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The Action Observation Network (AON) is a large-scale brain network that supports the perceptual encoding and
recognition of actions performed by others. The identification of the nodes of the human AON has been clarified
over the past 30 years thanks to the high spatial resolution of neuroimaging techniques. The temporal dynamics
underpinning their activations is in contrast still unsettled, because of methodological constraints. Here we
investigate the timing of the AON components by intracranially recording gamma-band oscillations from 23
drug-resistant epileptic patients during the observation, and execution, of naturalistic, complex actions
(including reaching, grasping, and object manipulation). Our analysis enabled us to decompose the AON into 10
distinct spatio-temporal clusters, five of which are composed of multiple cortical territories that are synergisti-
cally activated. The resulting four-dimensional representation of the AON, examined alongside its counterpart
during the execution of the same action, highlights the specific functions fulfilled by each territory, dis-
tinguishing regions that process lower-order visual aspects from those that mirror specific aspects of the action.
These include two spatio-temporal clusters located in dorsal and ventral fronto-parieto-temporal territories,
specifically encoding the reaching phase (dorsal) and the object-contact phase (ventral). A third cluster, confined
to the posterior perisylvian region, is associated with object manipulation. Overall, our work brings out the
overlooked temporal details of the AON in humans and assesses their relationship with the execution of a real-
time full-fledged action, spotlighting the importance of a fourth dimension in investigating the motor system.

1. Introduction

Between 1992 and 1996, the Neuroscience team of the University of
Parma identified in the monkey premotor area F5 the mirror neurons, a
class of motor neurons responding not only to action execution but also
to the observation of others actions in the absence of any overt move-
ment of the monkey (Di Pellegrino et al. 1992; Gallese et al. 1996;
Rizzolatti et al. 1996). Since that discovery, a massive body of literature

has documented that multiple fronto-parietal regions of the human
brain are endowed with mirror properties (Rizzolatti et al., 2014),
composing, together with temporal regions, the rich cortical network
responsive to action observation (Action Observation Network, AON),
whose topography has been repeatedly investigated by neuroimaging
meta-analyses (Caspers et al. 2010; Hardwick et al. 2018; Molenberghs
et al. 2012).

Our knowledge of the temporal activation profiles of the different
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nodes of the AON is considerably limited relative to its topographic
distribution. Neuroimaging techniques lack, indeed, the temporal reso-
lution needed to resolve the fast neural dynamics characterizing the
processing of observed actions (Qin et al. 2023; Perry et al. 2018; Car-
uana et al. 2017). In principle, electroencephalography (EEG) or
magneto-electroencephalography (MEG) meet these temporal re-
quirements, yet they are unable to render a spatially-resolved picture of
cortical areas. These limitations could be overcome by testing the cortical
responsiveness to action observation via invasive recordings like intra-
cranial EEG, which combines a millisecond temporal resolution with the
precise localization of the explored cortical sites. Caruana and co-
workers (2017) administered several videos of manual actions to 49
patients undergoing stereo-electroencephalography (sEEG) and
demonstrated that different events (onset of the video, start of the hand
movement, contact between the hand and the object) trigger the neural
activity of different cortical networks, thus suggesting that the response
to action observation is not unitary but rather characterized by multiple
components attuned to specific features of the action. A similar
conclusion was reached by Perry and collaborators (2018, see also
Dreyer et al. 2023), who measured electrocorticography (ECoG) in 7
subjects, proving that sensorimotor, parietal, and frontal neural pop-
ulations respond with different timings relative to the onset of the hand
action video. Finally, Qin and colleagues (2023) adopted ECoG in 10
subjects to demonstrate that the temporal interplay between motor and
visual cortices is action-dependent, especially when comparing unex-
pected vs. predictable observed actions.

An open question in understanding the timing of brain responses to
action observation is whether distinct temporal profiles are shared
across different cortical regions, independently of their anatomical
proximity. In other words, we lack a time-resolved picture of the func-
tional responses during action observation, where each pool of regions is
also accompanied by a specific time course informative of the underly-
ing functional properties (Del Vecchio and Avanzini, 2020).

Another unsettled issue concerns the degree of the temporal
matching between the neural activation profiles elicited during action
observation with those recruited during action execution. This aspect
has been preliminarily addressed by an intracranial EEG study (Del
Vecchio et al. 2020), demonstrating a reliable correspondence in the
activation time courses proper of action observation and execution for
the secondary somatosensory cortex, a region known to exhibit mirror
properties. A few studies on macaques found that the ventral premotor
cortex (F5), but not other premotor areas, exhibits neural population
dynamics partly shared between execution and observation, suggesting
that a possible common coding might be area-specific (Albertini et al.
2021; Ferroni et al. 2021; Jerjian et al. 2020; Jiang et al., 2020; Mazurek
et al. 2018; but see Pomper et al., 2023). Bringing this type of investi-
gation to human intracranial recordings has the potential to assess the
topography of the observation/execution temporal matching, further
revealing whether specific areas or time courses are common between
the two conditions.

Starting from these premises, the present study aims to a) render a
resolved picture of the AON temporal dynamics during the observation
of hand actions including reaching, grasping and object manipulation
and b) test throughout the AON whether the time course underlying
action observation matches that proper of action execution. To this aim,
we enrolled a cohort of 23 right-handed drug-resistant epileptic patients
undergoing left-hemisphere sEEG investigation, and asked them to
observe and execute manipulative actions. First, we explored and clus-
tered the temporal behavior of each AON subdivision. Second, we
documented the degree of temporal similarity between observation/
execution across the cortical fields responsive to action observation.
Finally, we investigated the responsiveness of each region to different
types of sensory stimulations (i.e. visual, acoustic, and somatosensory)
to provide not only a brain-wise map of the degree of matching in the
neural response to action observation and execution but also cues about
the functional properties possibly explaining high similarity scores.

Neurolmage 327 (2026) 121714

2. Methods
2.1. Participants

Stereo-electroencephalography data were collected from left-
implanted 23 right-handed patients (13 females, see Table T1 in Sup-
plementary Materials for further details) suffering from drug-resistant
focal epilepsy (age 35+ 8). Patients were stereotactically implanted
with intracerebral electrodes as part of their presurgical evaluation at
the Centro per la Chirurgia dell’Epilessia “Claudio Munari” (Ospedale
Ca’ Granda-Niguarda, Milan, Italy). Implantation sites were selected
solely on clinical grounds, using seizure semiology, scalp-EEG, and
neuroimaging as guides. Patients were fully informed regarding the
electrode implantation and sEEG recording, and informed consent was
obtained. The present study received the approval of the Ethics Com-
mittee of the Ospedale Ca’ Granda - Niguarda (ID 939-2.12.2013).
Intracerebral recordings were performed according to the sEEG meth-
odology to define the cerebral structures involved in the onset and
propagation of seizure activity. Neurological examination was unre-
markable for all patients and, in particular, no patient presented any
motor or sensory deficits.

2.2. Electrode implantation and anatomical reconstruction

Patients were implanted with depth electrodes each having a diam-
eter of 0.8 mm and consisting of contacts 2 mm long and spaced 1.5 mm
apart (DIXI Medical, Besancon, France). Immediately after the implan-
tation, cone-beam computed tomography (CBCT) was obtained with an
O-arm scanner (Medtronic) and registered to pre-implantation three-
dimensional (3D) T1-weighted MR images. Subsequently, multimodal
scenes were built with the 3D Slicer software package, and the exact
position of each contact was determined, at the single patient level,
looking at multiplanar reconstructions. In addition, the transformation
needed to switch from the individual anatomy to the fs-LR-average brain
template was also applied to the cortical localization of each recording
contact, so as to have the chance to merge contacts from all patients onto
a common template, thus obtaining a population picture to be compared
with previous findings about the action observation network. The
anatomical reconstruction procedure adopted in this study is the same as
presented in (Avanzini et al. 2016).

2.3. Experimental design

Patients were required to observe a reach-to-grasp-and-manipulative
action performed by the experimenter (Observation Condition), while
sitting next to them so to experience the other’s movement from a first-
person perspective, which is known to enhance motor reactivity to ac-
tion observation (Angelini et al., 2018; Ge et al. 2018; Maeda et al.
2002). The session was composed of 60 trials, 20 for each of the three
objects positioned on a workbench (a screw, a nail, or a bolt), presented
in random order. Each trial comprised three different phases whose
onset and offset were signaled by digitally captured events: i) a prepa-
ration phase, ii) a reach-to-grasp phase and iii) a manipulation phase.
The experimenter had first to press a button box with the right hand,
which in turn triggered the turning on of one of the LEDs placed in
correspondence with the three objects, thus signaling which object the
experimenter had to manipulate (i.e., tighten a screw, beat a nail or
screw a bolt with the hand). The experimenter had to press the button
and thus hold the action until the LED turned off, i.e. for a fixed duration
of 2 s, ensuring a motor preparation phase in which they could plan the
upcoming action without any overt movement of the right arm. When
the light turned off, the experimenter was free to start the reach-to-grasp
movement at an individual pace. When the experimenter’s hand reached
the object, a photocell placed on the workbench signaled the end of the
reaching and the beginning of the manipulative phase. After two seconds
from this event, an auditory cue signaled to the experimenter the end of
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the action and they had to return to the starting position for the next
trial. The same experimental procedure was then executed by the patient
with his/her right hand (Execution Condition). Fig. 1 illustrates the
procedure.

2.4. Clinical and neurophysiological tests

The day after the implantation, patients admitted to the neurology
ward underwent clinical and neuropsychological tests to functionally
characterize the recording contacts. In particular, patients were
administered with the following stimuli.

Acoustic stimulation: Patients wearing earphones were required to
listen to 100-click acoustical stimulation delivered in the right ear at
85 dB SPL (Sound Pressure Level).

Median nerve stimulation: The right median nerve was stimulated at
the wrist, using 100 constant-current pulses (0.2-ms duration) at 1 Hz
while the patient lied in bed with eyes closed. The intensity and exact
site of stimulation were varied until an observable thumb twitch was
obtained. The stimulation intensity was set at 10 % above the motor
threshold to avoid habituation effects.

Visual flash: Patients wearing goggles received 100 bilateral visual
stimulations at a rate of 1 Hz (intensity set at 3cd/m?).

All the simulations were delivered by means of a Nihon-Khoden
Neuropack M1 machine, allowing the user to search for threshold
values and control stimulation intensity and/or frequency.

2.5. SEEG data

For each patient, the initial recording procedure included the se-
lection of an intracranial reference, which was chosen by using both
anatomical and functional criteria. The reference was computed as the
average of two adjacent contacts both exploring white matter. These
contacts were selected time-by-time among those neither exhibiting
response to standard clinical simulations, including somatosensory
(median, tibial, and trigeminal nerves), visual (flash), and acoustical
(click) stimulations nor evoking any sensory and/or motor behaviors
upon electrical stimulation. The sEEG trace was recorded with a Neu-
rofax EEG-1100 (Nihon Kohden System) at a 1-kHz sampling rate. Cli-
nicians visually inspected recordings to verify for ictal epileptic
discharges (IEDs) during the stimulation protocol. No patients presented
IEDs during the recording of the experiment.
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2.6. Data processing

Data on the AON were extracted according to the following pro-
cedure. First, we superimposed the AON, as defined by Hardwick and
coworkers (2018), with the parcellation developed by Glasser and co-
authors (Glasser et al., 2016). This first step allowed us to identify 84
anatomo-functional fields belonging to the AON territories. Among
these, we selected the anatomo-functional fields with at least 20 % of the
nodes explored by the AON, resulting in an overall number of 41 areas
investigated. The sEEG data were then analyzed in all patients whose
implantation, co-registered on a template, included contacts exploring
the AON-related anatomo-functional fields.

The signal from each contact was transformed into time-frequency
plots using complex Morlet wavelet decomposition with 4 cycles.
Gamma-Band Power (GBP) was extracted across 10 adjacent, non-
overlapping 10 Hz frequency bands from 55 to 145 Hz for each phase
(preparation, reaching-to-grasp, and manipulation) in observation and
execution conditions (un-normalized). GBP was also analogously
computed for the baseline condition, ranging from 350 ms to 50 ms
before the LED lighting. To normalize the amplitude of the data across
patients and contacts, power in each frequency in post-stimulus bins was
transformed into z-scores relative to the baseline interval ([—-350, —50]
ms before the light indicating the object that is to be manipulated turns
on) and then averaged across frequencies. The same pipeline was
applied for the analysis of both action observation and execution.

As for the peripheral stimulations (median nerve, acoustical, and
visual stimulations), the selected window for GBP computation ranged
from 100 ms before to 500 ms after the stimulus delivery (see Avanzini
et al. 2016; 2018; Del Vecchio et al. 2019). Since the reaching-to-grasp
phase has a variable duration (patients were instructed to initiate the
movement after the LED turned off, starting and moving at their own
pace), we identified separately for the observation and the execution
condition the outliers as the trials whose duration exceeded the first or
the third quartiles of half their difference (i.e., an outlier was a trial
whose duration exceeded q3 + w x (q3 — q1) or was less than q1 —w x
(g3 - q1), where w was set at 1.5 and q1 and q3 were respectively the
first and the third quartiles) and excluded the whole trial for further
analysis. We standardized the trial duration for the remaining trials by
linearly interpolating the GBP time course at n = 152 points (repre-
senting the top of the distribution, max duration = 1518 ms, minimum
duration = 875 ms, average duration 1159 + 132 ms). In this way, we
could compare the time course across trials and contacts, regardless of

Fig. 1. The experimental procedure. During the preparation phase, the participant is instructed to press and hold a button box with their right hand while fixating on
an LED that signals the object to be manipulated (lasting 2 s). Once the LED switches off, the participant can release the button at their own pace and initiate a reach
toward the object (reaching-to-grasp phase). This phase concludes when the participant’s hand passes through a photocell positioned just above the objects, marking
the onset of hand-object interaction. In the final manipulation phase, the participant must manipulate the object continuously for 2 s, completing the trial.
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the variability naturally affecting real motor execution. Finally, to
compare contacts between observation and execution conditions, we
applied the same procedure to the reaching-to-grasp phase of the
execution, whose duration values were highly comparable (max dura-
tion = 1588 ms, minimum duration 677 ms, average duration 1080 +
164 ms).

2.7. Statistics and reproducibility

Subsequently, to identify the responsive contacts, the gamma band
power in each post-stimulus bin was compared against a zero-mean
distribution using a one-tailed t-test (p < 0.001). In each phase, con-
tacts were identified as significant if they presented at least three sig-
nificant time bins.

To investigate the temporal coherence across areas within AON, we
first computed the average time course of all the contacts significantly
responding to at least one phase of the observation condition. To in-
crease the consistency of the results, we submitted to this stage only
areas including at least two contacts responding significantly to action
observation. Subsequently, Pearson correlation was applied on the
averaged time-course (across leads) for each region to evaluate the de-
gree of similarity of the whole temporal dynamics of the action across
different areas, obtaining a squared, symmetrical correlation matrix. To
increase the reliability of the correlation results, we displayed only
values reaching the statistical significance (p < 0.05) and whose R ab-
solute value exceeded 0.3. To sort the areas according to their intrinsic
correlation, data were hierarchically clustered (distance: euclidean,
nearest neighbor linkage). This allowed functionally related clusters of
areas to emerge as high-scores squares arranged along the diagonal of
the correlation matrix, highlighted in the dendrogram using a cutoff of 1
(average linkage method, cutoff selected as the closest to average fusion
distance). In addition, to verify the robustness of the temporal similarity
analysis beyond Pearson correlation, we also applied Dynamic Time

Neurolmage 327 (2026) 121714

Warping (DTW) on the same averaged time courses (see Fig. 1 of Sup-
plementary Materials). GBP time courses were further averaged ac-
cording to the identified clusters to characterize the prototypical
temporal profiles and their significance was tested (one tailed t-test, p <
0.01). Significance lasting <50 ms were not shown.

Regarding responsiveness to basic stimulations, AON contacts were
labeled as responsive only if three consecutive time-bins were signifi-
cant, in analogy with previous works of our group (Avanzini et al. 2016;
2018). Both data processing and statistical analyses were performed
with Matlab R2022b. The visualization of contacts on the cortical sheet
were obtained with Caret software (Van Essen 2012).

3. Results
3.1. Database

The data were analyzed from 23 patients whose implanted electrodes
overlap with the 41 anatomo-functional fields occupied by the AON of
upper limb actions (Hardwick et al. 2018, see Fig. 2A-B). Overall, 376
contacts exploring the gray matter were identified within the AON areas
(in blue).

3.2. Sampling and reactivity of AO network

Thirty-four out of 41 regions were included in our analysis. These
comprised territories within the fronto-parietal network and temporal
regions, considered key hubs of the AON. In contrast, seven regions (i.e.,
VIP, V4t, 7AL, PIT, LO1, 7PL, V8) were not sampled. Additionally, four
regions (i.e., FST, 6v, [FJa, IFSp) were excluded as they did not contain
significant contacts in any phase, while five others (i.e., 7 PC, 55b, IFJp,
MT, SCEF) were excluded due to the limited number (n < 2) of signifi-
cant contacts. In total, 25 regions were included in the subsequent an-
alyses. Table T2 in the Supplementary Materials reports the number of

Fig. 2. Action observation network and sampling. Panel A shows the AON identified by Hardwick and co-authors (in yellow) on a flat map, along with the sampled
contacts located within these regions (blue dots). Black borders delineate the 41 regions in which the AON has been subdivided, including only those with at least 20
% of their nodes sampled. Panel B displays the names of these 41 anatomo-functional fields, based on the parcellation by Glasser et al. (2016). For both panels, lateral

and mesial views are shown on inflated cortical surfaces at the bottom.
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responsive contacts out of the total sampled contacts for each region,
presented both as absolute values and as a percentage of the total
sampled. During the central phase of the observed action, i.e., the
reaching-to-grasp phase, we observed the largest number of responsive
leads within the AON, making this phase the most strongly represented
across our recordings. In this interval, responsive leads were distributed
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across nearly all fronto-parietal and temporal nodes, with only a few
exceptions (PEF, IFSa, and MIP). By contrast, the preceding (prepara-
tion) and following (manipulation) phases were associated with a
smaller number of responsive leads within the AON and, notably, with
no significant recruitment in the dorsal premotor cortex. More specif-
ically, the preparation phase showed a predominance of responsive

C o« smm——— -

GBP (z-score)

GBP (z-score) GBP (z-score)

GBP (z-score)

GBP (z-score)

0 = =

Preparation Reaching Manipulation

Fig. 3. AON temporal coherence during action observation Panel A shows the correlation values (R) among the considered parcels for the observed full-fledged
action. The corresponding hierarchical cluster (cutoff = 1) is displayed above the correlation matrix. Correlations that were not significant (p > 0.05) or that fell
within the range [—0.3, 0.3] were set to zero for visualization purposes. Panel B displays, on a flat map, the five clusters identified in the correlation matrix using the
same color code, while responsive parcels not grouped into clusters are shown in white. For each of the five cortical clusters, the averaged GBP time courses are
shown for all action phases (preparation, reaching-to-grasp, manipulation), using the same color code as in Panel C. The squares displayed for each cluster in Panel C
follow the same color scheme presented below the correlation matrix. Significant bins relative to baseline lasting <50 ms are not displayed. For each phase (including
baseline), a moving average filter was applied to the time courses of individual contacts within the area (n = 25 points for the three phases; n = 10 points for baseline)
before averaging them at the cluster level to generate the figure. Solid red vertical lines indicate, from left to right, the onset of the preparation and reaching-to-grasp

phases. Dashed vertical lines separate the three experimental phases.
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leads in temporal regions, with only sparse involvement of frontal (IFSa)
and intraparietal (MIP) sites. The manipulation phase, instead, was
marked by a progressive reduction of responsive leads in temporal nodes
and by a stronger contribution of parietal regions (see Fig. 2 of Sup-
plementary Materials).

3.3. Response profiles during action observation

The analysis of the temporal progression of the activated nodes,
obtained using a dendrogram clustering a correlation matrix (cutoff of
1.0), identified 10 distinct activation profiles. Five of these (C1-C5,
Fig. 3) were shared by multiple fields distributed over different frontal,
parietal, and temporal sectors, and deserve a specific description here
below. The remaining five temporal profiles (C6-C10), in contrast, were
relative to five individual regions, namely, the BA44, PEF, LO3, IFSa and
MIP. Their temporal courses, depicted in Fig. 3 of Supplementary Ma-
terials, are suggestive of a contribution in visual and oculomotor
behavior, and are further described in the relative caption.

Among the five multiregional clusters, C1 were constituted by some
of the key-hubs of the AON, including the dorsal premotor regions 6d
and 6a, and inferior parietal/intraparietal regions (AIP and PFt) and, at
the temporal level, FFC and PH. All these areas were characterized by a
sustained increase in gamma-band power (GBP) throughout the
reaching-to-grasp phase, especially in its central part. The GBP modu-
lation was minimal during the preparatory phase, whereas activity re-
emerged at the end of the manipulation phase, as evidenced by a re-
turn to significance in the late manipulation phase. A similar GBP profile
across the different action phases was also evident in C2, encompassing
the primary somatosensory area BA2 and LIPv. Given these features, we
will refer to C1 and C2 as the dorsal AON.

Cluster C3 included the ventral premotor region 6r and the inferior
parietal PFop. Moreover, a comparable GBP profile was observed in one
inferior temporal region (LO2). In these regions, GBP remained signifi-
cantly above baseline throughout the reaching-to-grasp and manipula-
tion phases, with a peak at the time of hand-object interaction. The
tuning of this temporal profile on the hand-object interaction induced us
to label C3 as ventral AON.

Cluster C4 was mainly composed of posterior middle temporal re-
gions (PHT, TPOJ2, and MST). Its GBP profile showed a sudden, steep
response onset at the beginning of the reaching-to-grasp phase, with
activity returning to baseline only during the manipulation phase. A
smaller component, yet not significant, was also visible at the beginning
of the preparatory phase, betraying a possible visual origin due to the
temporal coincidence with the instruction LED turning on. In light of this
evidence, it is not surprising that the same cluster also includes only one
specific frontal region, i.e. the frontal eye fields (FEF), which contributes
in controlling gaze and eye movements. These considerations led us to
label C4 as the optokinetic AON.

As shown in Fig. 3, although clusters C1-C4 are functionally distinct
at the 1.0 threshold, they all originate from a common branch of the
dendrogram, likely reflecting their minimal GBP modulation during
action preparation and their marked increase during the reaching-to-
grasp phase. In contrast, cluster C5 was positioned separately from the
others and comprised posterior perisylvian regions. Its temporal profile
showed a significant increase in GBP that persisted throughout the
reaching-to-grasp and manipulation phases. In line with previous re-
ports (Del Vecchio et al., 2020), two components are observed: a steep,
large-amplitude transient at the beginning of the reaching-to-grasp
phase, and a second, lower-amplitude component that spans the
approach of the object and the entire manipulation phase. Based on this
morphology, we labeled C5 as the haptic AON.

The somatosensory, visual and auditory origin of the activities re-
ported above has been further corroborated by clinical and neurophys-
iological tests conducted in accordance with previous SEEG studies (Del
Vecchio et al. 2020), whose results are available in Supplementary
Materials (Supplementary Figure 4 and Supplementary Table 4).
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3.4. Correlation between action observation and execution

To investigate the functional overlap between the time course
characterizing action observation and execution, we analyzed the cor-
relation coefficient between AO and AE conditions. Fig. 4 shows, for
each region, the correlation coefficient in a color scale ranging from
yellow to black. These correlations encompassed the entire action,
including all three phases of the experimental procedure.

Despite the consistent temporal course during action observation,
the dorsal AON exhibited different matching degrees between observa-
tion and execution. Indeed, C1 showed a high correlation (range
0.4-0.6) in its frontal, parietal and temporal sectors. As in the case of
AO, AE peaked in the reaching-to-grasp phase of the action, albeit the
activation started with a peak at the onset of this epoch, followed by a
sustained activity lasting until the end of the manipulatory phase. The
contrast between the reaching-to-grasp and the manipulatory phases
was indeed less sharp in the AE condition, suggesting more uniform
activation in action execution along the whole action dynamics. It is
worth noting that although two-thirds of this cluster consisted of regions
associated with sensorimotor control (e.g., premotor cortices), the
amplitude recorded during observation and execution was comparable.
Conversely, C2, centered on somatosensory and superior parietal re-
gions, displayed in contrast a low correlation (below 0.2) between AO
and AE. Indeed, the time course underlying action execution had a
biphasic profile, with a first tonic peak during the action onset and a
second one initiating around the manipulatory phase and sustained until
the end of the action. More importantly, the amplitude recorded during
the execution phase showed higher GBP z-score values compared to
those observed during the observation phase. Collectively, these results
are coherent with a predominant role of C2 in the somatosensory feed-
back, peaking at the action onset (tactile-off from the keyboard when
lifting the hand) and constantly activated by the haptic feedback during
the manipulation.

The ventral AON (C3) also showed a high correlation (range 0.4-0.6)
between AO and AE, despite minor but interesting divergences between
execution and observation. In particular, data showed that, during ac-
tion execution, the resulting time course is similar to the one of C2, with
a biphasic activation in analogy with the other clusters.

The optokinetic AON (C4), anchored to the posterior middle temporal
regions and FEF, showed a mixed activation profiles, with superior
temporal regions (i.e. PHT) exhibiting a very high correlation (above
0.6) between AO and AE, and MST and LO3 showing a lower correlation
(below 0.2). At a more general level, in both observation and execution,
C4 was typified by a weak but very distinct peak at the beginning of the
preparatory phase, and by a quick onset of a second boost of activity at
the onset of the reaching-to-grasp phase, lasting until the end of the
action. Note that during AE, C4 activation is kept high throughout the
execution time, unlike during AO, where instead there is a gradual
decrease in activation.

Finally, the haptic AON (C5) also showed a very high correlation,
with regions above 0.6 between AO and AE, both showing a phasic peak
at the onset of the action. As for the case of C4, the time course during
action execution was partially similar to the one recorded from so-
matosensory regions in C2, namely, a biphasic profile peaking at the
onset of the reaching-to-grasp and manipulatory phase, and sustained
until action offset. In contrast to C4 and C2, however, the amplitude of
the signal was the highest during action observation. The correlation
Pearson's R coefficient for the comparison between observation and
execution (full-fledged action) for each area is detailed in Table T3 of
Supplementary Materials.

4. Discussion
The cortical network underlying other’s action observation in

humans has been delineated by several imaging studies (Caspers et al.,
2010; Hardwick et al. 2018; Molenberghs et al. 2012), and the
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Fig. 4. Temporal bonding between action observation and execution. Panel A
reports the R values within each area (i.e. values on the diagonal of Panel A)
from higher values of R (in black) to lower values (in yellow). In detail: black R
> 0.60, red R = [0.4, 0.59], orange R = [0.2, 0.39] and yellow R < 0.2. For
completeness, the left inset of Panel A reports on a flat map the previously
identified five identified clusters (see Fig. 3, panel B). Panel B reports for the
previously underlined clusters the GPB temporal course for the full-fledged
action (black trace: observation, red trace: execution). Significance with
respect to the baseline lasting >50 ms is shown in the correspondent color code.
For each phase (including baseline), a moving average filter was applied to the
time courses of individual contacts within the area (n = 25 points for the three
phases; n = 10 points for baseline) before averaging them at the cluster level to
generate the figure. Solid red vertical lines indicate, from left to right, the onset
of the preparation and reaching-to-grasp phases. Dashed vertical lines separate
tAhe three experimental phases.

functional properties shared by both action observation and execution
have been reported by both scalp EEG (e.g. mu rhythm, Angelini et al.
2018; Avanzini et al. 2012; Debnath et al. 2019; Fox et al. 2016;
Muthukumaraswamy et al. 2004) and intracerebral studies (Dreyer et al.
2023; Mukamel et al., 2010; Perry et al. 2018). Indirect evidence of a
motor mirror mechanism in humans also comes from TMS studies,
which report increased MEPs (Motor Evoked Potentials) during action
observation (Fadiga et al., 1995; Naish et al. 2014; Patuzzo et al. 2003).
However, these studies do not describe the dynamic behavior of the
AON during the observation of a full-fledged action performed by a
conspecific, preventing them from inferring its specific role based on its
temporal course. In addition, most studies have used video-recorded
stimuli rather than live actions, which maximizes reproducibility
across trials but reduces ecological validity, as real-life actions naturally
vary across occurrences. Here, the cluster analysis of the activation
profiles allowed us to dissect the AON response into multiple multi-areal
clusters encoding specific aspects of the observed action. While only
left-hemisphere implanted patients were included—given that the
execution condition involved the right hand—the AON is known to be
bilaterally represented (Caspers et al., 2010; Hardwick et al. 2018;
Molenberghs et al. 2012), suggesting that the reported dynamics might
be potentially generalized between hemispheres.

The dorsal AON consists of dorsal premotor, inferior parietal, and
inferotemporal regions. The comparison of its time-course during AO
and AE shows that the contribution of this network in these two con-
ditions is not completely overlapping. In fact, the first peak at the onset
of the executed action, which is absent in the observation, shows the
presence of a somatosensory component - a finding also confirmed by
the result of peripheral stimulations (see Supplementary Materials).
Within the dorsal AON, C2 represents the somatosensory component of
the AO primarily including somatosensory and superior parietal regions.
The contribution of somatosensory regions to action observation has
already been emphasized by previous neuroimaging studies (Gazzola
and Keysers, 2009; Keysers et al. 2004; Turella et al., 2012; see also
Keysers et al. 2010). Our results thus confirm these observations, but
also show that these areas remain modulated primarily during execu-
tion, with the time course during action observation characterized by a
limited number of sites showing significant responses and a weakly
significant temporal progression as well, leaving primary somatosensory
regions only marginally involved in processing actions performed by
others.

The ventral AON, encompassing the ventral premotor cortex and
inferior parietal lobule, corresponds to another key subnetwork of the
mirror neuron system. Of this network our data suggest that, as with
dorsal AON, there is a similar but not identical contribution during AO
and AE, with an early peak in AE reflecting a somatosensory component.
During AE, activity remains constant during both reach-to-grasp and
manipulation, more so than in the other clusters. This is in line with
what we know about the ventral premotor cortex mirror neurons that
respond to both grasping and specific manipulation (Mazurek et al.
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2018). Furthermore, in a previous sEEG study we have shown that
inferior parietal cortex, especially PFop, not only responds during action
observation but does it so even more strongly if the action is performed
using tools, leading us to conclude that this node plays an important role
in remembering motor programs involved in complex actions (Caruana
et al. 2017).

Here, we cannot retract from highlighting the parallelism with the
hypotheses that Rizzolatti and Matelli advanced in 2003 about the or-
ganization of the dorsal visual stream. Indeed, they proposed that the
dorsal visual stream and its recipient parietal areas form two distinct
functional systems: the dorso-dorsal stream - mainly responsible for the
online control of action - and the ventro-dorsal stream, mostly involved
in encoding grasping and object prehension (Rizzolatti and Matelli
2003). Such a bifurcation reflects faithfully into the topography and
time courses of the dorsal and ventral AON clusters. Indeed, the former
has a reactivity peaking in the middle of the reaching phase, while the
latter is attuned to the hand-object contact. Overall, we demonstrated
that the features indicated by single neuron studies on non human pri-
mates pertain also to the organization of the human motor system, being
visible through intracerebral recordings.

The optokinetic AON, centered primarily on the posterior middle
temporal gyrus, appears to reflect mainly the visual processing of the
moving stimuli, in strict coordination with the oculomotor behavior. Its
temporal node, in fact, corresponds to the regions typically referred to as
the visual hub of the AON (Caspers et al. 2010). Its frontal node, on the
other hand, involves the FEF region, largely known to mediate oculo-
motor behavior (Borra and Luppino, 2021) and thus not surprisingly
coordinating its time course with the temporal regions encoding visual
motion. This cluster is a clearcut example of how grouping cortical re-
gions based on their time course allows to reveal functional synergies
beyond the sole connectivity (Del Vecchio and Avanzini, 2020). Finally,
the haptic AON is a perisylvian cluster characterized by a sustained ac-
tivity starting in correspondence of the hand-object interaction and
lasting until the end of the manipulation, extending previous results
underlined for the sole SII (Del Vecchio et al. 2020). The notion of a
circuit specifically responding during the observation of others’ sensa-
tions and actions involving haptic control has been reported in both
human and non-human primates (see Keysers et al. 2010), corroborating
the idea that the role of this network extends well-beyond pure
somatosensation.

In addition to these main clusters, our analysis isolated five addi-
tional clusters (C6-C10) composed of single regions: MIP and PEF, active
strongly during the preparation phase; area 44, exhibiting a marked
activation only during the observation condition; and the last two - ISFa
and LO3, presenting a marginal activation during the reaching phase.

Taken together, here we provide a four-dimensional, time-resolved
representation of the AON, complementing the static picture offered by
neuroimaging studies. Our data challenge the idea that the AON is a
monolithic unit, but rather it represents the synergistic behavior of
different streams, often anatomically distant, which operate in parallel
with temporally—and therefore functionally—analogous activities. In
addition, when comparing the time courses of action observation with
those exhibited during execution, each module shows peculiar and non-
overlapping activity that we address in the next section.

4.1. A brain-distributed motor resonance

The concept of a "mirror system," commonly used to describe the
fronto-parietal component of the AON, seems to suggest a perfect
overlap between the neural activity evoked during the execution of a
certain action and its observation. While the overlap principle applies
very well to the spatial domain, with the topographic congruence be-
tween responses to AO and AE witnessed by several neuroimaging
studies and meta-analyses (Caspers et al., 2010; Hardwick et al. 2018;
Molenberghs et al. 2012), whether a similar overlap is also found in the
temporal organization of the neural response remains an underexplored
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issue (Del Vecchio et al., 2020; Dreyer et al. 2023; Mukamel et al., 2010;
Perry et al. 2017; Pomper et al. 2023). Indeed, the evaluation of a
possible temporal match between executed and observed actions has
been often overlooked because of the insufficient temporal resolution of
the approaches commonly employed in human neuroscience, not to
mention the technical challenges posed by the capability to record brain
activity during the execution of complex ecological behaviors (but see
Brandi et al. 2014). SEEG, thanks to its high spatiotemporal resolution,
is in the ideal position to tackle this fundamental issue. Given the chance
to record the activity of the AON via SEEG, we took the opportunity to
evaluate the degree of temporal matching between AO and AE at the
micro-regional level, with temporal discrepancies between AO and AE
that are still informative about the different functions performed by each
system in different contexts.

Our data demonstrate that the temporal profiles of the gamma-band
activity recorded during AO and AE from each cluster exhibit both
similarities and specificities, making a case for common and different
contributions of the same network to action execution and observation.
On one hand, most regions of the AON show a significant correlation in
time between AO and AE, indicating that the motor response during
action observation instantiates a temporal dynamics that resembles - at a
macroscopic level - that proper of action execution. Notably, the use of
live observation instead of video recordings embedded our observation
trials with a natural variability, making even more salient the temporal
similarity across conditions, as it cannot be ascribed solely to the mere
concatenation of evoked activities. On the other hand, a significant
correlation between AE and AO indicates that the overarching dynamics
during the unfolding of an action—whether executed or observed—are
shared, but this does not imply that the responses are identical or lack
features specific to each condition. From this consideration, in the
following sections we will examine each cluster individually.

The dorsal AON (C1) displays a significant correlation between AO
and AE throughout the entire action unfolding, with a prominent dif-
ference concerning the reaching onset. While in AO, the dorsal AON
shows a peak of activity in the middle of the reach-to-grasp phase, in AE,
its activity peaks already at the action onset. We speculate that the
contribution of the dorsal AON to AO is temporally delayed with respect
to AE because, in the former case, the recruitment of the motor program
corresponding to the observed action can only come after such observed
action has been initiated, whereas during execution this information is
obviously available only since the onset of the action. One could argue
that the activity of the dorsal AON hosts a major somatosensory/pro-
prioceptive component given that the activity around the action onset
timing is almost exclusive for action execution. However, this hypoth-
esis can be ruled out by contrasting the activity of C1 with C2, which,
because of its topography, can be considered the somatosensory branch
of the AON (Gazzola and Keysers 2009; Keysers et al. 2010). Indeed, C2
activity is characterized by two peaks, the first at the beginning of the
action onset (as in C1) and the second, larger peak (absent in C1) close to
the hand-object interaction. The temporal similarity between C1 and C2
is negligible, and nonetheless, the temporal congruency between AO and
AE is sustained in C1 and null for C2. Overall, we can thus regard the
dorsal AON as a hub instantiating a common motor representation
during AO and AE, with somatosensory information adding on in action
execution mainly confined to predominantly somatosensory areas.

Concerning the ventral AON, there is a similar but not identical co-
activation profile during AO and AE, with an early peak at the action
onset only characterizing AE and likely reflecting a somatosensory
component and a second peak common to both conditions that is pre-
cisely centered on the grasping time. Unlike C1, however, in C3 the
activity remains constant during both reach-to-grasp and hand-object
interaction, coherently with single-neuron studies in non-human pri-
mates showing that these areas house neurons firing during both hand
grasping and manipulation (Maranesi et al. 2015; Mazurek et al. 2018).

The last two clusters, namely the optokinetic AON and haptic AON, are
less represented in the action observation literature. The former shows a
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significant correlation predominantly due to a sustained activity lasting
for the whole action. However, despite a larger variability, a stronger
activation is visible during AE than AO, in particular during the
manipulation phase. While this finding may seem counterintuitive at
first glance, it is not if one considers the constant visual feedback
functional to action monitoring provided by these regions during action
execution (Ogawa et al. 2006). Of note, this profile not only character-
izes the posterior middle temporal region but also the anterior branch of
the same cluster, that corresponds to the FEF. Concerning the haptic
AON, this perisylvian cluster displays the highest level of correlation
between AE and AO, peaking at the action onset. Perisylvian regions are
widely recruited following tactile stimulation, and more relevantly, they
play a role in managing high-order somatosensory information and
gating them toward a distributed brain circuitry (De Haan and Dijker-
man, 2020; Del Vecchio et al., 2021).

4.2. The value of SEEG in providing a fine-grained, ecological perspective
on motor functions

Contemporary cognitive neuroscience strongly advocates for
ecological and naturalistic approaches (Shamay-Tsoory and Man-
delsohn, 2019; Gothard et al., 2018), which require experimental par-
adigms mimicking or even incorporating real-life actions and allowing
participants to act in an out-of-the-lab multisensory environment. This
demand is especially urgent in the neuroscience of action execution and
action observation whose studies, except for those on nonhuman pri-
mates, have been characterized by a paradoxical absence of movement.
An even greater challenge is to do all this while not losing spatial and,
more importantly, temporal resolution. Indeed, the ideal aim of an
ecological approach to action neuroscience is to fully characterize the
cortical control of action both in terms of topography and temporal
dynamics (Del Vecchio and Avanzini, 2020; Mercier et al. 2022; Riz-
zolatti et al. 2018).

Our experimental approach moves in this direction, offering an
ecological insight into investigating the brain circuitry subtending ac-
tion observation and execution. Here, we analyzed the neural activity of
the brain regions known to be recruited during the observation of
others’ actions to investigate (a) the anatomo-functional degree of ho-
mogeneity of this network, particularly with regard to temporal profiles
of activation, and (b) the similarities and misalignments in the temporal
dynamics between action execution and observation. On the one hand,
our approach allowed us to show that the AON is not a unitary entity,
but that conversely it is possible to dissect this network into multiple
spatiotemporal units, distributed over different fronto-parieto-temporal
territories. On the other hand, it provides the chance to assess the sim-
ilarity and difference between action observation and execution, making
a case for the pivotal role of the temporal dimension in revealing the
functional role of the sensorimotor regions pertaining to the AON.

5. Limitations

Some cortical regions are sampled with a relatively small number of
electrode contacts. This stems from our decision to adopt a parcellation
strategy with fine-grained regions of interest, which allows a more
precise functional characterization but inevitably reduces the number of
observations per parcel. While this approach maximizes spatial speci-
ficity, it may limit the generalizability of our findings, as conclusions
regarding certain regions are based on fewer implanted contacts.
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