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Abstract

While the existence of a human mirror neuron system is evident, the involved brain areas
and their exact functional roles remain under scientific debate. A number of functionally dif-
ferent mirror neuron types, neurons that selectively respond to specific grasp phases and
types for example, have been reported with single cell recordings in monkeys. In humans,
spatially limited, intracranially recorded electrophysiological signals in the high-gamma (HG)
range have been used to investigate the human mirror system, as they are associated with
spiking activity in single neurons. Our goal here is to complement previous intracranial HG
studies by using magnetoencephalography to record HG activity simultaneously from the
whole head. Participants performed a natural reach-to-grasp movement observation and
delayed imitation task with different everyday objects and grasp types. This allowed us to
characterize the spatial organization of cortical areas that show HG-activation modulation
during movement observation (mirroring), retention (mnemonic mirroring), and execution
(motor control). Our results show mirroring related HG modulation patterns over bilateral
occipito-parietal as well as sensorimotor areas. In addition, we found mnemonic mirroring
related HG modulation over contra-lateral fronto-temporal areas. These results provide a
foundation for further human mirror system research as well as possible target areas for
brain-computer interface and neurorehabilitation approaches.

Introduction

Ever since the first descriptions about mirror neurons in monkeys were reported [1], the exis-
tence of a human mirror neuron system and especially its functional role has been vividly
debated [2]. In short, mirror neurons are neurons that show similar responses to action obser-
vation and action execution, especially for meaningful, goal-directed actions. These neuronal
response patterns have been suggested to represent automatic direct mapping of the observed
movement to the observers motor repertoire helping the observer to understand the action
intention of other individuals [3]. As single neuron studies in humans are scarce, only few
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reported actual mirror neuron findings as of yet (for example: [4]). Hence, human mirror neu-
ron studies tend to show a distributed mirror neuron system and report results on a larger spa-
tial scale, either investigating mirror neuron sites from functional magnetic resonance
imaging (fMRI) or as electrophysiological signals in sensors which show similar response
properties as classic mirror neurons during action observation and execution. For example mu
power decreases in central electroencephalogram (EEG) electrodes [5], beta power attenuation
in magnetoencephalogram (MEG) sensors over sensorimotor cortex [6], or high-gamma (HG)
power increases in electrocorticography (ECoG) where electrodes are placed directly on the
cortex [7, 8].

fMRI studies investigating the neural circuits involved in hand movement observation and
imitation characterized inferior parietal lobule, inferior frontal gyrus, and premotor cortex as
mirror neuron sites involved in all phases of movement observation, imitation preparation
and actual imitative execution [9, 10]. These mirror neuron sites coincide with ventral and
dorsal sensorimotor areas thought to be involved in reach-and-grasp control [11-16]. Ventral-
premotor and anterior parietal cortex involvement was reported for finger movement imita-
tion [17] in fMRI. While the existence of a human mirror neuron system became evident [18],
investigations into involved cortical areas and their functional properties continue.

Perry et al. [7] investigated properties of the human mirror neuron system by analyzing HG
responses using ECoG. Patients watched videos of different object-grasps, remembered the
observed object and grasp type during a short delay period, and then executed the memorized
grasp. Based on their results, Perry et al. [7] defined pure mirror sites with significant high
gamma activation only during observation and execution of a movement. HG activity in
ECoG is correlated with neuronal spiking activity [19], and as such is thought to reflect a signal
similar to the single neuron spike activity used to investigate mirror neuron activity. ECoG
(and MEG) HG activity, however, arises from population activity. This creates an ambiguity in
its interpretation. Theoretically, HG activity could reflect spike activity in different neuronal
populations that are in close proximity to the same electrode during movement observation
and execution. Conversely, recordings from single mirror neurons, via single-cell spike record-
ings, could unambiguously attribute features of its spike activity to a particular neuron. Fol-
lowing the definition of Perry et al. [7], we will denote sensors that show overlapping
significant HG modulation during movement observation and execution at a population level
as mirror sensors, while keeping the above mentioned caveats in mind. In addition to pure
mirror sites, Perry et al. [7] defined mnemonic mirror sites that showed elevated activation dur-
ing observation, retention, and execution. Both, pure and mnemonic mirror sites were
reported in motor cortex, somatosensory cortex, parietal regions and in the inferior frontal
gyrus.

While Perry et al. [7] report only increases in HG activity during action observation and
execution, single-neuron studies draw a more complex picture. Mukamel et al. [4] found cells
responding to action observation and execution in medial frontal and medial temporal lobe. A
subgroup of these cells responded with an increased firing rate during action execution and a
decreased firing rate during action observation. Mukamel et al. [4] suggested that such oppo-
site patterns of activity might serve a control function to inhibit unwanted imitation or to
maintain self-other differentiation. Similar observations using fMRI were made by Gazzola
et al. [20] who found voxels with augmented BOLD activity during action execution and sig-
nificant BOLD reductions during action observation in primary motor cortex and suggested
this suppression to originate in supplementary motor area (SMA) and middle cingulated cor-
tex as a decoupling function during action observation. Studies have also found suppression in
several cortical areas during preparation of observing an action with the intent of imitating it
[21].
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While the modulation of HG and spike activity by action observation is a defining feature
of the mirror neuron system, the direction of the effect (reduction or increase) and its func-
tional implication is less clear. In the current study, we used a slightly adapted version of the
paradigm run by Perry et al. [7]. In addition to analyzing the spatial pattern of HG responses
over the whole cortex, our goal was to replicate the mnemonic mirror activity introduced by
Perry et al. [7] and to test whether such responses can be found in other areas that were not
available in the spatially limited ECoG recordings. We used the whole-head coverage of MEG
recordings to gain additional insights into the spatial activity patterns during observation,
retention, and execution of natural human reach-to-grasp movements. Our main focus is
activity in the HG band which has been shown to reveal task-related neuronal population
activity in ECoG recordings at a good spatio-temporal resolution [22] and to be correlated
with neuronal spiking activity [23, 24].

While MEG does have a high dynamic range which in principle allows analysis of high fre-
quency signals, MEG studies on HG activity are still scarce, as the signal-to-noise ratio of HG
signals is rather low in MEG, thus requiring a high number of repetitions and noise-free
recordings. There are a number of MEG studies showing HG responses to finger movements
[25], foot movements [26], or reach movements [27], but we are not aware of any study
directly comparing movement observation and execution responses in the HG range.

An additional extension to previous studies is that we used natural human grasping move-
ments which should provide results with a high ecological validity. However, such natural, less
controlled movements can also increase noise, especially in MEG recordings [28]. We
employed a custom made MEG and MRI compatible motion-tracking system to have better
control over wrongly executed movements and to be able to analyze the MEG data in close
relation to actual instead of instructed behavior.

To the best of our knowledge, this is the first study explicitly characterizing HG mirror-like
responses to natural reach-to-grasp movements with MEG. Our results for movement obser-
vation and execution show a combination of HG power increases and decreases in sensors
over different cortical locations including ventral and dorsal sensorimotor and occipito-parie-
tal areas. Sensors over several cortical areas show mirror properties in the HG range. Mirror-
like activity in central sensorimotor areas was limited to a short interval before the grasp. We
found consistent HG activity decreases in sensors over inferior frontal and superior temporal
gyrus during movement observation, retention and execution, potentially hinting at mne-
monic properties in these areas. Our results reveal the complex spatial patterns of overlapping
HG modulations during movement observation and delayed imitation—putative mirror sys-
tem responses.

Material and methods
Participants

The study was approved by the local ethics committee at the University of Oldenburg
(Approval Numer: 2018/072). Written informed consent was obtained from all participants.
We recorded 15 healthy volunteers (7 female) with a mean age of 26 years (range: 21-35). All
participants were right-handed according to the Edinburgh Handedness Inventory [29].

Experimental design

The experiment is a slightly adapted version of the paradigm used by Perry et al. [7]. Partici-
pants were comfortably seated in the MEG chair with three everyday objects (cup, bottle and
pencil) sitting on a table in front of them. Between trials and during non-movement periods,
participants were instructed to place their hands on their lap and avoid movement.
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Fig 1. Experimental paradigm: Each trial starts with an auditory cue, followed by a short baseline interval. Subjects then
watched a video of a reach-and-grasp movement, remembered the movement / object and executed the same reach-and-grasp
movement after another auditory cue.

https://doi.org/10.1371/journal.pone.0260304.9001

The trial structure is depicted in Fig 1. Each trial started with a short auditory cue followed
by a background image on the screen which constituted the baseline period of 1100 ms. Then
a short video clip of a person grasping one of the three objects with their right arm using an
object-specific grasp (cup: handle grasp; bottle: whole-hand grasp; pencil: pinch grasp) was
shown. The participants had to observe the video and remember the object and grasp type. For
the rest of the trial, the background image was shown again. 2000 ms after the video, another
auditory cue was presented signaling the participants to reach for and grasp the object seen in
the video with their right hand, hold the grasp for a short period of time without lifting the
object, and move back to the rest position. For this self-paced movement, participants were
allowed to take up to 5500 ms. The inter-trial-intervals were randomly set between 500 ms and
1500 ms. All stimuli were presented using Presentation (Neurobehavioral Systems, Berkeley,
CA, USA).

This trial structure led to three main periods of interest. The observation period during
which participants passively observed a reach-to-grasp movement, the retention period during
which participants remembered the object and the grasp type they have seen, and the execu-
tion period during which participants executed a reach-and-grasp movement towards the
remembered object using the remembered grasp type. Note that the subjects were instructed
to simply grasp the object without lifting or moving it, similar to the movements visible in the
videos.

Opverall, a recording session took about 1 hour, in which we recorded 3 blocks of around 20
minutes length with 111 trials each. In total each participant performed 333 trials. The video
order was pseudo-randomized (37 repetitions per each of the three objects per block) and
object positions were changed during the blocks so that each object was in each position for
one block. Before the actual experiment, we ran a few training trials until the subjects felt com-
fortable with the task.

MEG recordings

We recorded MEG data using a 306-channel whole-head MEG system (Elekta Neuromag
Triux, Elekta Oy, Helsinki, Finland) located inside a magnetically shielded chamber (SK3B
with an additional layer, Vacuumschmelze, Hanau, Germany). MEG signals were recorded
without internal activate shielding, at a sampling rate of 1 kHz, and online filtering between
0.03 Hz and 330 Hz. The dewar position was set to 68°. Continuous head position tracking
was applied using 5 head position indicator coils that were attached to the participants’ head.
Coil positions and anatomical landmarks (nasion, left and right pre-auricular points) were dig-
itized using a Polhemus Fastrak (Polhemus, Colchester, VT, USA).
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In addition, we recorded electromyogram close to the subjects right wrist, vertical and hori-
zontal electrooculogram (EOG), and electrocardiogram (ECG).

Experiment timing was verified and adjusted by splitting and feeding the sound signal of
our auditory cues directly into the MEG amplifier as well as the voltage-signal from a photodi-
ode attached to the projection screen to monitor video on- /offsets.

Movement tracking

Correct execution of the specific grasp movements was monitored and verified via video
recordings of arms and hands during the whole experiment. In addition, we placed an acceler-
ometer on the right index finger and a custom made system of gyroscopes along the right arm
of the participants. This MEG and MRI-compatible arm tracking system was developed by
Shirinbayan et al. [30] and successfully used for arm movement reconstruction [31].

Only correct trials, in which subjects grasped the correct object with the correct grasp type
and neither grasped before the grasp cue nor exceeded the trial time, were used for further
analysis.

MRI acquisition

Following the MEG recordings, we obtained structural MRI images from all but one partici-
pant, who was feeling unwell in the MRI scanner. We used a Siemens Magnetom Prisma 3 T
whole-body MRI scanner (Siemens, Erlangen, Germany) with a T1-weighted 3-D sequence
(MPRAGE, TR = 2000 ms, TE = 2.07 ms) with a slice thickness of 0.75 mm. Individual brain
surfaces were reconstructed from the T1 images using freesurfer [32].

MEG analysis

As a first step, we preprocessed all raw files by using the manufacturer supplied Maxfilter soft-
ware and applying temporal signal space separation to attenuate magnetic interference not
originating from brain sources, continuous head movement correction, and data transforma-
tion to a default coordinate system with equal origin for all subjects. The quality of the head
movement correction was very high as the goodness of fit of head position indicator coils was
over 0.99 (on a scale from 0 to 1) for all subjects at all times. The average sample to sample (1
Hz sampling rate) 3D head movement distance calculated from the indicator coils was 0.17
mm (SD = 0.24 mm) with 99.8% of the distances being under 2 mm.

For further analysis we used MNE-Python (version 0.20). We applied a band-pass filter
between 0.1 Hz and 250 Hz and down sampled the MEG data to 500 Hz. Then, we visually
inspected the frequency spectra of the continuous data and found several noise peaks in indi-
vidual frequencies which we suppressed using zero-phase, finite impulse response notch filters
with half-amplitude cutoffs at +/- 0.25 Hz to suppress power line noise and its harmonics (50,
100, 150 Hz), the noise produced by our camera (60, 120, 180 Hz), and two additional noise
peaks with unidentified sources at 48 Hz and 62.5 Hz. In addition, we corrected potential
heartbeat and eye movement artifacts using independent component analysis (‘fastica’) as
implemented in MNE-Python on the filtered data. We used recorded EOG and ECG signals to
identify the independent components reflecting the corresponding artifacts.

HG extraction

We picked HG boundaries (65-95 Hz) in a range that has been shown to produce task-related
effects in prior motor-related MEG studies [26, 33-35]. While higher upper boundaries for the
HG band have been established in ECoG recordings (also in [7]), HG activity in frequencies
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beyond 100 Hz is hardly detectable with MEG. However, because amplitude variations of
spike-correlated HG activity can be observed over a broad frequency band [24, 36], the nar-
rower smaller HG band observable in MEG should reflect effects in the wider HG band that
can be recorded in ECoG. We further down sampled the MEG data to 200 Hz for HG power
extraction to reduce computational resource demand.

We focused our analysis on the planar gradiometers as the noise level of the magnetometers
was too high for HG analysis. We band-pass filtered the sensor time series in 10 Hz bands
between 65 Hz and 95 Hz bands respectively and calculated the absolute value of the Hilbert
transform of the band pass filtered signals. We combined planar gradiometers using the root-
mean-square. Finally, we epoched Hilbert transformed signals around the video onsets, base-
line corrected them with the mean of the interval -0.6 s to -0.1 s before video onset (compara-
ble to Perry et al. [7]), and averaged over bands to obtain the broadband HG envelope signal.

Epoching and statistical testing

We defined three epochs for each trial: observation, retention, and execution of the grasps. We
derived the respective onset markers from the onset and offset of the video, and the onset of
the movements as indicated by the gyroscopes. Note that the duration of the movement execu-
tion in the videos was constant over repetitions of the same grasp type but differed somewhat
over the three grasp types. Moreover, the self-paced nature of grasp execution required single
trial level definition of the execution marker timings. Therefore, we used the average absolute
data from all gyroscopes placed along the arm to determine onsets and offsets of arm move-
ments. In addition to the reach onset event, we extracted a marker for the grasp event, when
the fingers were closed around the object without additional arm movements for observation
and execution epochs. All markers served to cut epochs for the analysis of HG variation
around the respective grasp execution event. For the analysis of HG variation over whole
reach-and-grasp movement in observation and execution epochs we used 2 s windows. In
addition, we cut 500 ms intervals before (pre-grasp) and after (post-grasp) the time point of
the grasp closure.

In order to test for modulations of the baseline corrected HG activity, we calculated series
of one-sample t-tests against 0 for each sample in the HG time series separately for each chan-
nel. Significant activation was defined as at least 100 ms of consecutive p-values with p < 0.05
similar to the significance tests used by Perry et al. [7]. As an alternative approach, we used the
Benjamini-Hochberg false discovery rate correction procedure [37] to control the proportion
of type I error in multiple comparisons. This approach resulted overall in very similar sensor
patterns of significant HG responses and was even slightly less conservative. Therefore, we
report only the results from the minimum number of consecutive samples test employed by
Perry et al. [7]. In an approach to control false discoveries we interpret only significant sensor
patterns that comprise at least three neighboring sensors.

Sensor sensitivity maps

Individual subject brain surface reconstructions were coregistered with the MEG space. Then,
volume source spaces and forward models were computed using MNE-Python [38]. The pla-
nar gradiometers we focused our analysis on have the advantage that the signal generating
brain source they are most sensitive to is most likely directly under the sensor [39]. However,
according to the Biot-Savart law the strength of the signal in planar gradiometer sensors
depends on the distance and relative orientation to a given brain region. As a consequence, the
region from which a gradiometer picks up signals has a spatial extent. In order to accommo-
date for this spatial uncertainty we augmented the simple inference (active brain region under
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gradiometer) by considering the physical forward model as a spatial prior for the spatial locali-
zation of the active brain area. Therefore, we calculated from the individual brain anatomies
forward models which can be interpreted as sensitivity maps (MNE-Python function ‘sensitivi-
ty_map’) for individual MEG sensors. In order to account for the influence of individual varia-
tions in brain anatomy on the sensitivity maps we morphed the individual maps to a standard
brain (freesurfer ‘fsaverage’ brain) for visualization. Note that the sensitivity maps are solely
based on physical models which do not require model fitting. They have the advantage that
they do not depend on free parameters that can be chosen by the user but lack the estimation
of activation strength. Activation strength in source space is of no interest here, since we are
only interested in the possible origin of effects we observed in sensor space.

Results
Movement data

In 95.7% of the trials (4781 out of 4995) participants correctly performed the movements, i.e.
correct object, correct grasp type, and correct timing. All following results are based on these
correct trials. The average gyroscope time-course aligned to the movement onset and averaged
over all arm gyroscopes, trials, and participants can be seen in Fig 2. In addition, histograms of
the grasp closure and release times of all subjects are plotted at the bottom. The histograms
show that there is considerable variability in the timings of the different movement phases.

Average gyroscope data

0 1 2 3 4 5
timeins

Fig 2. Average of absolute arm gyroscope signals (solid curve) +/- 1 SD (dotted curves) as an arm motion measure
and histograms for grasp closure (solid line) and grasp-release (dotted line) markers. Data is aligned to the
movement onset at 0 s. Note the considerable variability of the markers in the freely performed movements.

https://doi.org/10.1371/journal.pone.0260304.g002
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The average reaction time (time between auditory cue and movement start) was 272 ms

(SD = 178 ms). Note that the reaction time is already realigned to 0 s in Fig 2. The average time
between movement start and grasp closure was 1445 ms (SD = 311 ms), the average time the
grasps were held was 1052 ms (SD = 690 ms), and the average time for the whole movement
from start to rest was 4347 ms (SD = 761 ms). In the videos, the average reaction time was 247
ms and the average time between movement start and grasp closure was 1380 ms. These tim-
ings are similar to the movement execution, indicating that the participants executed the
reach-and-grasp movements with a comparable dynamics as shown in the videos.

MEG results

Time frequency analysis. Fig 3 depicts spectrograms of exemplary time-frequency
responses for the three periods of interest in one gradiometer sensor located approximately
above the hand-knob [40] of left sensorimotor cortex (contra-lateral to the movement). The
spectrograms depict averages over all trials and subjects. The execution data is aligned to indi-
vidual movement onsets. The power values are z-scored relative to the average baseline from
0.6 s to 0.1 s prior to the video onset.

On a descriptive level, the amplitudes in the alpha and lower frequency bands were
increased during all three periods relative to the pre-video baseline. During the execution
phase this increase in low frequency amplitudes likely reflects movement related evoked mag-
netic fields [41]. In addition, amplitudes in the beta band decreased during movement execu-
tion as expected [42]. Somewhat weaker band decreases can also be seen during the
observation and retention periods which is in line with prior research [43, 44]. The stronger

Observation

[
o

(e}
o

D
o

Frequency (Hz)

N
o

Retention Execution

0.5

z-score

-0.5

Al 1
time (s) time (s)

Sensor sensitivity
|

Fig 3. z-scored time-frequency response from a single gradiometer sensor located over left motor hand-knob. The three spectrograms depict activity in different
frequencies during observation, retention and execution. Observed and executed movements were right hand movements. Observation and retention data is aligned to
video on- / offset. Execution data is aligned to individual movement onsets. Bottom images depict the sensor location and the corresponding sensitivity map for this sensor

on a standard brain.

https://doi.org/10.1371/journal.pone.0260304.g003
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beta decrease at the end of the retention period could be related to movement preparation, as
the movement period starts directly after the retention. HG power, between 65-95Hz, is
increased during all three phases in this sensor. This increase is strongest during the execution
phase, especially during the first second where the gyroscopes indicated strongest movement
activity (see Fig 2). The brain images indicate the location of the sensor and its corresponding
sensitivity profile calculated from the forward model. The sensitivity map can be interpreted as
a probability map for the origin of the planar gradiometer signal in the brain. Note that the
probability map is derived from a forward physical model of the planar gradiometer sensitivity
and requires no inverse model fitting. In sum, this sensor over contra-lateral somatosensory
cortex exhibited a spectral pattern that is well in line with previous reports, in particular with
respect to the modulations in the beta and HG bands [45]. The subsequently reported results
focus on the HG band activity acquired with the Hilbert transform and averaged over the band
from 65-95 Hz, as described in the section 2.6.1.

High gamma around grasp closure. In order to obtain a more detailed picture of the HG
activation modulations around the time of grasp closure in the execution phase, we used the
movement tracking data to define the time of grasp closure in individual trials and aligned the
HG time series to this marker for averaging single sensor data over trials. An analogous proce-
dure was implemented to the single trial HG activity recorded during the observation phase.
Therefore we extracted a marker for the time of the grasp closure from the videos.

We analyzed the 500 ms prior to the grasp closure (pre-grasp) during which grasp pre-shap-
ing [46] and execution happen as well as the 500 ms after closing the grasp during which the
grasp was held (post-grasp). Fig 4A shows the resulting patterns of significant sensors for the
observation pre-grasp phase (left), execution pre-grasp phase (right), and the conjunction of
significant sensors (middle). Relative to the pre-observation baseline, red sensors indicate a
significant HG increase, blue sensors a significant decrease and black sensors no significant
changes during the respective phases.

We found sensors with significantly increased HG activity in the pre-grasp observation
phase in central midline sensors (Fig 4A left panel, red sensors in circle) with maximum sensi-
tivity for signal from primary sensorimotor and superior parietal cortices (Fig 4C middle
panel) and somewhat more posterior sensors (Fig 4A pentagon) with maximum sensitivity
over parietal and occipital cortex (Fig 4C right panel). Moreover, we found HG decreases in
contra-lateral mid-lateral sensors (Fig 4A blue sensors in star) with maximum sensitivity
around the inferior sensorimotor cortices including the ventral premotor and higher order
somatosensory cortices with some bias towards the latter (Fig 4C left panel).

During the pre-grasp execution phase we found additional HG increases over contra-lateral
occipital and parietal cortices (Fig 4A right panel), potentially reflecting visuo-motor coordi-
nation of the grasp, and central with some contra-lateral lateralization around the dorsal pri-
mary and higher sensorimotor areas. Moreover, the HG power decrease in the contra-lateral
left antero-central sensors now extends more anterior, potentially reflecting stronger involve-
ment of ventral premotor cortices during the actual movement execution.

Following Perry et al. [7] we define the pure mirror related HG activity around the grasp
closure as the conjunction of the significant sensors during the execution and observation
phases which can be seen in the middle panel in Fig 4A. This conjunction includes the contra-
lateral antero-central sensors with highest sensitivity over ventral sensorimotor cortices, higher
order somatosensory cortices, and the parietal sensors. These brain areas are in concordance
with previously reported nodes in a mirror neuron network in humans [7, 9] as well as in pri-
mates [47, 48].

During the post-grasp phase (Fig 4B) the HG activation increases are only found in subsets
of the sensors that are active during the pre-grasp phase (Fig 4A). This is in line with the
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Fig 4. Overview of sensors with significant changes in high-gamma activity during Pre-Grasp (A) and Post-Grasp (B) observation and execution.
Colored sensors denote significant changes (blue = decrease, red = increase) during at least 100 consecutive ms during the 500 ms before (A) and
after (B) the grasp is closed around the object. Left panels show observation only, right panels show execution only, middle panels show the
conjunction of sensors significant in observation and execution. (C) Sensitivity maps for the conjunctions of significant observation and execution
sensors in A. The left map shows sensitivity distributions for sensors with HG decrease (marked by a star), the middle map for the three central
sensors with HG increase (marked by a circle), and the right panels map for the eight occipito-parietal sensors with HG increase (marked by a
pentagon). Sensor sensitivity distributions depict the brain areas from where the sensors likely picked up the HG signals. Brighter colors indicated
higher sensitivity. The pink circle over left occipital cortex indicates 3D brain orientation.

https://doi.org/10.1371/journal.pone.0260304.9g004
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notion that placing a grip involves more visuo- and sensorimotor activation in primary senso-
rimotor and parietal areas than holding a grasp.

In the post-grasp execution phase (Fig 4B right panel) we find fewer contra-lateral sensors
with a significant decrease compared to the pre-grasp execution phase (Fig 4A right panel).
Only the most posterior sensor with highest sensitivity in higher order somatosensory areas in
inferior parietal cortex exhibits the significant HG decrease in the post-grasp execution phase.
This result is in line with the notion that activation decrease in this sensor cluster is related to
the coordination of the grasp movement in higher order sensorimotor cortices. Interestingly,
the extend of the significant decrease HG changes less in the observation phase (Fig 4A and 4B
left panels). This suggests that observing an action may still be functionally different from per-
forming a movement in these supposed mirror areas.

Accordingly, the conjunction of significant sensors in observation and execution phase
reveals less sensors in the post-grasp compared to the pre-grasp phase (Fig 4A and 4B middle
panel). However, this is mostly due to the reduced HG activation during the post-grasp execu-
tion, at least for the sensors with HG decrease over contra-lateral higher ventral sensorimotor
cortices. Together, these results further support the notion of some functional differences
between the overlapping motor execution and action observation related mirror activity.

In sum, focusing the analysis of the grasp interval of the reach-to-grasp task we found sig-
nificant changes in HG activity in known mirror neuron areas [18], as well as coinciding areas
known to be involved in reach-and-grasp movements [12]. However, we also found in our
whole head MEG recording a previously unreported decrease of HG activation relative to a
pre-observation baseline in sensors over ventral sensorimotor areas contra-lateral to the hand
performing the grasp.

High gamma in reach-to-grasp observation, retention, and execution. Finally, we ana-
lyzed and compared the pattern of significant HG activations across all three tasks: reach-to-
grasp observation, retention, and execution. We analyzed HG activation variations against the
same pre-observation baseline and with the same statistical criterion that we used in the previ-
ous analyses. We included the complete 2 s of data from the observation and retention phase
as well as the first 2 s of data from the execution phase aligned to the start of the movement.
For the observation and execution phases this interval comprises the start of the reach and the
grasp closure. In contrast to the previous analysis the trials are now aligned at the interval starts
instead of the grasp closure. Fig 5A shows sensors with significant HG modulation for all three
trial phases.

During observation of the reach-to-grasp interval significant HG activation increases and
decreases follow a similar pattern as in the previous analysis focusing on the grasp interval
only: a contra-lateral decrease of HG in mid-lateral to frontal sensors and an increase over
more posterior sensors over parietal cortices (Fig 5A left panel). However, both HG decreases
and increases exhibit a wider spatial extend than in the previous analysis where trials were
aligned at the grasp closure. Additional parietal sensors with HG increases are sensitive to acti-
vation in bilateral posterior IPS which is known to play a role in reach movement control (Fig
5C middle panel; [12]). Additional contra-lateral sensors with HG decrease are most sensitive
to HG activity in ventral premotor cortices known to be involved in the control of reach-and-
grasp movements (Fig 5C left panel; [49, 50]) as well as higher order somatosensory cortices.
We found no significant HG increase in the mid-central sensors over primary sensorimotor
cortices, as opposed to the analysis in the previous section, which is likely due to the different
temporal alignments (here reach movement start, previous grasp closure) and emphasizes the
importance of proper alignment and movement tracking in self-paced movement
experiments.
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Fig 5. (A) Overview of sensors with significant changes in high-gamma activity during observation, retention and
execution. Colored sensors denote significant changes (blue = decrease, red = increase) lasting for at least 100 ms in the
2 s windows of interest. (B) Conjunctions of the patterns shown in A. Blue and red indicate sensors with consistent
effects between intervals (sensors with mirror properties). Green indicates sensors with opposite HG effects (decrease
and increase) between the intervals. (C) Sensitivity maps for the three conjunction clusters shown in B. Brighter colors
indicated higher sensitivity. The pink circle over left occipital cortex indicates 3D brain orientation. The left panel
depicts sensitivity of the sensors with significant HG decrease (marked with star in B), the middle panel of the sensors
with HG increase (marked by ellipse in B), and the right panel of sensors with opposing HG patterns (marked by
parallelogram in B). The time courses show the corresponding average HG time course in each cluster. In the interval
0-2s participants observed the reach-to-grasp in the video, the retention interval lasted from 2-4s, and the interval from
4-6s seconds includes reach-to-grasp execution. The grasp closure occurred on average at 5.7 s in these plots.

https://doi.org/10.1371/journal.pone.0260304.g005

In the execution phase, the significant HG reduction in mid-lateral to frontal sensors is
bilateral and extends over more sensors than during the observation phase (Fig 5A right
panel). Bilateral activations during movement imitation tasks are in line with prior research
[18]. The observation that the ipsi-lateral HG reduction was found when trials were aligned
with the reach onset but not with the grasp closure suggests that ipsi-lateral reduction is related
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to the reach rather that the grasp. We found HG increases in most mid-central and posterior
sensors which are located over primary sensorimotor and potentially dorsal premotor cortex
with some contra-lateral lateralization. Moreover, a large group of sensors over parietal and
visual areas showed significant HG increases. These findings are in concordance with the spa-
tial distribution of a brain network for the control of visually guided reach-and-grasp move-
ments [11, 16, 51, 52] as well as areas associated with action observation and imitation [18].

During the retention phase we found a prominent significant decrease of HG activity rela-
tive to the pre-observation baseline over posterior, bilateral lateral, and frontal sensors (Fig 5A
middle panel) but no significant increases. This general reduction of HG activity could be a
control mechanism that prevents the subjects from executing the movement before the start of
the execution period, as suggested by Gazzola et al. [20]. Note that most of the central sensors
over primary sensorimotor and premotor cortices, which showed an HG increase during exe-
cution, did not show any significant HG modulation during retention.

Sensors with putative mirror activity are shown in the left panel in Fig 5B. These sensor
exhibited consistent significant HG increases or decreases during the observation and execu-
tion phases of the reach-to-grasp intervals. The sensor pattern is very similar to the pattern
obtained in the peri-grasp interval (Fig 4A middle panel). The mirror activity comprises an
HG increase in sensors over parietal cortex (marked by ellipse) and an HG decrease in mid-lat-
eral sensors over higher order ventral sensorimotor cortices (marked by star). Average signal
traces of these sensor clusters are shown in Fig 5C. The mid-lateral decrease can be seen
throughout all phases with a slight rebound around the grasp closure (Fig 5C bottom left panel
between 5-6 s) that remains below baseline. The activity pattern in occipito-parietal sensors
with mirror-like activity is similar (Fig 5C bottom middle panel), but the HG activity during
the observation and execution phases is significantly increased. We did not find HG activation
increases over dorsal primary sensorimotor cortices. This suggests that the HG activation
there is likely related to the grasp rather than the transportation phase and is therefore missing
in this analysis.

The final conjunction we analyzed was between all three phases: observation, retention, and
execution. Sensors with similar HG activation changes in all three phases were denoted mne-
monic mirror sites by Perry et al. [7]. This conjunction reveals two sensor clusters (Fig 5B mid-
dle panel) that are similar to those obtained in the peri-grasp analysis: One cluster of mid-
lateral sensors over ventral sensorimotor cortices with decreased HG activity relative to the
pre-observation baseline. The direction of the HG effect is comparable in direction over all
three phases but strongest during the retention and the beginning of the execution phase (Fig
5C). The posterior cluster of sensors over parietal cortex exhibits some ipsi-lateral lateraliza-
tion but most notably, the HG activation is reduced during the retention phase and increased
during the observation and execution phases. This suggests that overlapping brain areas sup-
port retention, observation and execution but the functions reflected in the HG-activity might
change between memorizing and observation/execution.

Discussion

The aim of our study was to characterize putative human mirror system related spatial patterns
of HG activity accompanying realistic reach-to-grasp movement in whole head MEG measure-
ments. Therefore we compared HG activity among three conditions: reach-to-grasp observa-
tion, retention of the grasp, and its execution. This allowed us to reveal mirror-like HG activity
patterns and mnemonic mirror activity patterns as introduced by Perry et al. [7]. We found
mirror-like HG activity in sensors over previously described mirror neuron sites and over
brain areas known to be involved in the control of reach and grasp movements. Since
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broadband HG activity has been shown to be strongly correlated with single neuron firing [19]
our population results hint at mirror neuron activity at these sites, but further single-cell stud-
ies are needed to unambiguously verify such claims. Our study also revealed decreases of HG
activity in sensors over ventral sensorimotor areas relative to a pre-trial baseline. The decrease
was particularly pronounced during the retention phase where it included additional sensors
over parietal brain areas involved in reach and grasp planning. This parietal decrease may
reflect neuronal activation reduction to prevent the execution of a memorized movement. To
the best of our knowledge, such a distributed pattern of HG activity changes during movement
observation, retention and execution has not been reported with MEG before.

In the intervals of reach-to-grasp movement observation and execution, we found a distrib-
uted pattern of mirror-like HG activation enhancements in sensors over parietal cortex along
the IPS, the inferior parietal lobule, sensorimotor-cortex and more ventral, higher order soma-
tomotor-cortices. This pattern is in concordance with previously described mirror neuron
sites [47] and includes brain areas of the reach-and-grasp execution pathways [12, 53]. More-
over, aligning the HG timeseries to the grasp placement instead of the trial onset, revealed
additional sensors with mirror-like HG modulations over central areas (see Fig 4A middle
panel) in the interval just prior to the grasp. This HG activity likely originated from hand areas
[40] in sensorimotor cortex suggesting mirror neuron activity in primary sensorimotor corti-
ces, as well as in anterior intra-parietal areas which are known to play a role in grasp coding
[12]. Note that both analysis variants were performed on overlapping data segments and dif-
fered only with respect to the temporal alignment of the recordings. This emphasizes the role
of the alignment of the analysis with the actual behavior and the importance of recording the
actual behavior during movement tasks to optimize the sensitivity of the analysis of neuronal
recordings.

In addition to HG enhancement we consistently found HG decreases relative to a pre-trial
baseline. One sensor cluster was unilateral during observation and bilateral during execution,
covered ventral sensorimotor cortices, and presumably captured HG activity from ventral
higher-tier motor planning areas. During the retention interval we found this relative reduc-
tion of HG activity in additional sensors over parietal areas. However, it is not so clear whether
these lateral and parietal HG-reductions reflect similar functions. The lateral HG reduction
relative to baseline was present in all three phases, observation, retention and execution with
some variation in the strength of the effect. This suggests that it is related to the motor task
rather than any of the three phases of the task. This interpretation is further corroborated by
the observation that it first occurs when the specific grasp was introduced. The effect could be
accounted for by the results of monkey single cells studies recording from mirror neurons in
ventral premotor areas F5 and F6 [54, 55]. Gallese et al. [54] report that a substantial propor-
tion of the mirror neurons exhibited strict tuning to specific actions. They fired only for their
preferred grasp and had reduced spontaneous activity for non-preferred actions. Qualitatively
similar effects were reported by Kraskov et al. [55] for mirror neurons with pyramidal tract
projections. Accordingly, the reduction of HG activity we found in lateral MEG sensors could
result from a net reduction over the population HG activity of neurons with high selectivity
for specific actions.

The parietal HG-decrease, however, exhibits different characteristics than the lateral. There,
the HG activity is increased relative to baseline during action observation and execution but
decreased during the retention interval below pre-trial baseline. Similarly, Perry et al. [7]
reported HG-activity increases in the pure mirroring electrodes only during observation and
execution phases while HG activity decreased during retention. These pure mirroring elec-
trodes were more abundant over parietal cortices in their study. Moreover, activation increases
in parietal cortex during reach-to-grasp movements has been reported in previous PET and
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fMRI studies [17, 56], in particular in imitation paradigms. This activation has been inter-
preted in terms of matching an observed action onto an internal motor representation [17,
57]. Conversely, the HG activation reduction during the retention interval may reflect a mech-
anism for withholding the execution of the reach-to-grasp movement during the delay [21, 55]
as parietal areas play a role in the coordination of vision and motor related brain areas for
reach-to-grasp movements [58, 59].

Perry et al. [7], recording ECoG using a similar experimental paradigm, denoted electrodes
mnenomic mirroring electrodes when the HG activation level was elevated during all three
phases, observation, retention, and grasping. We did not find sensors with elevated HG activity
in all three phases. However, we did find consistently decreased HG activity over all three
intervals in sensors over inferior frontal and parietal areas. Since these sensors show the same
response direction during all three phases, they could be termed mnemonic mirror sites. In
MEG HG-decreases have been reported in working memory tasks starting with the encoding
phase [60]. However, it is unclear why the MEG should measure HG decreases when ECoG
measurements report increases. One reason could be the much lower spatial resolution of the
MEG which is in the order of centimeters while ECoG can resolve functional variations in the
order of a few millimeters [61]. In the study of Perry et al. [7] mnenomic mirror electrodes
where spatially interspersed with pure mirroring electrodes and MEG is not capable of resolv-
ing such fine structure in functional organization.

Accurate localization of task-related modulations in the HG range during movement obser-
vation and execution is important to facilitate further research on functional aspects of the
human mirror system. We used sensor sensitivity maps that were calculated on the individual
anatomy and then morphed to a standard brain for visualization of the potential brain sources.
The analyses presented here are based on planar gradiometers which are most sensitive to
brain activation directly under the sensors. However, due to the underlying physics and indi-
vidual cortical folding patterns, a gradiometers sensitivity profile has a spatial spread on the
cortical sheet which depends on the orientation and distance of the cortical area. The sensitiv-
ity maps provided here can be interpreted as probability maps for the anatomical location of
the sources of the effects observed in the gradiometer sensors. An advantage of this approach
is that the sensitivity maps are only based on a biophysical model of how the sensor signal is
generated. They do not require complex fitting of inverse models.

Another benefit of our study is the use of natural grasping movements with ecological valid-
ity. We used objects of everyday use (bottle, cup, and pen) combined with the grasp types that
would naturally be used to pick up and use these objects: whole-hand power-grip for the bottle,
handle grip for the cup and precision pinch grip with index finger and thumb for the pen. The
spatial patterns we found could guide brain-computer interfaces (BCls) based on HG activity
in the future. It has been argued that areas coding specific goal-directed actions might be well
suited for BCIs, for example in posterior parietal cortex [62] which we also found to be modu-
lated by our task. In addition, a better spatial understanding of the human mirror neuron sys-
tem could benefit advanced neurorehabilitation approaches that show promising results of
action observation treatment in areas with mirror properties [63, 64] with potentially greater
benefits when combined with motor imagery [65].

Moreover, we were able to include the self-paced nature of the movements into our analy-
sis, not only by looking at the actual start of the movement, but also by analyzing specific time-
points during the reach-and-grasp movement using our custom made MEG-compatible
movement tracking system, especially the time point of the actual grasp. This enabled us to
separate segments into a pre-grasp period, where we expect the pre-shaping of the hand and
the grasp to happen [46], and a post-grasp period, where the object is simply held with mini-
mal additional movement of the arm and hand. Using this separation, we were are able to
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differentiate between grasp placement activity and activity during holding the grasp. From a
neuronal perspective there are, at least in monkeys, “grasping neurons” which would respond
during the pre-grasp period and stop firing when the grasp is placed around the object and
“holding neurons” which only respond when an object us kept in the hand [54]. Such neurons
could partly drive the difference in activity patterns we found when comparing pre-grasp and
post-grasp periods.

In conclusion, our MEG results reveal complex HG activation patterns during movement
observation and execution which overlap in several cortical areas. We found lateral reduction
of HG activity during observation, retention and execution of imitated reach-to-grasp move-
ments to natural objects. This activation showed features of mnenomic mirror activation.
Moreover we found mirror-like HG enhancements during observation and execution in sen-
sors over parietal and sensorimotor areas. In parietal areas this activation decreased below
baseline level during retention, supporting the notion of a role of parietal areas in controlling
the execution of a planned movement. These results provide further insights into human mir-
ror system localization and response properties in the HG range.
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