F12 0.0053* | 0.0028%* 0.0015* 2.82e-5*

[45Hz 7T0Hz] P1aCc9 | 0.0002* | 8.05e-7 | 4.847e-7* 3.73e-8%*
F2alal6 0.1266 0.4235 0.0115 0.5093

Table 5: Pvalues from Student’s unpaired t-test comparing motor and visual tasks.
interval was [-0.25s 0.25s| around each event. Pvalues significant at a level a=0.05 are in bold and
pvalues significant at a level a=0.01 are marked with a *.

Action Execution ‘ Electrode | CueOn | SoundOff | ObjTouch | ObjRelease

The time

[0.1Hz 8Hz|

T1lalc3
O1bCe3

0

0

0

0

[8Hz 15Hz]

T1bld6
F3bld7
Ola4d

[15Hz 25Hz]

F3bIb7
F12

[45Hz 70Hz]

P1aCc9
F2alal6

O OO OO O oo

W OO Ol = OO

OO OO O OO

O RO OO O OO

Table 6: Differentiation score for significant electrodes in interesting frequency ranges during motor
tasks. The time interval was [-0.25s 0.25s] around each event.

Action Perception ‘ Electrode ‘ CueOn ‘ SoundOff ‘ ObjTouch ‘ ObjRelease

[0.1Hz 8Hz]

T1alc3
O1bCe3

0

0

0

0

[8Hz 15Hz]

T1bId6
F3bld7
Ola4d

[15Hz 25Hz7]

F3bIb7
F12

[45Hz 70Hz]

P1aCc9
F2alal6

O OO OO O OO

O NO OO0 O O

O OO Ol O OO

O NO RO O OO

Table 7: Differentiation score for significant electrodes in interesting frequency ranges during visual
tasks. The time interval was [-0.25s 0.25s] around each event.
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5 Discussion

5.1 Time frequency analysis

In this project, time-frequency power spectra

were analyzed between 1Hz and 100Hz to de-
tect specific frequency ranges that could encode
important information related to grasping move-
ments and observation of the same movements.
Then, we looked at the average power between
conditions and grip types for specific frequency
ranges.
One needs to keep in mind that we used the func-
tion ”smoothdata” to do this analysis (meaning
tha each sample is averaged with its neigbhors),
therefore leading to a small delay in the drops or
increases that can be osebrved.

From this analysis we found several notice-
able frequency bands that contain different in-
formation:

-the 45 Hz to 70 Hz frequency band

contains strong power increase highly as-
sociated with motion execution and per-
ception and is selective to grip types.
This finding is compatible with what is described
in literature. Indeed, gamma oscillations have
been widely studied and have been shown to play
an important role in vision and motor control,
namely that power increases in gamma band is
often observed during movement [24] [23]. Some
studies suggest that gamma oscillations are a
general cortical activity that integrates events
from several areas of the cortex for a variety of
cognitive processes [48] [49]. This aligns with
the fact that we found an increase in power
in this frequency range from electrodes in the
frontal (channel F2alal6) and parietal (channel
P1aCc9) lobes.

The increase in power happens very close to
motion onset (Figure 11), which corroborates the
findings of several studies that propose that mo-
tor gamma oscillations could have a prokinetic
role, meaning that they promote movements [26]
[25] [50]. The fact that the power increase hap-
pens almost simultaneously with motion onset

suggest that gamma oscillations play a role in
the driving of movements, but the evidence is
unclear. However, one could wonder if the strong
response that we saw around 60Hz in the spec-
trograms could be due to the AC line frequency,
however, our signals were notch pass filtered.
Plus, if that were the case, we would have seen
this increase for the whole time interval and for
visual responses too, whereas in our case it starts
right around the event ”SoundOff”, stops after
the event "HandBack” and is not present during
action preception.

The same behavior with the same dynamic
was observed during action perception, however,
the responses where significantly lower than for
action execution (Table 5 and Figure 11), mean-
ing that this frequency band encodes action ex-
ecution and perception similarly but is more ac-
tive for motor tasks.

From the spectrograms we also noticed a dif-

ference in power increase across grip types during
action perception, which led us to think that the
visual responses for movement of the arm and
fingers are encoded in this frequency band. This
was confirmed by looking at the integrated power
object by object. Indeed, we found that for
both execution and observation, different grips
induced different patterns in the gamma band.
This is in line with the work from Prof. Kubéanek
et al. that showed that different movements of
the hand lead to different neural activity in the
high frequency band.
This could be explained by the fact that dif-
ferent movement types require different efforts,
leading to different power outbursts. This could
also be explained by looking at the placement
of the electrodes. Previous studies showed that
information contained in the gamma frequencies
for a specific movement type are regions-specific
[23] [48]. As our electrodes remains at the same
location throughout the whole experiment, they
would record a weaker signal if a specific move-
ment type activates a further brain region. This
can be the reason why we observeddifferent se-
lectivity for electrode P1aCc9.

-a power decrease between 15 Hz to 25
Hz is related to movement execution and
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preparation whereas an increase in power
is related to movement perception

We found that action execution, preparation
and action perception elicit significantly different
responses in this frequency range 5.
Indeed, for action execution, we noticed an in-
crease in power in the 8 band right before move-
ment onset, followed by a drop in power dur-
ing action execution, and a increase again after
movement until recovery of the power to baseline
level (Figure 10). This corresponds to what is
describe in literature as the ” S-rebound” [35] [36]
[51]. This terms refers to the observation that
preparation and execution of voluntary move-
ments result in a block of oscillations in the mo-
tor area in frequency bands around 15 Hz to 25
Hz. A decrease in power compare to baseline can
be refered to as an event-related desynchroniza-
tion [52] [53]. This negative power modulation
in the beta band is opposite to the power peak
observe in the gamma band which corroborates
the findings of several studies which suggest that
beta activity presents an inhibitory role that reg-
ulates gamma activity [28].

For action perception on the other hand, we
can see the same behavior (drop in power fol-
lowed by a power increase), but much weaker
and with a different dynamic. Therefore This
frequency range does not encode for specific grip
type as there are no statistical significance when
comparing objects in this band (Figures 6 and
7).

Modulations of the neuronal responses
between 0.1 Hz-8 Hz and 8 Hz-15 Hz seems
to be related to movement and are simi-
lar between action perception and action
execution We observed two power increases
during motion execution and perception, cor-
responding to when the participant (being the
patient for execution task and the experimenter
during observation task) leaves the hand rest-
ing plate to grab the object (interval between
SoundOff and ObjTouch) and when the patient
removes his hand from the object to reach the
hand resting plate again. These modulations of
neuronal responses were similar and happening
with the same dynamic during action execution

and action perception (Figures 8 and 9) and
there wasn’t any significant difference between
the two conditions 5. The stronger response ob-
served for visual task compared to motor task
in some channels can be explained by looking at
the location of the electrodes. Indeed, channel
O1bCe3 and Olad are both localized in the oc-
cipital lobe which contains most of the regions
of the visual cortex and is primarly responsible
for visual processing [54]. Channels T1bId6 and
T1lalc3 are both in the superior temporal gyrus,
which is typically associated with the auditory
cortex and to processing sounds, but studies also
suggested that it playes a role in visual process-
ing. Indeed, the superior temporal cortex seems
to be the region in which lesions cause spatial
neglect [55].

This frequency range does not entail information
allowing to distinguish between grip types (Fig-
ures 6 and 7)

5.2 General discussion about the ex-
periment

The main problem that we encountered with
our experience was that all trials were not per-
fectly aligned in terms of events. Indeed, the pa-
tient performed the task at his own pace, which
differs from trial to trial giving rise to a big tem-
poral variability from trial to trial. Indeed, in
contrast with vision experience where the tim-
ing is very specific and always the same for all
trials, in our case, the patient’s reaction vary
over time. Therefore, when averaging across tri-
als, due to this misalignment, trials may cancel
each other out. That is why it was necessary
to also study spectrograms on a trials by trials
basis, to see if there is was consistent pattern
between trials that may not appeared on the
spectrogram averaged across trials. In annex is
presented the spectrograms trials by trials for
electrodes FaCa2, FaCa6 and FaCa8 (Figures
19, 20, 21, 22, 23 and 24) for motor and visual
responses. We can see that the spectrograms on
a trial by trial basis look very different than the
averaged spectrograms, however, no consistent
pattern could be detected.
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During the first trials the patient was learning
the task, which might disrupt the rest of the
trials. This is very visible in Figure 16 where we
can see that the first 5 trials are very noisy as
compared to the rest, probably corresponding to
the learning phase where the patient learns and
integrate the task. For later experiment. When
collecting data from other patients, one should
do some practice trials before starting the exper-
iment to remove this effect.

Furthermore, it should be emphasized that
our mapping of brain locations is quite exten-
sive but not exhaustive and that we do not chose

the location of electrodes’ used. The location of
electrodes is determined by the surgeons to meet
their clinical requirements. Moreover, this study
uses IFPs which combine the activities coming
from of several neurons.

Finally, when looking at these results, we
should take into consideration that the data was
recorded from a single patient, which can ques-
tioned the significance of this study. To confirm
or refute these findings, and make sure of the
fact that our results are not due to external fac-
tors, more data from more patients need to be
collected.
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6. Conclusion

In this project, neural mechanisms underly-
ing action execution and action perception were
studied and compared thanks to recordings from
SEEG electrodes implanted in humans.

Four frequency bands of special interest were
identified: High frequencies (between 45 and 70
Hz-gamma band) present positive power burst
related to movement (when reaching and grab-
bing an object and when coming back to initial
position). Low to mid frequencies also induce a
power peack related to movement. A power de-
crease in the 15 Hz to 25 Hz range is linked to
movement preparation and execution and regu-
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lates gamma activity .

This neural modulations are visible not only
during motor responses but also during the vi-
sual responses, for different regions of the brain,
implying that action execution and action per-
ception activate the same processes in humans.

Gamma bands oscillations allow to signifi-
cantly distinguish between grip types, meaning
that this frequency range encode for the inter-
mediate goal of an observed action, which was
found to be particularly the case in parietal area.

Even though this study was only conducted
on one patient, it gives promising results and
more data should be collected in order to con-
firm or refute these findings.

This project gave a first insight in under-
standing the neural mechanisms underlying ac-
tion perception and execution.

Knowledge of these mechanisms can have
high significance in several fields : clinical prac-
tive, brain=machine interface, Human-robot in-
teractions. The implications are numerous. Over
the past decade, more research has suggested
that mirror neurons might help explain not only
empathy, but also autism and even the evolution
of language [9] [56] [6].


The questions we were looking to answer in this project were:

6. Conclusion


Porte Yael

600

uv

-200
-400

1000

)

-1000

2000

-2000

-4000

Annexes

z-score (uV)
-2 0 2

F3aCa6 : Con1 : Obj1

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
1000 600 400
400 200 1000
500 200
200 o
Mo 0 0f— y
0 Wh- 0
200 -200
-500 -200 -1000
2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2
Trial 8 Trial 9 Trial 10 Trial 11 Trial 12 Trial 13
2000 2000 2000
2000 1000
1000
0b— [ ¥ P NS—
0 F——— A ol o e 0
2000 1000 -2000 2000 1000
4000 -2000
2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2
Trial 14 Trial 15 Trial 16 Trial 17 Trial 18 Trial 19 Trial 20
4000 400 400 200 1000
200
200
2000 0 200 100 500
0f— T’ —————— -200 o 0
-400 0 0 ﬁ\-»——«—
2000 600 -200
4000 -800 -200 -400 100 -500
2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2
Trial 21 Trial 22 Trial 23 Trial 24 Trial 25 Trial 26 Trial 27
1000 1000 400 4000 2000 2000
0 MJh — 200 2000 0 —#\J N——
0 4 0 of— e
1000 200 0 '\.'\« ———1-2000
-1000 -400 -2000 -4000 -2000
2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 0 2 2 0 2
Trial 28 Trial 29 Trial 30 Trials AVG All Trials
ol [pv 2000 5000 200
I _\,l' N , l ol—
-2000 0 Ay I
-200
-2000
4000 -5000 -400
2 0 2 2 o 2 2 0 2 2 0 2 2 0 2
Seconds

Figure 16: IFP across all trials from the sixth deepest channel on electrode F3aCa located in the left
cerebral white matter. These are the results aligned with event ObjTouch and for the first object
(prehension grip)
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Parameter Event it corresponds to
BlockStart Moment when the block starts.
TrialStart Moment at which the trial begins.
HandRestTime | Interval of time between trialStart and CueOn during which the participant
must keep their hand on the hand resting plate.
CueOn Moment where one of the LEDs turns on, indicating
which object to grab.
CueOft Moment where the LED turns off.

CueDuration Interval of time between CueOn and CueOff (500ms)
SoundOn Moment where the sounds starts to play (same time as CueOn)
SoundOff Moment where the sounds stops playing, indicating

the participant that they can go and grab the object
SoundDuration Interval of time between SoundOn and SoundOff (1.5 2.5s)
HandOut Moment where the participant no longer touches
the hand resting plate.
ObjTouch Moment at which the participant touches the object.
ObjRelease Moment at which the participant no longer touches the object.
HandBack Moment where the participant places their
hand back on the hand resting plate.
TrialEnd Moment at which the trials ends.
DiscardKey This value is 0 by default and becomes
1 if an external factor disrupted the trial.
ErrorCode This value indicates if an error occured
during the trial and which one.It takes the values:
0 by default: no error.
-1: the participant grabbed the wrong object.
1: too slow, maximal duration exceeded.
2: premature arm movement during cue presentation.
4: not keeping their hand on the hand
resting plate during the HandRestTime.
ObjCode This value indicates which object was
supposed to be grabbed. it takes the values:
1 for prehension grip, 2 for precision grip and 3 for power grip.
Triggers Several Triggers were sent:

Tigger Block:1 at the beginning of each block indicating if it’s
an observation or execution task
3 triggers to differentiate between block.
Trigger Start at the begining of each trial
Trigger LED is sent during CueOn
Trigger Touch is sent when the participant grabbed an object.
Trigger Handback is sent when the participant
places their hand on the hand resting plate.

Trigger WrongObject is sent if the object touched by the participant

differs from the one indicated by the LED.
For each of these triggers we record their number and duration.

Table 8: Description of the parameters used and saved for each trial during the experiment. "Par-
ticipant’ designates the patient for motor task and the experimenter during observation task.
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Figure 17: Characteristics of electrodes implanted

Figure 18: Diagram of SEEG electrode used for experiment
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Figure 18: Diagram of SEEG electrode used for experiment

Figure 17: Characteristics of electrodes implanted
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Figure 19: Time-frequency analysis of the motor responses from electrode F3aCa2, located in ctx-
lh-posteriorcingulate, for all trials, for object 1 (prehension grip). The tasks were aligned with
ObjTouch
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Figure 20: Time-frequency analysis of the visual responses from electrode F3aCa2, located in ctx-
lh-posteriorcingulate, for all trials, for object 1 (prehension grip). The tasks were aligned with
ObjTouch
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Figure 22: Time-frequency analysis of the visual responses from electrode F3aCa6, located in the
Left-Cerebral-White-Matter, for all trials, for object 1 (prehension grip). The tasks were aligned

with ObjTouch
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with ObjTouch

Seconds

F3aCa8 : Con2 : Obj1 -
Trial 3 Trial 4

. pt ‘ . -
: W
0 o 1 2 -2 2

40 1
Trial 10
"

2

40 1 2

o

Trial 12 Trial 14 Tnal 15
v -
0
05
1
0
Trlal 18 AVG AIITrIils 1
: H " X 05
)
0o 2
-0 S
g 0. 05
15100 1
2 1 0 1 2
Seconds

Figure 24: Time-frequency analysis of the visual responses from electrode F3aCa8, located in the
Left-Cerebral-White-Matter, for all trials, for object 1 (prehension grip). The tasks were aligned
with ObjTouch
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