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Movement-Related Characteristics of Mirror Neuron
Activity in Humans and Monkeys

Abstract. Mirror neurons may play an important role in commu-
nication. Nevertheless, this topic hasn’t been studied rigorously in
humans using intracranial techniques.
In this project, power modulations of LFPs (local field potentials)
recorded from monkey motor area F5 were analyzed with regard to
characteristic patterns during a grasping task. These characteristics
were compared to the visual responses recorded during observation of
the same task. Three important frequency ranges could be identified:
(1) 40Hz to 60Hz: power increase related to movement. (2) 15Hz
to 25Hz: power decrease related to movement preparation, execu-
tion, and suppression. (3) 0.1Hz to 8Hz: power increase related to
movement and other processes. All of these patterns were observed
in the visual responses as well. However, the different grip types
could not always be distinguished with statistical significance.
In order to ascertain if the monkey serves as a good model for hu-
mans, the same experiment was repeated with an epilepsy patient us-
ing SEEG (stereoelectroencephalography). Some characteristics were
similar in human and monkey responses, but there were also differ-
ences. The main limitation here is the fact that the patient was
recovering from a brain surgery and therefore was not in the best
condition to perform the experiment. Nevertheless, a first impres-
sion of the comparison between human and monkey mirror systems
could be made.

1 Introduction
This Master’s thesis is part of a bigger project
carried out by Dr. Antonino Casile1 and
Dr. Gabriel Kreiman2. Its aim is to give
insight into the neural mechanisms that allow
us to perceive and understand the actions of
others, which is crucial in order to engage in
social interactions.

Observing others’ actions evokes some ac-
tivity in the motor areas, but it is still under

1Center for Translational Neurophysiology, Instituto
Italiano di Tecnologia, Ferrara, Italy

2Department of Ophthalmology, Boston Children’s
Hospital, Harvard Medical School, Boston, USA

debate which information is encoded [1]. Pre-
sumably, many different processes take place
at the same time in different regions, there-
fore, in order to dissolve the mechanisms, high
resolution recordings are required. However,
when conducting experiments with humans, of-
ten non-invasive techniques are used to record
the brain activity because recordings from inva-
sive electrodes in the human brain are always
restricted for ethical reasons. Non-invasive tech-
niques are much simpler to use and more sub-
jects are available, but they obviously lack in
precision and it is difficult to distinguish simul-
taneously occurring processes. One possibility
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is to carry out such experiments with monkeys
using invasive techniques, but it still remains
unclear if the findings of these experiments can
be generalized to humans.

In view of this situation, two goals were set:

1. Investigation of action perception at dif-
ferent levels (intention, goal, kinematics)

2. Quantitative comparison of action per-
ception mechanism between humans and
monkeys

The hypothesis of the first aim is that the
visual responses of the motor cortex encode
observed actions simultaneously along several
dimensions and levels of description [2]. To
test this, three experiments were designed that
allow to decode the responses of actions at dif-
ferent levels. The experiments are based on
a go/nogo paradigm. In the motor condi-
tion, participants (monkeys or humans) are
cued a grip type (power, precision, or prehen-
sion), after which they have to wait for a second
cue that requires them to perform the action
(go) or keep it back and wait for the next trial
(nogo). In the visual condition, they have to
observe the experimenter doing the same task.
Depending on the level of perception that is to
be investigated, different variations are possi-
ble. In this Master’s thesis, motor and visual
responses at the goal level are studied and it
will be investigated if the immediate goal of ob-
served actions can be decoded from the visual
responses both before and after motion onset.
It is hypothesized that this is the case.

For the second aim, the same experimen-
tal protocol will be performed on both human
(ECoG or SEEG) and monkey (population re-
sponses and LFPs) participants. This will allow
a direct comparison between humans and mon-
keys regarding neuronal responses and mecha-
nisms of action perception. In addition, it will
be possible to test the assumption that activity
in the F5 areas in macaques provides a good
model for human action perception.

My contribution to this project will be, in
a first part, to analyze the motor responses
recorded in monkeys and look out for character-
istics specific for frequency bands during move-
ment execution, preparation, and suppression.

These characteristics will then be compared to
visual responses in monkeys and humans, at
different levels of depth in the motor cortex.

To do so, I will, in a second part, run the ex-
periment with patients at the Boston Children’s
Hospital. It is crucial that the experiment car-
ried out on human subjects follows the same
protocol as it was done on monkeys.

To summarize, the questions that will be
explored in this part of the project are: which
modulations in the neuronal responses of the
motor cortex are characteristic for movement
execution, preparation, and suppression? Are
they present not only in motor responses, but
also in visual responses? Is the intermediate
goal of the action (i. e. the grip type) encoded
in visual responses? And lastly, are these char-
acteristics preserved between monkeys and hu-
mans?

2 Theoretical Background

2.1 Mirror neurons

When we execute an action, certain areas in
our brains are active. It has been discovered—
originally in the monkey premotor cortex—that
groups of neurons also react when the same
or a similar action is observed [3–5]. It has
been shown that observed actions generalize to
species (e. g. a monkey who observes a monkey
as well as a human) [6, 7], perspective (first
or third person) [6] or distance [7]. Neverthe-
less, humans are able to distinguish between
movements even if these are alike with the ex-
ception of minor differences [8–13]. To name
a few examples, point lights attached to the
shoulder, elbows, wrists, hip, knees, and an-
kles allow the distinction of female and male
walkers to 70%, and any of these clues seem
to be sufficient [8]. According to Johansson,
“adequate” combinations of five to ten elements
provide enough clues to identify human mo-
tion [9]. In social interactions, as Becchio et al.
found, movements depend on the intention of
both communication partners, not only on the
intention of the person carrying out the mo-
tion. As the kinematics of one partner adapt
to the kinematics of the other, it could be that
the partners perceive a behavior and perform it
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themselves (that is, a form of mimicry) [10]. Ac-
cording to Barraclough et al., prior experiences
have a great influence on action understanding.
They showed that endured exposure to visual
stimuli resulted in an adaption of the subject’s
own kinematic to hand grasping motion pre-
sented in a movie [13].

What are mirror neurons good for? Imita-
tion seems to be a very intuitive functionality of
mirror neurons, however, some researchers be-
lieve that “true imitation” (not only repeating
what is seen but fully understanding the inten-
tion and purpose of the action [14]) can only be
done by humans and apes [15], so there must
be another, older function of mirror neurons.

This other function could be action under-
standing. When we see someone else doing an
action, it’s almost as if we were doing the action
by ourselves: the involved neurons are activated
in our cortex, and since we know the outcome
of those neurons if they are activated, we un-
derstand what the other person is doing [16].
There is evidence that this is indeed the case:
it has been shown that some mirror neurons
become also active when the monkeys hear a
sound that they associate with the action (they
understand the action but don’t see it) [17], so
the activity of those mirror neurons was trig-
gered by the meaning and not by the visual
features of the observed action.

In humans, mirror neuron activity usually
cannot be recorded at single neuron level, but
there are a number of studies that recorded
brain activity using non-invasive techniques
like EEG (electroencephalography) or MEG
(magnetoencephalography) or invasive tech-
niques like ECoG (electrocorticography) or
SEEG (stereo EEG), or stimulated the ner-
vous system using TMS (transcranial magnetic
stimulation). Already in 1954, Gastaut and
Bert found, using EEG, a decrease in power
in lower frequency bands not only when the
subjects executed an action but also when
they observed it [18]. In the decades following
this experiment, studies showed that a mirror
neuron system is present in humans; and that
it is also activated by meaningless movements
and encodes not only actions but also the move-
ments that form the action, which does not
happen in monkeys [19–21]. If the hypothesis

that only humans can perform “true imitation”
holds, these two properties must be crucial for
humans to imitate each other.

2.2 Brain Activity in Specific Fre-
quency Bands

Electrical activity in the brain can be analyzed
by calculating the power spectral density in
frequency bands [22], where most of the infor-
mation is usually contained in lower frequency
bands [23, 24]. Low-frequency bands are tra-
ditionally denominated by Greek letters [25]
and have different amplitudes [26–28]. The ex-
act definitions are non-uniform in the literature,
but for instance Logothetis defines them as such:
delta: 0Hz to 4Hz; theta: 4Hz to 8Hz; alpha:
8Hz to 12Hz; beta: 12Hz to 24Hz; gamma:
24Hz to 40Hz or 24Hz to 80Hz [29]. Depend-
ing on the frequency band, different neuronal
events can be observed [29, 30].

The power in the gamma band increases in
the primary motor cortex during motor tasks
like reaching [31], reaction-time tasks [32], vol-
untary muscle contractions [33], or abductions
and flexions of different body parts (where peak
frequency and bandwidth change with limbs)
[34]. Gamma activity correlates with specific
cortical functions and behaviors like finger posi-
tion during slow grasping [35], flexion [36] and
other [37] movements as well as with arm [38,
39] and shoulder [39] movements and 2D joy-
stick movements [40]. Generally speaking, in
ECoG signals, gamma activity is broadband.
Several possible explanations have been pro-
posed for this phenomenon: the phases and
frequencies of gamma activity may vary over
time, or since each electrode records the aver-
age of several neurons, the activities originating
from these neurons might all have different fre-
quencies [41].

The above examples point out the impor-
tance of gamma band activity, but also other
frequency bands carry information. The ampli-
tudes in the alpha and beta bands often change
when motion is executed or imagined [33, 42].
For reaching tasks, power decreases were found
in alpha and beta bands [31, 41]. This alpha
and beta suppression often occurs at the same
time as gamma band responses for motor tasks
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[33] as well as perception [43]. Beta event-
related desynchronization before motion onset,
that is in the preparation of movement, was
found in the supplementary motor area [41, 44].
Besides that, not only gamma powers increase
during cognitive processes but also theta pow-
ers: theta oscillations with high amplitude have
been observed in the whole human brain during
perceptual and cognitive processes [45]. It can
therefore be concluded that gamma and theta
oscillations interact with each other. Indeed,
the phase of lower frequencies, like theta, alpha
and beta bands, was found to modulate fast
gamma oscillation powers [46–50], a relation-
ship that may allow the coordination of fast
processes like movements with slower processes
like perception, cognition, and action [47].

Predicting movements out of brain activity
can have applications in brain computer inter-
faces, see for examples the works by Acharya
et al. [35], Kubánek et al. [36], Miller et al.
[37], Pistohl et al. [38], Schalk et al. [39], or
Leuthardt et al. [40].

2.3 Cortical Layers

Motor control is, amongst other higher-order
brain functions, processed in the neocortex,
which is organized into six horizontal layers
[51]. Signals from the environment have to be
translated to the brain’s internal representation
of the information, which is done in different
cortical layers [52]. Both sensory input and
prior knowledge of the world are necessary to
create an internal representation [53]. Accord-
ing to a common view, each area in the cortex
is responsible for specific computations to pro-
cess the sensory input. To communicate and
to eventually “agree” on a representation, feed-
forward projections signal and transform sen-
sory inputs [54, 55] and generate a “hypothesis”,
which, in turn, is compared to and constrained
by feedback-derived “priors”, that is, learned
representations of the environment [56]. Feed-
back processing can then lead to a prediction
of the environment [54, 55]. The hypothesis is
based on the prior knowledge but, at the same
time, is set by sensory input. Therefore, there
is no start and no end of information flow [57].
Every area can develop one or more hypotheses

without being influenced by its neighbors only
[52].

Feedback and feedforward inputs are initi-
ated and terminated in different cortical lay-
ers: feedforward pathways originate from lay-
ers I to III (most superficial layers) and go to
layer IV, whereas feedback inputs originate in
the lower two layers and avoid layer IV as target
[52] and they have distinct oscillatory rhythms.
Examples for the visual cortex: low (≈ 4Hz
and higher (60Hz to 80Hz) frequency synchro-
nization is associated with feedforward input,
whereas mid-range (14Hz to 18Hz synchroniza-
tion is associated with feedback input [58]; lower
(5Hz to 15Hz) frequency synchronization is as-
sociated with feedback input, whereas higher
(40Hz to 90Hz [59]) frequency synchronization
is associated with feedforward input. It has also
been shown that in deep layers, synchroniza-
tion rather occurs in lower frequency ranges,
while more superficial layers rather synchronize
in higher frequencies [60–63]. Since feedback
processes seem to originate in the deeper lay-
ers and feedforward processes in the more su-
perficial layers, this also gives evidence that
feedback processes use lower frequencies and
feedforward processes use higher frequencies.
Most of these examples were studied in the
visual cortex, but internal processing in the
motor cortex has shown to be similar to other
cortical areas [64].

Coding the information in different fre-
quency ranges allows the brain to ponder sen-
sory input with internal information, depending
on the situation, because the two types of in-
formation can be passed along independently
[52]. The given distribution of frequencies—
feedforward: rather high frequencies, feedback:
rather low frequencies—intuitively seems to
make sense: the environment can change fast,
processing sensory input has to be done at a
high rate. However, previously learned pri-
ors are generally more stable and should not
be influenced from environmental changes as
quickly.
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3 Monkey LFP

3.1 Background

Local Field Potentials (LFPs). In the
monkey, the electric potential was measured
with small electrodes in the brain and it is re-
ferred to as a local field potential (LFP). LFPs
contain information about deeper location in
the brain than, for example, ECoG, which
records activity on or close to the cortical sur-
face [65], but are spatially less specific and have
a lower selectivity for stimuli than neuronal
spiking activity (MUA) [66]. Briffaud et al.
found that high amplitude waves of the LFP
signal correlate with single-cell recordings [67].
Sometimes the precision of LFPs is comparable
to or even surpassing single-cell precision [68,
69].

To analyze the filtered, noise-less LFP sig-
nals, a spectrogram can be helpful to determine
LFP frequency, amplitude and other character-
istics [24]. Supposedly, only a few (low) fre-
quency ranges are informative [23, 30, 70, 71]
(see Section 2.2 for more).

3.2 Materials and Methods

3.2.1 Data Collection

The data has been collected by Dr. Antonino
Casile3 at Harvard Medical School (Department
of Neurobiology, Boston, MA, USA). The data
used in this work was recorded from an adult
male rhesus monkey (Marcaca mulatta) weigh-
ing 9.8 kg with two multi-site linear electrodes
(V-Probe, 16 channels each, 150 µm spacing be-
tween the channels, Plexon Inc., Dallas, TX,
USA) in the motor cortex (F5 area). The two
electrodes were placed

√
2mm apart.

3.2.2 Task

The monkey was trained to perform the same
motor task as described in Section 4.2.2, only
that the board had smaller dimensions (prehen-
sion: a thin circular plate with diameter 3.5 cm
and height 1.2 cm; precision: a rectangular
plate with side lengths 0.5 cm×0.8 cm×0.5 cm;

3Currently: Center for Translational Neurophysiol-
ogy, Instituto Italiano di Tecnologia, Ferrara, Italy

power grip: cylinder with diameter 4 cm and
height 2.5 cm, see (Caggiano et al., 2015) [6]).

For the visual task, the experimenter exe-
cuted the motor task in front of the monkey.
The monkey could see the cue lights that de-
termined the object to grab and could hear the
sound that determined the go/nogo condi-
tion. It has been found that the most impor-
tant features to attract the initial attention of
the monkey was the experimenter’s face or the
goal object [72], so the trial was started when
the monkey was gazing at one of those features.
The monkey did not move during the trials.

In both the motor and the visual task, the
time stamps of important events (turning on
and off the cue and the sound, lifting the arm,
touching the object, putting the arm back to
the resting plate, and the reward at the end
of a successful trial) were recorded along with
neuronal signals to allow an alignment of the
events with the neuronal activity.

3.2.3 Data Analysis

The data was analyzed with custom scripts
written in Matlab (Mathworks, Natick, MA,
USA, version R2018b) using the Chronux tool-
box [73]. Signals were recorded at a sampling
rate of 30 kHz. They were bandpass-filtered
(second-order bandpass filter with passband
0.1Hz to 100Hz) and notch-filtered at fre-
quency 60Hz. For each trial and channel, the
signal was aligned with a certain event (usually
with the cue for nogo trials, with the hand-
object contact for motor go trials and with
the arm lift for visual go trials) and a large
interval of up to 7 s before and 6 s after the
event was extracted. Only correct trials were
included. Abnormally distributed trials (trials
where the kurtosis differed more than two stan-
dard deviations from the mean kurtosis over
all trials) and outliners (trials where the mean
absolute value differed more than two standard
deviations from the absolute mean over all
trials) were rejected. Table 1 and Table 2 show
the number of remaining trials used for further
analysis.

Time-frequency analysis. A multi-taper
time-frequency spectrum with 5 tapers, a time-
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Motor go nogo
Prehension E2: 14 to 15, E3: 14 to 15 E2: 12 to 13, E3: 12 to 13
Precision E2: 21 to 22, E3: 21 to 24 E2: 16, E3: 15 to 16
Power E2: 14 to 15, E3: 16 E2: 17 to 18, E3: 18 to 19
All E2: 50 to 53, E3: 51 to 53 E2: 45 to 46, E3: 44 to 46

Table 1: Number of trials in the motor task that remained after removal of artifacts, depending
on the channel.

Visual go nogo
Prehension E2: 24 to 27, E3: 24 to 28 E2: 17 to 19, E3: 16 to 18
Precision E2: 22, E3: 20 to 22 E2: 23, E3: 22 to 23
Power E2: 20 to 22, E3: 20 to 23 E2: 22 to 24, E3: 22 to 24
All E2: 66 to 70, E3: 63 to 70 E2: 67, E3: 64 to 67

Table 2: Number of trials in the visual task that remained after removal of artifacts, depending
on the channel.

bandwith product of 3, a window size of 0.75 s
and a step size of 0.075 s was computed and con-
verted to decibel. For each trial, the baseline
was subtracted. The baseline was defined as
the average over time in the interval of 0.6 s to
0.1 s before the cue. For each spectrogram, the
average over trials was calculated and plotted.

There were two electrodes with 16 chan-
nels each and four experimental conditions (go
trials and nogo trials, and motor and visual
responses, which gives four combinations). All
channels and conditions were analyzed sepa-
rately. In the first part of the analysis, the
average of all three grip types was taken, in
the second part the grip types were treated
separately as well.

In order to emphasize certain observations,
the average power in a mid-frequency range
(15Hz to 25Hz) and in a high-frequency range
(40Hz to 60Hz) was taken and plotted against
time for all four conditions (for a representative
example channel).

Average power vs. channel depth. To
quantify the results, the sum of the power in
interesting frequency (0.1Hz to 8Hz, 15Hz to
25Hz, and 40Hz to 60Hz) and time ranges
(500ms after the cue and the go signal and
around touch and release of the object) was
taken and plotted against the channels of each
electrode, where channel 1 was the most super-
ficial and channel 16 the deepest channel.

The Pearson correlation coefficient was cal-
culated and, in case of a significant correlation
at level α = 0.05, the regression line was com-
puted and plotted as well.

Distinction score vs. channel depth. To
estimate the effect of channel depth on the abil-
ity to distinguish between grip types, the av-
erage power in a time-frequency rectangle was
taken for each condition, electrode and channel,
which resulted in a value for each trial. For
a certain experimental condition and channel,
this “trial vector” of one grip type was compared
to another grip type using Student’s unpaired
t-test at significance level α = 0.05. Given that
there are three grip types, there are three pos-
sible combinations of grip types. The number
of positive t-tests assigns a “distinction score”
to each experimental condition and electrode.

To estimate the linear correlation between
the distinction score and the depth of a chan-
nel, the Pearson correlation coefficient was com-
puted as well as the statistical significance at
level α = 0.05.

3.3 Results

3.3.1 All Trials

Time-frequency analysis. As a first step,
the temporal evolution of the power of the LFPs
from two electrodes (16 recording sites each)
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(a) Electrode 2, go trials. (b) Electrode 3, go trials.

(c) Electrode 2, nogo trials. (d) Electrode 3, nogo trials.

Figure 1: Time-frequency analyses of the motor responses from every channel on the two
electrodes, go and nogo trials. Average of all trials without distinction between the grip types.
The plots on the top left of each panel correspond to the most superficial channel, plots on the
bottom right to the deepest channel. nogo trials were aligned with CueOn and go trials were
aligned with ObjTouch (time t = 0 s). The vertical black lines correspond to the average time of
the occurrence of the events in the order: CueOn, GoSignal, ArmLift, ObjTouch, ObjRelease,
RewardUp, the black shade being the standard deviation. For nogo trials, the events from
ArmLift to ObjRelease are virtual.

in the motor cortex of a monkey (F5) during
the execution of a grasping task (motor task)
or the observation of the same task (visual
task) was investigated in order to develop a
feeling which frequency bands encode impor-
tant information with respect to reaching and
grasping movements, as well as the preparation
and suppression of them. To give an overview
over the different channels and electrodes in
both conditions, power spectra of the LFPs
were calculated by a multitaper time–frequency
analysis. Fig. 1 shows the modulation from
the baseline, which was defined as the interval
from 600ms to 100ms before the cue, for both
electrodes and both conditions with increasing
depth (with the most superficial channel on the
top left). The vertical black lines correspond to

the average time across trials (with standard de-
viation) of the events as the experiment enrolled
(see caption). For nogo trials, the events from
ArmLift to ObjRelease did not take place and
the vertical lines correspond to an estimation
of the times at which the movement might have
been carried out in the case of a go trial. Time
t = 0 corresponds to ObjTouch in go trials and
to CueOn in nogo trials.

The execution and preparation of an action
seems to result in at least three noticeable
changes with respect to the baseline. In a
low-frequency range (0.1Hz to 8Hz), power
increases can be observed at different events,
which seems to be dependent on conditions
and electrode depth. For go trials, the power
increase starts at CueOn and intensifies at
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ObjTouch and RewardUp. In the deeper chan-
nels of electrode 2 (Fig. 1a), RewardUp seems to
become more important, whereas on electrode 3
(Fig. 1b), the power becomes stronger in the
most superficial and deepest channels during
the movement period. In nogo trials (Fig. 1c
and 1d), the power is a little higher at CueOn
and RewardUp but gets close to baseline level
during the virtual movement period.

In a mid-frequency range (15Hz to 25Hz),
there is a prominent negative band right after
the cue is turned on, which is interrupted in
the nogo trials (Fig. 1c and 1d), this time be-
tween CueOn and GoSignal, and it reappears
at the estimated moment at which ObjTouch
would have taken place in go trials (virtual
ObjTouch). Fig. 2 shows the average power in
the frequency band in question as the trial en-
rolled, recorded from one representative channel
(third most superficial on electrode 2). go trials
(blue, lower x-axis) were aligned with ObjTouch
and nogo trials (red, upper x-axis) with CueOn.
It can be seen that in nogo trials, the power
in this range drops right after CueOn, rises back
to baseline level and beyond, before it starts
to drop again between CueOn (left vertical line)
and virtual ObjTouch (around GoSignal). At
virtual ObjTouch (right vertical line), it is at
about the same level as the go trials. Given the
high variance across trials, these observations
might not be statistically significant, but there
is a clear tendency.

In a high-frequency range (40Hz to 60Hz),
an increase in power occurs after ArmLift for
electrode 2 in the nogo trials (Fig. 1a). This
is more clear when taking the average power in
this frequency range: in Fig. 3, we can see that
the power (again from the third most superfi-
cial on electrode 2) in particular reaches a local
maximum when the object is touched (middle
vertical line), drops a little while the object is
touched and rises again to an even higher level
shortly before the object is released (right ver-
tical line). Note that the interesting part of the
trial ended in average approximately 280ms
after ObjRelease. The increase in power af-
ter ObjRelease is probably due to the reward
the monkey was given and other movement,
which is not relevant. The increase at (virtual)
ObjTouch is not present in the nogo trials (see

also Fig. 1c). Electrode 3 doesn’t seem to have
this prominent patch either (Fig. 1b), but when
comparing to the nogo trials (Fig. 1d), it can
be seen that here, the power rather shifts to
negative for some frequencies and not to the
positive.

With increasing depth, these features have
a tendency to become less prominent, that is,
the power modulation is closer to zero for most
features in the deeper channels, with exception
of the red low-frequency band (especially for
electrode 3 and nogo trials).

Fig. 4 shows the same plots for the visual
responses. Here, the go trials are aligned with
the ArmLift event. Comparing the motor re-
sponses to the visual responses, it can be no-
ticed that generally speaking, the modulations
of the power from the baseline are weaker. Nev-
ertheless, the same features can be detected.

In the low-frequency band, the increases in
power often already occur at ArmLift and the

Figure 2: Average power recorded by the third
most superficial channel of electrode 2 in the
frequency band 15Hz to 25Hz with respect to
the baseline for motor and visual responses.
go trials are aligned at ObjTouch (blue, time
line: lower x-axis), nogo trials are aligned at
CueOn (red, time line: upper x-axis). The ver-
tical lines from left are: (dashed) visual CueOn,
(solid) motor CueOn, (dotted) motor and visual
ObjTouch, (solid) motor ObjTouch, (dashed)
visual ObjTouch, all mean values and with re-
spect to the go trials.
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decreases between ObjTouch and ObjRelease
are more outstanding (Fig. 4a and 4b). For elec-
trode 2, there seems to be a shift from ArmLift
to ObjTouch in the deeper channels for the first
considerable power increase. In nogo trials
however, the red band disappeared, instead,
there are even power decreases starting around
GoSignal (Fig. 4c and 4d).

In the mid-frequency band, the negative
modulation also occurs in go trials, but only
at ArmLift when the monkey’s attention was
caught by the movement (Fig. 4a and 4b),
whereas in the motor trials, it already occurred
at CueOn. Fig. 2 clearly shows that the power
in motor and visual trials behaved in a very
similar way (note that the visual trials were
in general executed more slowly, hence the dis-
crepancy in the last plotted second).

In the high-frequency band, the increase in
power after ObjTouch in go trials are not as
clear but still present, especially in the more

Figure 3: Average power recorded by the third
most superficial channel of electrode 2 in the
frequency band 40Hz to 60Hz with respect to
the baseline for motor and visual responses.
go trials are aligned at ObjTouch (blue, time
line: lower x-axis), nogo trials are aligned at
CueOn (red, time line: upper x-axis). The ver-
tical lines from left are: (dashed) visual CueOn,
(solid) motor CueOn, (dotted) motor and visual
ObjTouch, (solid) motor ObjTouch, (dashed)
visual ObjTouch, all mean values and with re-
spect to the go trials.

superficial channels on electrode 2 (Fig. 4a). At
the same time, the higher frequencies are more
similar to the baseline (modulations closer to
zero, sometimes even negative) after ObjTouch
in the go trials, somewhat resembling the
nogo trials of the motor responses (Fig. 1c
and 1d).

When comparing the visual average power
in the high frequency band, it again behaves
in a similar way as the motor responses, only
much weaker and with a delay. This is not only
due to the more slowly executed task because
in the motor response, the maximum is already
reached at ObjTouch, in the visual response
however about one second after the touch. The
second maximum however occurs at the same
event in both conditions.

Summed up Power in Varying Depth In
an attempt to quantify these observations, the
values in the time-frequency plot were summed
up in rectangles of interest (that is, specific
frequency and time ranges). The results were
plotted against electrode depth (where 1 cor-
responds to the most superficial and 16 to the
deepest channel) in Fig. 5 and 6 for motor and
visual responses respectively. Then, the Pear-
son correlation between summed up power and
channel depth was calculated. If it was statisti-
cally significant at α = 0.05, a regression line
was plotted.

The frequency ranges of interest were, as
before, a low-frequency range of 0.1Hz to 8Hz,
a mid-frequency range of 15Hz to 25Hz, and
a high-frequency range of 40Hz to 60Hz. The
time ranges of interest were 500ms around
the events CueOn, GoSignal, ObjTouch, and
ObjRelease.

First, let’s have a look at the motor re-
sponses in Fig. 5. In the mid-frequency range,
the power is the most negative in the most su-
perficial channel and tends towards baseline
level with increasing depth. This is true for
all time ranges and both electrodes in the go
condition, and for all time ranges in the nogo
condition except the 500ms after GoSignal,
where the power recorded with electrode 3 is
negatively correlated with depth, that is, it
becomes more negative at greater depth, and
electrode 2 is not significantly correlated.
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(a) Electrode 2, go trials. (b) Electrode 3, go trials.

(c) Electrode 2, nogo trials. (d) Electrode 3, nogo trials.

Figure 4: Time-frequency analyses of the visual responses from every channel on the two
electrodes, go and nogo trials. Average of all trials without distinction between the grip types.
The plots on the top left of each panel correspond to the most superficial channel, plots on
the bottom right to the deepest channel. nogo trials were aligned with CueOn (time t = 0 s)
and go trials were aligned with ArmLift (time t = 0 s). The vertical black lines correspond
to the average time of the occurrence of the events in the order: CueOn, GoSignal, ArmLift,
ObjTouch, ObjRelease, RewardUp, the black shade being the standard deviation. For nogo
trials, the events from ArmLift to ObjRelease are virtual.

In the high-frequency range, the movement
preparation power (time after CueOn) is posi-
tive and increases with depth in both go trials
and nogo trials. During the movement itself,
the power is positive in the go condition and
rather negative in the nogo condition and has
a tendency to decrease with depth, even though
it is not always a significant correlation.

In the low-frequency range, the positive
power from electrode 2 has a strong tendency to
decrease with depth during the movement pe-
riod. Electrode 3 often behaves in the opposite
way.

For the visual responses in Fig. 6, the re-
sults are less clear. In the mid-frequency range,
the power from electrode 2 also increases to-
wards zero with greater depth in almost all time

ranges of the go condition, electrode 3 however
is either not linearly correlated (for instance in
the time window around ObjTouch, the power
gets close to baseline for the channels in the
middle but is negative for both deep and su-
perficial channels) or the power decreases with
depth. In the nogo condition, the power has a
tendency to increase to baseline with depth dur-
ing the preparation period and has a tendency
to decrease after GoSignal (which of course is
a nogo signal in this case).

In the high-frequency range, almost no sig-
nificant correlations exist, but in the go condi-
tion there is an overall tendency to increasing
power with depth during preparation and de-
creasing power during execution, similar as in
the motor condition. In the nogo condition,
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(a) go trials.

(b) nogo trials.

Figure 5: Summed up power of the motor responses in time and frequency ranges of interest.
The bold lines correspond to the linear regression of the summed up power with electrode
depth (see legend for Pearson correlation coefficient). If there is no line, the correlation was not
significant. 1 is the most superficial, 16 the deepest channel.
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(a) go trials.

(b) nogo trials.

Figure 6: Summed up power of the visual responses in time and frequency ranges of interest.
The bold lines correspond to the linear regression of the summed up power with electrode
depth (see legend for Pearson correlation coefficient). If there is no line, the correlation was not
significant. 1 is the most superficial, 16 the deepest channel.

12



the power always increases with depth (except
after GoSignal), which is different from the
motor condition.

In the low-frequency range, there are only
a few significant correlations too, again with a
tendency to increasing power during movement
preparation and decreasing power during the
movement in both go and nogo condition,
quite similar to the motor condition.

3.3.2 Trials by Grip Types

Time-frequency analysis. The goal of the
next step was to see if and in which frequency
bands the grip type is encoded for different
times as the experiment enrolled. The spectro-
grams in this section were obtained in the same
way as those in the previous section, but this
time, the trials for each grip type were plotted
separately.

As an example, the third most superficial
channel from electrode 2 for both motor and
visual responses is shown in Fig. 7. The red
patches in frequency band 40Hz to 60Hz are
present in all grip types (motor responses,
Fig. 7a) but distinguishable by eye, especially
the precision grip seems to evoke a smaller
increase in power than the other two. The
movement of the arm and fingers seems to
be encoded in this frequency band: in Fig. 8,
the average power between 40Hz and 60Hz
was plotted and it can be seen that the power
increases right at ArmLift (which starts on
average about 260ms before ObjTouch), drops
a little while the monkey was holding the
object and rises again before the object was
untouched, probably when the monkey started
to move the fingers. This figure also shows that
the power increases to a different extent for the
grip types: at ObjTouch, the power rises to the
highest level for prehension grip, followed by
power and precision. The action of releasing
the object however seems to be very similar for
all grip types.

The negative band between frequencies
15Hz to 25Hz is particularly stronger between
CueOn and ArmLift for precision as compared
to prehension and power (Fig. 7a). The infor-
mation encoded here might correspond to the
preparation of the movement, as differences be-

tween grip types are most prominent at CueOn,
and the blue band is interrupted at that time
in the nogo trials.

One can also note that the nogo trials
vary from one grip type to the other as well,
suggesting that the suppression or inhibition
of a motion is considered as “motion” from the
brain.

Similarly, those movement-related features
can be found in the visual responses in Fig. 7b,
to a much smaller scale, but distinguishable
in terms of grip type. It is to notice that the
red patches in frequency band 40Hz to 60Hz
seem to occur later, after ObjTouch, as if the
monkey needed some time to realize it was this
motion. Also, as can be seen more clearly in
the right panel of Fig. 8, power grip is the most
distinguishable from the other two, but the
responses for the three grip types are very close
to each other.

Pearson Correlations. To explore in more
detail how the power is related to electrode
depth, the average power in certain time and
frequency ranges was taken for each trial for
each condition, task, electrode channel, and
grip type. The thusly obtained values were
tested using Student’s unpaired t-test to check
if the hypothesis that the average over trials for
one grip type is the same for another grip type
can be rejected. For every channel, the amount
of rejected t-tests was counted. As there are
three possible combinations, every channel can
score up to three, implying that this channel
would be very good in distinguishing between
grip types. The results are summarized in Ta-
bles 3, 4, 5, and 6, where the distinction score
of the best channel was indicated for motor
and visual and go trials and nogo trials re-
spectively. It is to be noted that in general,
the low-frequency range seem to be the best
to predict the grip type, especially in the mo-
tor condition (Tables 3 and 4). In the visual
condition, nogo trials (Table 6) are in general
better doing better than go trials (Table 5).

Then, the Pearson correlation between this
score and the channel depth was calculated and
the results were plotted in Fig. 9. Statistically
significant correlations at α = 0.05 were marked
with an asterisk.
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(a) Motor responses. (b) Visual responses.

Figure 7: Time-frequency analyses of both the motor and visual responses from the third most
superficial channel on electrode 2, go and nogo trials and the three grip types. Average of all
trials. nogo trials for both tasks were aligned with CueOn, motor go trials were aligned with
ObjTouch and visual go trials were aligned with ArmLift (time t = 0 s). The vertical black lines
correspond to the average time of the occurrence of the events in the order: CueOn, SignalOn,
ArmLift, ObjTouch, ObjRelease, RewardUp, the black shade being the standard deviation. For
nogo trials, the events from ArmLift to ObjRelease are virtual.

Figure 8: Average power recorded by the third most superficial channel of electrode 2 in the
frequency band 40Hz to 60Hz with respect to the baseline for motor (left panel) and visual
(right panel) responses. go trials are aligned at ObjTouch (blue, time line: lower x-axis), nogo
trials are aligned at CueOn (red, time line: upper x-axis). The vertical lines in both panels
correspond to (left) CueOn, (middle) ObjTouch, (right) ObjRelease, all mean values and with
respect to the go trials.
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(a) 500 ms after CueOn. (b) 500 ms after GoSignal.

(c) 500 ms around ObjTouch. (d) 500 ms around ObjRelease.

Figure 9: Pearson correlation coefficient for motor and visual responses between channel depth
and grip type distinction score for different time and frequency ranges. A positive correlation
means that the deeper channels can better distinguish between the grip types, a negative
correlation that the more superficial channels are better in doing so. An asterisk marks
statistically significant correlations (α = 0.05).
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Motor 0.8 to 15 to 40 to
go 10Hz 25Hz 60Hz

CueOn
E2: 3 E2: 1 E2: 1
E3: 2 E3: 0 E3: 2

GoSignal
E2: 3 E2: 0 E2: 0
E3: 1 E3: 0 E3: 2

ObjTouch
E2: 2 E2: 1 E2: 2
E3: 2 E3: 1 E3: 2

ObjRelease
E2: 2 E2: 0 E2: 2
E3: 1 E3: 0 E3: 1

Table 3: Maximum distinction score for motor
responses, go trials.

Motor 0.8 to 15 to 40 to
nogo 10Hz 25Hz 60Hz

CueOn
E2: 2 E2: 2 E2: 2
E3: 2 E3: 1 E3: 2

GoSignal
E2: 1 E2: 1 E2: 1
E3: 1 E3: 1 E3: 1

ObjTouch
E2: 3 E2: 2 E2: 2
E3: 3 E3: 2 E3: 2

ObjRelease
E2: 2 E2: 2 E2: 1
E3: 1 E3: 1 E3: 2

Table 4: Maximum distinction score for motor
responses, nogo trials.

Visual 0.8 to 15 to 40 to
go 10Hz 25Hz 60Hz

CueOn
E2: 0 E2: 0 E2: 0
E3: 0 E3: 0 E3: 1

GoSignal
E2: 0 E2: 0 E2: 1
E3: 0 E3: 1 E3: 2

ObjTouch
E2: 1 E2: 0 E2: 1
E3: 1 E3: 0 E3: 2

ObjRelease
E2: 0 E2: 0 E2: 0
E3: 0 E3: 0 E3: 2

Table 5: Maximum distinction score for visual
responses, go trials.

Visual 0.8 to 15 to 40 to
nogo 10Hz 25Hz 60Hz

CueOn
E2: 2 E2: 1 E2: 0
E3: 2 E3: 1 E3: 2

GoSignal
E2: 1 E2: 1 E2: 0
E3: 2 E3: 0 E3: 2

ObjTouch
E2: 2 E2: 0 E2: 2
E3: 1 E3: 0 E3: 2

ObjRelease
E2: 1 E2: 1 E2: 2
E3: 2 E3: 0 E3: 2

Table 6: Maximum distinction score for visual
responses, nogo trials.

There is only one case where both the motor
and the visual responses lead to a significant
correlation for the same conditions: in elec-
trode 2, for nogo trials in the low-frequency
range after CueOn, we have a positive correla-
tion between the distinction score and channel
depth. For motor responses, there is always
a positive correlation in this frequency band,
except in the nogo trials around ObjTouch
and ObjRelease. For the mid-frequency range,
there are no correlations in the go trials, but
negative correlations in the virtual movement
time span in electrode 2 for the nogo trials
in the motor condition. In the high-frequency
range, almost no significant correlations can be
observed.

3.4 Discussion

3.4.1 Time-Frequency Analysis

In the first part of this project, time-frequency
power spectra in a cued go/nogo paradigm
were analyzed in terms of features specifically
related to reaching and grasping movement.
Characteristic patterns were found in three fre-
quency ranges: 0.1Hz to 8Hz, 15Hz to 25Hz,
and 40Hz to 60Hz.

15Hz to 25Hz power drop is related to
movement preparation and execution,
and is interrupted in nogo trials. It has
been known for a very long time that voluntary
movements and the preparation of them block
oscillations in the motor area in frequency
bands around 15Hz to 25Hz (in the literature,
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this frequency band is referred to as “beta band”
[25] and its exact definition depends on the
authors); the first reference dates back to as
early as 1949 [74]. Numerous studies could
replicate this effect for motor tasks, for exam-
ple [75–78]. A decrease in power relative to
baseline is often considered as an event-related
desynchronization [79]. Khanna and Carmena
suggest that in order to generate patterns that
are specific to preparation and execution of
motions, beta oscillations have to be stopped
[75]. In go/nogo paradigms, this decrease in
beta power could also be observed in nogo
trials [77, 78, 80, 81], that is, even when the
movement was not executed but only cued,
the beta power relative to the baseline became
negative, which is in accord with the present
work.

Kühn et al. showed in their study that in
nogo trials, the beta power decreased after the
nogo signal just like in the go trials, but it
increased back to normal level faster than in
go trials. More precisely, it restored after the
average reaction time in go trials [77]. The
power spectrograms in this work, such as Fig. 1
and 2, also show a recovery of the beta power
to baseline level, though it takes place earlier
and is already back to baseline level before the
go signal (which was signalled by switching off
the white noise at the same time as GoSignal
would have taken place in the case of a go trial).
It has to be noted though that the information
if it was a go or a nogo trial in my task was
already given at CueOn, that is, when the target
was specified. In [77], subjects did only know
if they have to press the button or not at the
go/nogo signal. therefore, in both cases, beta
power seems to increase again some time after
receiving the information of condition nogo,
possibly stopping the preparation of movement
because it was unnecessary. However, in the
present work, the beta power drop reappears
at the approximate time when the participant
would have started the motion in the case of
a nogo trial (ArmLift). It is unclear what
lead to this reappearance. The motor tasks for
time-frequency analyses involving go/nogo
paradigms in previous studies (like [77, 78, 80,
81]) are typically much shorter, including tasks
like pressing a button with the hand already

very close to the target, which can be done so
quickly—in some cases the subjects were even
instructed to do the task as fast as possible—
that it would be difficult to distinguish between
motion onset and offset and there would not
be enough time to investigate changes in power
during motion. Also, in some studies the beta
power drop was present in nogo trials but in
general higher than in the go condition [77, 78],
which could be a similar but less pronounced
temporary beta power recovery effect.

A possible explanation of the power drop
reappearance could be that the participant
imagines the movement even though it is not ex-
ecuted. Lange et al. showed that motor imagery
leads to similar results as actually executing the
motion. In this study, subjects were presented
drawings of hands at different rotations and had
to indicate if it is a right or a left hand, therefore
the subjects imagined to turn the hand. The
time-frequency spectrograms showed the same
beta power drop as those of actual movements
[82]. Therefore, the monkey in the present task
might at first have prepared the movement at
CueOn (beta power drop), stopped the prepa-
ration (beta power back to baseline) but then
he nevertheless imagined the movement he was
not supposed to do (“white bear phenomenon”
[83]).

40Hz to 60Hz power increase is related
to motion and is specific for grip types.
It has been shown many times that power in-
creases in higher frequencies (often referred to
as “gamma band”, usually defined as some band
between 40Hz and 100Hz or higher) occur dur-
ing movement [33, 34, 37, 40, 84–88]. This is in
accord with the results of this work. Further-
more, when looking at individual grip types
separately (see Fig. 3), it can be seen that the
power is strongest at ObjTouch (starts to in-
crease at motion onset), decreases (supposedly
when the fingers are at rest, touching the ob-
ject) and becomes stronger again towards the
end of the motion (strongest at ObjRelease
and starts to increase before). A similar phe-
nomenon was observed in [31], which also was a
self-paced reaching task, in both EEG (non-
invasive electroencephalography) and ECoG
(electrocorticography).
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Power increases again for all conditions (mo-
tor and visual, go and nogo), when the mon-
key received a reward, which happened in all
cases and induced motion as well (e. g. swal-
lowing).

Power increase in gamma bands therefore
seems to be highly associated with motion, as
it was induced with the actual movement of the
arm or the fingers.

Looking at each grip type separately, one
can tell by eye that the different grips evoke
a different pattern (Fig. 7). Indeed, Kubánek
et al. found different activities in the gamma
band for different fingers and finger flexions
and could predict the flexion trace with ECoG
features [36]. There are two possible views on
this. It could be that different movement types
require different efforts and therefore lead to
different power outbursts. Another explanation
could be found when we consider the placement
of the electrodes. Previous studies found that
gamma activity is spatially more focal in the
brain [37, 87], in other words, the information
in the gamma frequencies for a movement type
is more specific to a certain brain area. The
electrode, which keeps its location for all trials,
would record a weaker or more diffused signal
if a certain movement type activates a more
distant brain region than the others. This can
also be the reason why those power increases
seem to be absent in electrode 3, even for the
go trials (Fig. 1b and 4b). The two electrodes
are quite distant from each other (

√
2mm) and

electrode 2 is probably much closer to the task-
relevant brain regions.

Potentially, the actual reason is a combina-
tion of both factors.

0.1Hz to 8Hz seems to be related to
movement and other tasks in various
brain areas. The results in Fig. 1 and 4
show that also the lowest frequency (in the
literature, those bands are often denoted with
delta (around 0Hz to 4Hz and theta (around
4Hz to 8Hz)) seem to be related with move-
ment: the power slightly increases at CueOn
(preparation period) and rises more strongly
and abruptly at ArmLift or ObjTouch. How-
ever, as opposed to the mid-frequency (beta)
decreased power, which was also present in

nogo trials, low-frequency power is less pro-
nounced or even decreased in nogo trials.

In the literature, not many attention has
been paid to lowest-frequency activity in the
motor cortex using invasive EEG. In an MEG
study (the authors claim that the MEG re-
sults are comparable to EEG), low-frequency
(≤ 7Hz) power increase was found in motor
areas during movement [89]. Rickert et al.
recorded increased low-frequency power in
most of their motor cortical electrodes during
a center-out movement when the movement
started [88]. In the sensorimotor area, the
theta band also becomes positive shortly after
motion onset [90, 91] and motion offset [91]
(though in [91] the effects are very weak). All
these findings are in accord with the results of
this work.

Looking at nogo trials, low-frequency
power rose only slightly at CueOn and went
back to baseline level during the movement.
This may suggest that it is involved in alert-
ness (the thought that something has to be
done soon) but not in the movement itself. In
imagined movement, the low-frequency power
even seems to decrease during the trial, sim-
ilar to the beta power [82]. Other studies
observed increased theta activity during virtual
movement [92] in the neocortex and observed
movement from a frontal view also lead to
increased low-frequency power (Fig. 4 in this
work) in the motor cortex. It is difficult to
conclude what the role of lower frequencies in
the motor cortex is, given the very different
behaviors in conditions that lead to comparable
results in other frequency ranges (as discussed
above).

In the motor cortex, Waldert et al. could de-
code hand movement direction best with lowest-
frequency power [89] and Jerbi et al. found a
coupling between activity in lowest-frequency
ranges and hand speed, so theta seems to be
involved in geometrical and kinematic informa-
tion of movements. In other brain areas, in
particular in the hippocampus, theta oscilla-
tions were related to working memory [94–96],
attention, surprise, and reaction to faults and
punishment [97] (comparable to a power in-
crease at CueOn) as well as virtual movement
[92]. Delta oscillations were observed in the
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cortex during sleep (e. g. [98]). As mentioned
above, Ekstrom et al. also observed theta activ-
ity in the neocortex during virtual movement
and they suggest that increased theta power
helps bringing together different brain areas
to execute a task [92]. Indeed, theta oscilla-
tion seems to be present throughout the brain
during cognitive tasks [99].

Another question is why in the visual con-
dition, the moment of low-frequency power
increase differs with electrode depth. In the
more superficial channels, it already rises at
ArmLift, whereas in the deeper channels, it
rises at ObjTouch, like in the motor responses.
Very roughly speaking, more superficial layers
in the neocortex are responsible for feedforward
processes and processing sensory input, and
deeper layers are responsible for feedback pro-
cesses and comparing with previously learned
“facts” [52]. A hypothesis could be that when
we reach out to grasp an object, we mostly fo-
cus on the moment when we touch the object
and not so much on the moment when we lift
the arm and start the movement. When we
observe an action, it is often the first movement
that catches our attention. Getting back to
the experiment, in visual trials, ArmLift is the
event that caught the monkey’s attention, the
most important input form the environment,
whereas ObjTouch is the event that the monkey
had remembered from the motor task, where
ObjTouch was both the input from the envi-
ronment and the “cue action” of the movement.
Clearly, more evidence is needed to support
this theory.

3.4.2 Summed-Up Power

As a next step, the sum of the power in certain
time and frequency ranges of interest was taken
and plotted against channels for each electrode
and condition in order to compare the impact
of electrode depth on the brain activity.

In the literature, not much work has been
done on depth in the motor cortex. In general,
feedforward pathways rather originate in the
superficial cortical layers and feedback path-
ways rather originate in the deeper layers [52].
Now, there are two hypothesis that one could

make when comparing the results at different
depths.

First, activity in superficial channels could
be related with processing sensory input that is
passed along to other brain areas (feedforward).
In the same sense, activity in deeper channels
could be associated with processes that profit
from long-since-stored information (feedback).

Second, since feedforward processes have to
react quickly, we could expect to have high pow-
ers at high frequencies in the more superficial
channels and high powers at low frequencies in
the deeper channels, because feedback signals
are supposed to be more stable.

Considering only the motor responses for
now, let’s first have a look at the mid-frequency
range (15Hz to 25Hz). In superficial chan-
nels, the power is negative and goes towards
baseline level with increasing depth, that is,
that rather superficial layers are responsible
for these oscillations. As we have discussed in
Section 3.4.1, this frequency band is related to
movement preparation because it also occurs
in nogo trials and already at CueOn. There-
fore, preparing movement seems to be a feed-
forward process. On the other hand, the power
in the high-frequency band (40Hz to 60Hz) is
lower for more superficial channels and higher
for the deepest channels. We associated this
frequency band with the actual execution of
actions. Using the same theory about cortical
layers, this activity more seems to be related to
feedback processes. Comparing with the first
of the two hypotheses above, this makes sense:
movement preparation is a reaction to sensory
input, whereas the action execution is a learned
behavior.

For the low-frequency range (0.1Hz to 8Hz),
it is not so clear. Electrode 2 (which is presum-
ably closer to the motor cortex) tends to have
recorded higher powers in the more superfi-
cial channels during motion and the opposite
during preparation. Thus, low-frequency ac-
tivity during motion seems to be associated
with a feedforward process which matches with
the idea that this activity “connects” different
brain areas to execute a task [92]. That elec-
trode 3 sometimes has the opposite behavior
may indicate that it was placed in an area that
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is responsible for something else—or it is just
an artifact.

Differences between motor and visual re-
sponses occur in the mid-frequency range,
which is responsible for movement preparation.
In the nogo condition during the virtual move-
ment period, the summed up power is weaker
than in the go condition for motor responses,
but in both conditions there is a positive cor-
relation, with the power close to baseline in
the deepest channels. In the visual response
however, the power is rather more negative in
deeper layers than in more superficial layers.
An explanation could be that the monkey was
just paying less attention during nogo trials,
because it is obviously not very interesting to
watch somebody doing nothing at all.

Nevertheless, the visual responses are quite
similar in most cases, only that there are less sig-
nificant correlations, that is, more noise. Gener-
ally speaking, this leads to the conclusion that
when observing an action, the same processes
are active—at different levels and at different
points in time as the action enrolls. This prop-
erty is crucial when it comes to really under-
standing or learning the action.

3.4.3 Statistically Relevant Distinction
of Grip Types with Channel Depth

In general, the visual responses are bad
predictors of grip types. In order to exam-
ine the previous observations with statistical
tests, the “distinctions core” (see Materials and
Methods, Section 3.2.3) was determined using
Student’s t-test (α = 0.05). The number of
positive t-tests gives an indication of how well
a frequency and time range might perform in
predicting grip types from the power of the
neuronal data.

Even though differences between the grip
types could be identified by eye when looking
at the averages across trials, given the high
variance between the trials, the differences are
not always significant, as Tables 3, 4, 5, and
6 show. The low-frequency range, which was
identified as being responsible for the motion,
its preparation and many underlying processes,
apparently is the best frequency range to pre-
dict grip types from the motor responses. In

visual responses, high-frequency ranges (respon-
sible for the motion itself) of electrode 3 seem
to be doing even better. It was thought for
electrode 3 that it was placed less close to the
motor cortex than electrode 2.

These findings don’t look very promising
when we attempt to predict grip types from
mirror neuron activity in the motor cortex. A
reason for this bad performance could be the
high variance between the trials. This per-
suades the t-test to rate the grip types as being
the same. Indeed, the nogo trials had the
tendency to have smaller variances (especially
in the relevant time periods after motion onset)
than go trials, and according to the t-tests, the
nogo condition is in general a better predictor
than the go condition. Therefore, efforts have
to be made to find a way to uniform the trials
even more than just by removing the baseline.

Prediction ability depends on electrode
depth in some cases. As a last step in the
analysis, the Pearson correlation (α = 0.05) of
the distinction score with channel depth was
determined.

In the low-frequency range, the motor go
trials (and nogo trials in the movement prepa-
ration period) show a positive correlation be-
tween the distinction score and channel depth.
This means that the deeper channels, the feed-
back processes, tend to have a better score.
Apparently, the different movement types in-
duce different low-frequency feedback processes
in both the preparation and execution period
of go trials. When the movement is suppressed
(nogo trials), these processes no longer seem
to be different for different grip types.

In the mid-frequency range, there are corre-
lations in the nogo trials only, almost always
negative and, except for the time after CueOn,
only for motor responses. A negative correla-
tion means that the more superficial channels
were better in distinguishing grip types. One
could interpret this so that suppressing motion
is more different in feedforward processes.

In the high-frequency ranges, almost no cor-
relations can be seen. The few that are there
are all in the nogo condition. This is not sur-
prising as we saw that in these frequencies, the
distinction score was overally low.
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4 Human SEEG

4.1 Background

Stereoelectroencephalography (SEEG).
The patients considered for this experiment
suffer from a severe form of epilepsy that can-
not be cured other than by surgery (see for
instance Kahane et al., 2003 [100] or Tuxhorn
et al., 2003 [101]). As part of the treatment,
electrodes are implanted into their brains in
order to identify epileptogenic zones (an epilep-
togenic zone is defined as “[t]he area of brain
that is necessary and sufficient for initiating
seizures and whose removal or disconnection
is necessary for abolition of seizures” (Siegel,
2004 [102])).

Different recording methods allow to do
this. Non-invasive methods like scalp electroen-
cephalography (EEG) have the disadvantage
that the signal is blocked by the skull, the skin,
and other tissues due to their high resistance.
Also, only if cortical activity is synchronized
over areas of at least 6 cm2, it can be detected
on the skull [103]. For a higher resolution and
to detect smaller epileptic loci, recording sites
have to be inside of the skull [104].

There are two types of intracranial elec-
trodes: subdural grips (electrocorticography,
ECoG) and depth electrodes (stereoelectroen-
cephalography, SEEG) and the choice depends
on clinical need. Here, depth electrodes were
used. They reduce the surgical trauma [105,
106] and penetrate the brain and can there-
fore also record from deeper brain areas [107],
for instance from the hippocampus [108], the
thalamus [109] or white matter [110]. How-
ever, no continuous areas in the cortex can be
recorded [111]. Therefore, the placement of
the electrodes has to be planned according to
estimations based on non-invasive tests and is
adapted to each patient individually [112, 113].
Nowadays, placements are assisted by surgical
robots [114].

With SEEG, oscillatory activity in low-
frequency as well as in gamma bands can be
detected. As has been described in more detail
in Section 2.2, power increases and decreases
are among other things associated with motor
tasks, so intracranial recordings provide pre-
cious data for analyzing mechanisms taking

place in the brain while executing or observing
an action.

4.2 Materials and Methods

4.2.1 Data Collection

The data was collected from a patient suffering
from intractable pharmaco-resistant epilepsy
(aged 11, male) after obtaining informed con-
sent from his parents. The patient had 17
stereoelectroencephalography (SEEG) elec-
trodes (with 4 to 16 channels each, PMT Cor-
poration, Chanhassen, MN, USA) implanted
for extended clinical monitoring and local-
ization of seizure foci. The locations of the
electrodes were determined by a robot and
were entirely based on the requirements of the
clinical evaluation. One electrode was placed
in the frontal cortex. Only channels 8 to 15 on
this electrode were considered in this work due
to their proximity to the motor cortex.

4.2.2 Task

Figure 10: Picture of the board used for human
experiments. (1) corresponds to prehension
grip, (2) to precision grip, and (3) to power grip.
(4) is the resting hand plate. For dimensions
see text.

Measurements were taken using a tablet
consisting of a 40.8 cm × 40.8 cm × 1.3 cm
Plexiglas plate equipped with four touch sen-
sors (AT42QT1011, SparkFun Electronics, Ni-
wot, CO, USA), and three LED lights (Fig. 10).
Three objects of different sizes and shapes
were placed on the sensors. The touch sensors’
built in 10 nF capacitors (C2) were replaced
with 1 nF capacitors in order to reduce the

21



sensitivity of the sensors, so that the mere
placing of the objects is not enough to trigger
a signal. The different shapes and sizes of the
objects enforce the participants to perform
specific grip types: power grip (1 in Fig. 10,
a cylinder with diameter 6.35 cm and height
3.81 cm), precision grip (2, a rectangular plate
with dimensions 0.76 cm× 1.72 cm× 0.76 cm),
or prehension grip (3, a thin disk with diameter
5.54 cm and height 2.36 cm). The sensors and
the 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
written in GNU Octave (version 4.1.0) using
the Psychophysics toolbox [115].

The motor task was a go/nogo paradigm.
The trial started when the participant placed
their hand on the hand resting plate (4 on
Fig. 10) and waited for the cue, which consisted
of turning on the LED next to the selected ob-
ject of the trial and lasted for 0.5 s (CueOn, this
triggered a digital event and the time stamp
at which the action occurred was stored for
each trial). At the same time, a sound was
played, lasting for 1.5 s to 4 s. In the case of
a nogo trial, the sound was white noise and
the participant was not supposed to move but
keep the hand on the hand resting plate for
a total of 3 s to 4 s after the trial started. In
the case of a go trial, a “beep” sound (a pure
tone of 1 kHz) was played. When the sound
was stopped, the participant was allowed to
start the movement (GoSignal). The next dig-
ital event was when the participant no longer
touched the hand resting plate, reaching out
for the object (ArmLift). Then the partici-
pant grasped the object (ObjTouch), released
it (ObjRelease) and put the hand back to the
hand resting plate (HandBack). All events after
GoSignal were at the participant’s own pacing.
The objects were selected in a pseudorandom
order.

The tablet was placed on a bed table, in
front of the patient who was brought to a semi-
recumbent position in his hospital bed, so that
he could comfortably reach all objects. During
the execution of the motor tasks, the patient
showed signs of difficulties with coordination
as a consequence of the brain surgery he had

Visual go nogo
Prehension 16 to 18 21 to 23
Precision 17 to 20 15 to 18
Power 18 to 21 16 to 18

Table 7: Numbers of trials in the SEEG ex-
periment with a human patient (only visual
condition) that remained after removal of arti-
facts, depending on the channel.

to undergo just a few days before, so the motor
task data was discarded and not used for further
analysis. However, it allowed the patient to
learn the task.

In the second part of the experiment, the
patient was asked to observe the experimenter
executing the task described above. The ex-
perimenter was sitting on the patient’s bedside,
facing him at an angle of about 45◦ from frontal
view, so that he could see the objects as well
as the LED cues and the experimenter’s hand.
The visual task was interrupted after roughly
half of the trials and was, with agreement of
the patient, taken up again with the remaining
trials. The patient showed signs of tiredness
and had to be reminded to keep focus from
time to time.

4.2.3 Data Analysis

The data was collected in EDF (European Data
Format) and converted to a Matlab file (Math-
works, Natick, MA, USA, version R2018b).
Then, time-frequency spectra were obtained
in the same way as described in Section 3.2.3.
Only the electrode through the patient’s motor
cortex was considered. The correctly executed
trials from the two visual sessions were com-
bined and kept for further analysis. The nogo
trials were aligned at CueOn and the go trials
at ObjTouch, and large time windows of 15 s
and 7 s for nogo trials and go trials respec-
tively were epoched. For both conditions and
all three grip types, abnormally distributed
trials and outliners (see Section 3.2.3) were
discarded. The number of remaining trials
was summarized in Table 7. Then, the multi-
taper time-frequency spectrum was calculated
using the Chronux toolbox [73] (5 tapers, time-
bandwidth product of 4, window size of 0.75 s,
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step size of 0.075 s) and converted to decibel.
The baseline, defined as the time span from
600ms to 100ms before CueOn, was subtracted.

To check if the observed differences in the
time-frequency analysis are statistically signif-
icant, the average power in three frequency
ranges (0.1Hz to 8Hz, 10Hz to 20Hz, and
20Hz to 30Hz) and four time ranges (the
500ms after CueOn and GoSignal and around
ObjTouch and ObjRelease) was taken. For
both conditions, the three combinations of grip
pairs were compared using Student’s t-test at
α = 0.05. For all grip types, go and nogo con-
ditions were compared using Student’s t-test
at α = 0.05 as well.

4.3 Results

In order to explore differences between species,
the same experiment was run with a monkey
and a human. Just as for the monkey, a multi-
taper time-frequency analysis was computed for
each condition and each grip type. Only the vi-
sual responses of the patient were used. Fig. 11
shows the modulation from the baseline (de-
fined as 600ms to 100ms before CueOn) at six
recording sites, where the most superficial one
is on the top left. The vertical black lines cor-
respond to the average time across trials (with
standard deviation) of the events as the exper-
iment enrolled. For go trials, time t = 0 cor-
responds to ObjTouch and the events from left
are CueOn, GoSignal, ObjTouch, ObjRelease,
and HandBack. For nogo trials, only CueOn is
plotted (t = 0).

The differences between the grip types are
quite notable in both go trials and nogo
trials, though not all of them are of statisti-
cal significance. Table 8 summarizes the Stu-
dent’s t-significant differences in averaged pow-
ers in a certain frequency and time range at
α = 0.05. In nogo trials, the grip types are
only significantly different in upper channels
after ObjRelease. Also in go trials, the differ-
ences only become significant when the objects
were touched. In the lower frequencies, the
differences are more apparent in the lower chan-
nels, in the higher frequencies, there is only
a difference in the most superficial channel of
those studied. The mid-frequencies were the

same for all grip types, and apparently, only
power could be distinguished from the others,
but prehension and precision were the same.

Especially in the lower half of the channels,
patches of positive power can be detected at
all important events in go power grips (after
CueOn, at motion onset and offset) in a fre-
quency range of about 20Hz to 60Hz (strongest
between 20Hz and 30Hz). For go precision
trials, the activity in this band can only be de-
tected after CueOn. For go prehension, it’s only
at the end of the movement, when the hand
released the object and went back to the resting
plate. After CueOn, the power even becomes
negative. However, a positive power patch can
be observed in the nogo trials at the time when
ObjTouch would have taken place. A similar
phenomenon can be detected in nogo power
trials and even (with some good will) in nogo
precision trials, but much weaker in these two
grip types.

There is also activity in the lowest frequen-
cies (about 0Hz to 10Hz) in go power trials.
For precision, it is interrupted at ObjTouch and
for prehension, it is negative at almost all time.
In nogo trials, this band has a tendency to be
more positive at most (virtual) events, except
for power grips, where it is more negative.

Differences between go and nogo trials
only become Student’s t-significant (α = 0.05)
after motion onset. Table 9 summarizes all
significant differences.

When comparing the human responses to
the monkey visual responses (e. g. Fig. 7b), it
is apparent that the blue beta band (negative
power in 15Hz to 25Hz) is missing. It can only
be guessed in some channels (e. g. Fig. 11a
or 11f) for prehension grips in the go condition.
Generally speaking, more activity can be de-
tected in the upper frequencies for the human
responses than for the monkey’s.

4.4 Discussion

In the final part of this project, time-frequency
power spectra in a cued go/nogo paradigm
with a human (patient) were compared to the
same experiment carried out with a monkey. In
the monkey responses, there were several char-
acteristic patterns in the following frequency
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(a) Channel 15. (b) Channel 14.

(c) Channel 13. (d) Channel 12.

(e) Channel 11. (f) Channel 10.

Figure 11: Time-frequency analyses of the human visual responses from the six electrodes of
interest, go and nogo trials and the three grip types. Average of all trials. The plot on the top
left (11a) corresponds to the most superficial channel, the plot on the bottom right (11f) to the
deepest channel. nogo trials were aligned with CueOn and go trials were aligned with ObjTouch
(time t = 0 s). The vertical black lines correspond to the average time of the occurrence of
the events in the order: CueOn, GoSignal, ObjTouch, ObjRelease, HandBack, the black shade
being the standard deviation. For nogo trials, only CueOn is plotted.
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Condition Frequency Aligned at Time Grip Comb. Channels
go 0.1Hz to 8Hz ObjTouch −250ms to 250ms Preh–Pow 10, 11
go 0.1Hz to 8Hz ObjTouch −250ms to 250ms Prec–Pow 10, 11, 13
go 0.1Hz to 8Hz ObjRelease −250ms to 250ms Preh–Pow 12
go 20Hz to 30Hz ObjTouch −250ms to 250ms Preh–Pow 15
go 20Hz to 30Hz ObjTouch −250ms to 250ms Prec–Pow 15
nogo 10Hz to 20Hz ObjRelease −250ms to 250ms Preh–Pow 13, 14, 15
nogo 10Hz to 20Hz ObjRelease −250ms to 250ms Prec–Pow 13, 14, 15

Table 8: Student’s t-significant differences between grip type combinations (α = 0.05). Preh:
Prehension. Prec: Precison. Pow: Power.

Frequency Aligned at Time Grip Type Channels
0.1Hz to 8Hz ObjTouch −250ms to 250ms Precision 13
0.1Hz to 8Hz ObjTouch −250ms to 250ms Power 11
0.1Hz to 8Hz ObjRelease −250ms to 250ms Power 11, 14
10Hz to 20Hz GoSignal 0ms to 500ms Precision 13, 14, 15
10Hz to 20Hz ObjRelease −250ms to 250ms Power 11, 13, 14, 15
20Hz to 30Hz GoSignal 0ms to 500ms Prehension 15
20Hz to 30Hz ObjTouch −250ms to 250ms Prehension 14, 15
20Hz to 30Hz ObjRelease −250ms to 250ms Power 10, 11, 15

Table 9: Student’s t-significant differences between conditions (α = 0.05).

ranges: low-frequency (0.1Hz to 8Hz), mid-
frequency (15Hz to 25Hz), and high-frequency
(40Hz to 60Hz).

For power grips, the power increased in the
frequency band of 20Hz to 40Hz. This is sim-
ilar to the monkey response, except that for
the monkey, those “patches” didn’t already oc-
cur after CueOn, weren’t present in nogo trials
and occurred in a higher frequency range in
nogo trials. Also, in the other two grip types
of the human responses, those power increases
are only present after CueOn (precision grip)
and after ObjRelease (prehension grip; to a
less extent in precision grip). An increase in
power at motion onset has already been ob-
served in humans [33, 41, 86, 116, 117] but
usually at higher frequencies (around 70Hz to
100Hz). Looking at the results here, there are
also activities in the higher frequencies, but less
specific to events for most conditions and chan-
nels. Also, those patches occur in nogo trials
as well, which was not the case for monkey re-
sponses, in the case of prehension even more
than in nogo trials. Possibly the patient could
imagine the movements better even when they

were not executed, but of course it is difficult
to draw conclusions from only one participant.

The power in the lowest frequency bands
increases at some time points and decreases at
others, depending on the condition and grip
type. In the monkey responses, there was a
tendency for increased power in go trials and
decreased power in nogo trials. There were
differences between the grip types but not to
the extent of those in human responses. In Sec-
tion 3.4.1, we discussed that these frequencies
are associated with many different mechanisms
in the brain. Possibly, when the patient was
struggling to stay awake or distracted, many
different processes were going on, and the dif-
ferences between the grip types are not so much
due to the different movements itself but to the
different circumstances in each trial.

It is very interesting to notice that the neg-
ative power in the mid-frequency range, which
was omnipresent in the monkey trials, is miss-
ing in the human trials. This frequency range
has been associated with movement preparation
and execution (see Section 3.4.1) and could also
be seen in the monkey’s visual responses. It
is unclear why this usually so prominent band
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is missing. In the literature, several studies
have shown this feature while human subjects
executed a movement in non-invasive [116, 118]
as well as in invasive [41, 86] measurements, so
the negative beta band is not only present in
monkeys. Not many studies however have been
carried out with respect to action observation.
Southgate et al. did an experiment where they
compared the EEG responses of infants who
had to grasp for objects and observe adults
doing the same movement. In this case, the
negative beta band was very prominent during
the execution but not so much during the ob-
servation. Unlike the results of this work, the
power never became positive [118].

Comparing the responses at different chan-
nels, that is, varying depth, it can be noticed
that the patterns are in general consistent but
are more focused in the intermediate channels
(especially channels 11, Fig. 11e). This could
indicate that the channels with the most fo-
cused responses were the closest to the motor
cortex.

When looking at these results, one has to
keep in mind that the data was recorded from
only one, very young patient who was recover-
ing from a brain surgery he had had two days
before. His coordination ability was limited and
he had to be reminded to keep focus as he was
under the influence of medication. At the same
time, visitors were sitting around his bed and
there were many sources of distraction. Clearly,
more data from patients have to be collected to
exclude differences only due to different circum-
stances and to elaborate the actual differences
between humans and monkeys more.

5 Conclusion
In this Master’s thesis, movement-specific char-
acteristics of electrophysiological signals in a
monkey motor area F5 during different grasp-
ing movements were identified. The characteris-
tics of movement execution, movement prepara-
tion, and movement suppression were compared.
Three frequency bands of special interest could
be described: the movement itself seems to be
encoded in 40Hz to 60Hz (often called “gamma
band”), which results in positive power bursts
when the fingers are moved. The preparation

of the movement and the execution could be
observed in 15Hz to 25Hz (the “beta band”) as
negative power in go and nogo conditions. In
the lowest frequencies up to 8Hz (“delta/theta
band”), event-related power modulations occur.
All of these characteristics occur not only in
the motor responses but also in the visual re-
sponses, even the power modulations in the
higher frequencies which were absent in nogo
trials. This implies that observing an action
activates the same processes in the monkey mo-
tor cortex as executing it. The visual responses
to the different grip types however were only
significantly different in rare cases. This does
nevertheless not mean that the intermediate
goal of an observed action is not encoded in
motor area F5, but that ways have to be found
in order to reduce the variability between trials
in the same condition.

Thanks to the electrodes that were used for
the LFP recordings, which allowed to measure
simultaneously at different sites, brain activ-
ity in the cortex could also be studied with
regard to depth. With increasing depth, activ-
ity (positive or negative power) increased for
processes related to feedback mechanisms and
decreased for processes related to feedforward
mechanisms. This approach provides an inter-
esting field to study the function of different
cortical layers.

In a second part, the same experiment was
run with a patient of the Boston Children’s
Hospital. Even though the analysis was diffi-
cult due to the patient’s condition during the
experiment, at least in the power grip the same
high-frequency characteristics could be detected
in the visual responses, even though it occurred
earlier and in lower frequencies. Also, the beta
band power decrease was missing in all condi-
tions and the activity of the lowest frequencies
was inconsistent between conditions. This could
not be explained with the literature.

Therefore, more data has to be collected
from humans in order to conclude if these dif-
ferences are an exception or if there is a trend
specific to this task.

This project gave a first insight in action
decoding of visual responses. In the future,
algorithms to precisely decode actions from vi-
sual responses could become very promising in
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the field of brain machine interfaces and robot
control by action observation. In addition to
that, it can give insight into how we under-
stand each other in social interactions. In this
manner, new ways to treat disorders that affect
communication skills (e. g. autism) could be
developed.

Also, a first step was taken for the direct
comparison between monkeys and humans. The
experimental equipment was finalized and we
are ready to continue measurements with pa-
tients. The first available data show that more
subjects are needed to draw valid conclusions
in order to answer the question if and in which
cases monkeys serve as a good model for hu-
mans, and which brain areas serve as homo-
logues.
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