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Despite the prevalence of visuomotor transformations in our motor skills, their mechanisms remain incompletely understood, espe-
cially when imagery actions are considered such as mentally picking up a cup or pressing a button. Here, we used a stimulus–response
task to directly compare the visuomotor transformation underlying overt and imagined button presses. Electroencephalographic
activity was recorded while participants responded to highlights of the target button while ignoring the second, non-target button.
Movement-related potentials (MRPs) and event-related desynchronization occurred for both overt movements and motor imagery
(MI), with responses present even for non-target stimuli. Consistent with the activity accumulation model where visual stimuli are
evaluated and transformed into the eventual motor response, the timing of MRPs matched the response time on individual trials.
Activity-accumulation patterns were observed for MI, as well. Yet, unlike overt movements, MI-related MRPs were not lateralized, which
appears to be a neural marker for the distinction between generating a mental image and transforming it into an overt action. Top-down
response strategies governing this hemispheric specificity should be accounted for in future research on MI, including basic studies
and medical practice.
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Introduction
The majority of our movements are performed in the visual
world, where complex visuomotor transformations enable motor
precision (Jeannerod 1986). The visuomotor transformations are
temporarily organized as stages of motor processing, including
motor preparation, stimulus processing, motor execution (ME),
and feedback (Bernstein 1947; Rahman et al. 2019). Movement-
related cortical potentials (MRPs) are reflective of these stages
with high temporal resolution (Vaughan Jr. 1969; Berchicci et al.
2016). Conventionally, MRPs are divided into 2 distinct compo-
nents. The first component is a lateralized rapid negative deflec-
tion, which represents a movement-specific electrical potential
that appears ∼200–60 ms prior to movement onset. This potential
has a contralateral negativity and is often described as the later-
alized readiness potential (LRP), which is defined as the difference
in electrical activity between the 2 hemispheres (Deecke et al.
1976; Trevena and Miller 2002; Neafsey 2021). The second MRP
component is the reafferent potential (RAP) that occurs after
movement onset. The RAP is characterized by a contralateral
positive peak (Vaughan Jr. 1969; Syrov et al. 2022). Movement-
related afferent signals (kinesthetic, tactile and visual) contribute
to RAP formation (Bötzel et al. 1997; Berchicci et al. 2016).

Stages of motor processing also occur during motor imagery
(MI), where individuals generate mental representations of
movements, including imagining their associated sensations
(Pfurtscheller 2000; Grush 2004; Stinear et al. 2006; Guillot
et al. 2009). Neuroimaging and neurostimulation studies have

consistently documented the similarity of cortical activity
patterns during the overt and imagined movements, which both
activate the primary motor cortex (M1) (Schnitzler et al. 1997;
Fadiga et al. 1998; Grosprêtre et al. 2016; Mehler et al. 2019).
Even though several studies pointed to the differences in cortical
activity in these 2 cases (Caldara et al. 2004; Gabbard et al. 2009;
Rodriguez et al. 2009; Glover et al. 2020; Yashin et al. 2023), there is
still no clear explanation for the distinction between M1 activity
that results in an overt action and the one that does not. However,
knowledge of these mechanisms is important for understanding
how movements can only be imagined and how this knowledge
can be used in motor rehabilitation practice (Binkofski et al. 2002;
Stippich et al. 2002; Jennings and van der Molen 2005). Thus,
for the case of imagined visuomotor transformation, one could
assume that visual information is propagated to motor cortical
areas, but response initiation is blocked at some point and the
mental effort does not end with actual muscle activation.

Multiple covert factors could motivate movements and
influence the conversion of sensory information into motor
preparatory activity (Jennings and van der Molen 2005), and
thus contribute to LRP formation (Van Vugt et al. 2014; Gherman
et al. 2023). Indeed, the LRP can be described as an intermediate
stage in the transformation of a stimulus into a motor response,
with the early part being more sensory and the late part more
motor (Hackley and Valle-Inclan 1998; Gherman et al. 2023).

For the case of MI, Marc Jeannerod proposed a motor simulation
theory, according to which covert and overt movements share the
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neural substrates (Jeannerod 1994; Jeannerod 2001; Glover and
Dixon 2013). Yet, the accumulation of motor activity during MI is
not sufficient to trigger an actual execution. Consistent with this
theory, Galdo et al. (2016) reported that LRPs were weaker during
MI than during overt actions. In contrast, Hohlefeld et al. (2011)
reported the absence of any lateralization in MI-related compo-
nents. Thus, LRP characteristics specific to MI remain unclear. In
particular, it is unclear whether movement suppression which
is required for MI causes a decrease in LRP amplitude or a
shortening of its duration. The latter effect could occur because
the accumulation of activity preceding the imagined response is
suppressed to prevent the activity from crossing the execution
threshold. Alternatively, the preparation of an imagined response
could involve a completely different cortical network as compared
with the circuitry involved in the preparation of an overt
action.

In addition to MRPs, electroencephalographic (EEG) spectral
power is modulated during motor preparation and execution,
particularly in the μ (7–15 Hz) and β (15–30 Hz) frequency
bands, where event-related desynchronization (ERD) develops
(Pfurtscheller et al. 2003). β-band ERD can occur as early as
2 s before movement (Pfurtscheller et al. 1997) and reflects
premotor/motor activation. Movement-related sensorimotor ERD
is temporally linked to motor execution process and processing
of sensory reafference. However, ERD can also occur during MI
in the absence of movements and their related reafferent inputs
(Pfurtscheller 2000). In this context, MI can be conceptualized
as a process of recalling or emulating how a movement feels
(Grush 2004). Since a motor image incorporates somatosensory
sensations, its retrieval leads to the activation of both motor and
somatosensory areas (Savaki and Raos 2019).

Given these considerations, it is reasonable to suggest that
preparatory processes involved in MI differ from the prepara-
tion of actual movements (Hohlefeld et al. 2011; Yashin et al.
2023). This difference in strategy could be reflected by LRPs and
RAPs, and subsequently by their associations with the changes in
oscillatory activity observed for real versus imagined responses.
While associations between LRPs and μ−/β-ERD have been previ-
ously studied for both MI and ME (Fairhall et al. 2007; Ko et al.
2015; Galdo et al. 2016; Rogge et al. 2022), we did not find any
studies that directly examined the relationship between RAP and
movement-induced ERD, although RAP and μ-/β-ERD are thought
to be related to afference processing. Notably, motor simulation
theory, which could be used as a framework for understanding
differences in MI and ME, has faced criticism, with several studies
questioning its validity (Rodriguez et al. 2009; Gabbard et al. 2009;
O’Shea and Moran 2017; Glover et al. 2020), which highlights the
importance of studies comparing MRPs and spectral changes. To
improve our knowledge of these issues, here we used a stimulus–
response task to directly compare visuomotor transformation for
both real and imagined movements. We analyzed the LRPs and
their relationship to reaction time (RT) to investigate how the
accumulation of stimulus-driven activity during the visuomotor
transformation contributes to the properties of the LRP in real
actions. A similar analysis was performed for the MI condition
where we performed a procedure of epochs sorting based on the
estimation of the response-related peak latency determined for
each target trial. With these analyses, we assessed the temporal
patterns of cortical activity during MI and ME. The study employed
a block design to avoid different response strategies being inter-
mixed. With this approach, we expected to find differences in
the lateralization of MRPs preceding real versus imagined move-
ments. Additionally, we analyzed the dynamics of the μ-/β-ERD

with an expectation to find a correlation between RAP peaks and
modulations of cortical oscillatory activity.

Methods
Participants
A total of 17 healthy volunteers with no history of neurological
disorders and normal or corrected-to-normal vision (mean age
23 years, SD = 4; 6 female) participated in the study. All were
right-handed according to the self-reports (no specific tests were
performed to assess hand dominance). Participants had approxi-
mately 8 h of sleep, no alcohol or medication intake prior to the
experimental session, and no coffee intake during the 2-h period
preceding the experiments. All were informed of their rights and
gave informed consent to participate in the study. The experi-
mental procedures were approved by the Bioethics Committee
of the Lomonosov Moscow State University (protocol no. 111-ch).
The study followed the Declaration of Helsinki ethical principles
for medical research involving human subjects. All subjects were
informed of the study procedures and gave written consent to
participate.

Experimental design
The subjects were seated at a table in a comfortable chair with
their hands resting on a panel with 2 buttons (5 cm in diameter
and 10 cm in height). The right and left buttons were dedicated
for the right and left hand actions, respectively. During the exper-
imental sessions, the buttons were highlighted using built-in LEDs
in a semi-random sequence. The participants were instructed
to pay attention only to the highlights of the button designated
as the target and press that button as quickly as possible in
the ME task or imagine performing a button press in the MI
task. Mental counting (MC) of the target stimuli was used as a
control condition, different from the other conditions in which a
visuomotor transformation had to be presented. Since MI has no
overt motor output (e.g. muscle activation), it was necessary to
control the presence of sensorimotor activation in this condition.
A block design was used, with each task being performed in a
separate run (see Fig. 1). The order of runs was randomized across
participants. Each run consisted of 6 consecutive sequences of
trials (3 for each hand) and started with the presentation of the
instruction word (“right” or “left”) instructing the target button.
The instructions were presented for 5 s on a 22-in LCD monitor
placed in front of the subject. The target button (left or right)
was randomly assigned for each sequence of trials. The stimulus
sequence within each run consisted of 30 trials, each of 1,000 ms
long: 200-ms button highlight followed by 800-ms interstimulus
interval (ISI). Highlights of the target button required an action
(ME, MI, or MC) to be performed, whereas non-target stimuli had to
be ignored. Target and non-target stimuli were equal in numbers
(n = 15 for each stimuli per trial) and randomly intermixed. These
settings resulted in 90 target (45 right + 45 left) and 90 non-
target responses collected for each task in a given participant. The
experimental design is graphically illustrated in Fig. 1.

Signal acquisition
EEG was recorded at 1,000 Hz using an NVX-52 DC amplifier
(MKS, Russia) with 22 Ag/AgCl passive electrodes in the following
positions: Fp1, Fp2, Fz, FC3, FCz, FC4, C5, C3, Cz, C4, C6, CP3, CPz, CP4,
P3, Pz, P4, PO3, POz, PO4, O1, O2 (with correspondence to the interna-
tional 10/10 system). Fp1 and Fp1 channels served as EOG-channels
to remove eyes-blinking artifacts. The average of channels A1
and A2 was used as the reference. The electrode–skin impedance
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Fig. 1. Experimental design. Within each experimental session, 3 conditions were used: ME, MI, and MC. There were a total of 3 runs (1 run per condition)
consisting of 6 sequences of trials (3 for each hand). Each sequence of trials started with a command indicating which button was the target (right or
left). Participants focused on the target button highlights to which they responded by pressing the target button, imagery of button press, or counting the
number of highlights for the ME, MI, and MC tasks, respectively. Each sequence contains 30 trials of button highlights, which were target and non-target
highlights in equal proportion (15 + 15). The total number of trials per run for each hand was n = 90 (45 target + 45 nontarget). The flash duration was
200 ms (S) and the ISI was 800 ms. EEG and EMG signals were recorded. Stimulus presentation time and response time were synchronized with the
signal recording. EEG and EMG signal epochs recorded during target and non-target trials are shown at the top of the figure.

was kept below 20 kΩ. The stimulus presentation time and the
button press timestamps were synched with signal acquisition.
Two channels of surface EMG for the left-hand and right-hand
m. flexor digitorum superficialis (FDS) were sampled in order to
discard non-ME-trials and non-target trials where muscles were
activated.

Event-related potentials analysis
The raw EEG signal was bandpass filtered using a Butter-
worth fourth-order filter with a frequency range of 1–15 Hz.
Blinking artifacts were removed using independent component
analysis (fastICA method). The components highly correlated
with signals from Fp1 and Fp2 channels were classified as

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad440/7439490 by guest on 28 N

ovem
ber 2023



4 | Cerebral Cortex, 2023

electrooculography-artifacts and then excluded from the signal.
The preprocessed signal was epoched [−0.5–1] s after the visual
stimulus onset; the mean voltage of the [−0.5–0] s period was used
for the baseline correction. These “preprocessed epochs” were
used in further analysis. Then the stimulus-locked averaging was
used to compute target and non-target ERPs in each condition.
Furthermore, to compare stimulus- and response-locked ERPs
during the ME condition, averaging was performed for the data
aligned on the button press. To visually compare the stimulus and
response-aligned ERPs, the 298-ms shift was performed, which
corresponded to accounting for the median RT calculated for all
subjects.

To compute lateralized potentials across all experimental con-
ditions, stimulus-locked epochs (as opposed to response-locked)
were considered due to the lack of overt responses during the
MI and MC tasks. Considering the contralateral predominance of
both pre- and post-movement potentials, calculation of lateral-
ized potentials (i.e. cortical potentials comprising pre-movement
LRP and post-movement lateralized peak derived from the RAP)
was performed using the double subtraction method introduced
by Coles (1989) for LRP calculation (see Eq. 1). With this method,
lateralized potentials were first computed separately for each trial
by subtracting the ipsilateral potentials from the contralateral
ones (C3 vs C4, see Eq. 1, a and b), followed by the averaging
(Eq. 1, c):

LRPright = C3ERP − C4ERP a
)

LRPleft = C4ERP − C3ERP b
)

(1)

LRP = LRPrigt + LRPleft

2
c
)

Analysis of movement-related potentials
To analyze the relationship between the RTs and the preparatory
and post-movement cortical potentials, single-trial lateralized
responses were obtained from the ME data separately for each
button press, that is, without averaging across trials (Eq. 1, a-b).
The same approach was used by Falkenstein et al. (2006). The
epochs with extra slow responses (with the RT exceeding the
threshold of 577 ms calculated as Q3 + 1.5IQR for the RT data)
were discarded (2–3 epochs for each subject). All participants’
single-trial lateralized potentials were collected in 1 matrix and
sorted by motor-response latency in ascending order. For better
visualization, we applied a moving average with a 10-ms window
and 1 timestamp step to each epoch, which produced smooth
traces (Fig. 3A).

Amplitude, latency, and length of the LRPs were calculated.
LRP amplitude was measured as the peak negative deflection
within the time interval from the visual stimulus onset till 80 ms
after the response. LRP’s latency was defined as the time of
the peak value. The length of the LRP was determined for each
trial by measuring the duration where the LRP absolute value
exceeded half of the peak amplitude. Additionally, we measured
the latency of the post-movement lateralized peak derived from
RAP. The relations between these characteristics of the cortical
potentials and the RT were quantified using a linear mixed model
analysis.

To examine the presence of lateralized potentials for the non-
target trials, we removed from the analysis all non-target epochs
where EMG responses were detected (0.12% of all non-target
trials).

Analysis of MI-related ERPs
For MI trials, the late positive peak occurring after the nega-
tive potential was considered as response-related. Since response
onset could not be measured explicitly for the MI trials, an alter-
native approach was implemented to analyze cortical potentials
reflecting the onset of imagined movements. We performed a
trial-by-trial sorting based on the latency of the response-related
positive potential estimated as the time point at which it peaked.
This procedure is often used for latency correction (Picton et al.
2000; Poli et al. 2010). Since accurate alignment can be affected
by EEG fluctuations that introduce noise, we used a peak-picking
approach proposed by Gratton et al. (1989), which consists of an
application of a band-pass filter (0.5–2 Hz) followed by smooth-
ing with a 20-ms window sliding window (see also Makeig and
Onton 2011; Ganin and Kaplan 2022). Thus, the latency of the MI-
related positive peak was determined for each smoothed potential
by identifying its maximum value for the interval 400–800 ms
relative to stimulus onset. All trials were then sorted by latency
in ascending order (like the sorting of the ME trials by RT).

Time–frequency analysis
Following the preprocessing described above, a time–frequency
analysis was performed to estimate the depression of sensori-
motor rhythms during ME and MI trials. EEG signals were re-
referenced to the common average reference (McFarland et al.
1997). The Morlet wavelet transform was used for the analysis
of the time–frequency perturbations. We used a set of complex
Morlet wavelets with variable number of cycles for different fre-
quencies. The frequencies ranged from 5 to 25 Hz with a 1-Hz step,
and the full-width at half-maximum (FWHM) was equal to 374 ms.
The desynchronization value was calculated as the ratio of the
signal power during the target epochs to the median of the signal
power during the [0.5–1 s] time interval of non-target epochs. The
non-target trials were used for comparison, as it was reasonable to
assume that they would not contain any sensorimotor responses.
The obtained ratio was converted to decibels (see Eq. 2). Negative
and positive values corresponded to ERD and synchronization
(ERD/S), respectively.

ERD/S, dB = 10 ∗ log10

powertarget

powernon−target
(2)

Median values were then calculated across all epochs to obtain
ERD values for each of the experimental conditions (MI, ME, and
MC) for each subject. To analyze the spatial scalp distribution of
ERD in the individual frequency bands, we calculated the median
value within the time range [0.3–0.7] s. For each participant,
the individual frequency band was determined as the ERD peak
frequency in the μ-/β-range (7–15/15–25 Hz) ± 2 Hz. In cases where
no pronounced peak was observed, an a priori range was used. The
resulting value was also used in a correlation analysis where the
association was assessed between the changes in sensorimotor
rhythms and post-movement RAP peaks.

Statistics
The cluster-level statistical permutation test was used to deter-
mine whether the target and non-target lateralized potentials sig-
nificantly differed from zero (i.e. significance of the lateralization).
A permutation cluster-based test was performed with cluster-
level corrections that accounted for multiple comparisons. Specif-
ically, a null distribution was generated from 100,000 random
sets of permutations. Statistical significance was determined by
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evaluating the proportion of the elements in the null distribu-
tion that exceeded the observed maximum cluster level. The
F-threshold was automatically selected to correspond to a P-value
of 0.01, which controlled for the Type I error rate.

Pearson’s correlation test was used to assess the relationship
between RAP amplitude and movement-related ERD magnitude.
To explore the relationship between LRP characteristics and the
RTs, we used a linear mixed model analysis with RT as depen-
dent variable, LRP latency and length as predictor variables, and
subject as a random effect. Thus, we accounted for the inter-
and intrasubject variability by considering all trials instead of
averaging within subjects (Guthrie et al. 2018).

Results
EEG responses to target stimuli differed from those to non-target
stimuli for all conditions (Fig. 2A). They consisted of an early
positive component followed by negativity spanning the interval
200–400 ms after stimulus onset. These early responses were
followed by a late positive component for the ME and MI condi-
tions. Interestingly, for the left-target trials, the positive deflection
was the strongest for channel C4 for the interval 400–700 ms (in
Fig. 2A). No such late positivity was observed for the MC trials as
was evident from the analyses of the difference between the ERP
curves (Fig. 2A, bottom section).

To test whether the late positive peak was response-related, we
performed response-locked averaging for the ME trials. Prior to the
averaging, we detected the outlying slow responses (see Methods)
and removed them from the analysis as noisy (Poli et al. 2010).
Response-locked averaging of the ME-related epochs confirmed
the locking of this component to the motor response (Fig. 2B),
supporting that this was an RAP.

The RAP peak and the preceding LRP were the strongest in
the hemisphere contralateral to the acting limb. Since the LRP
peak was the most prominent for the stimulus-locked averaging,
this averaging approach was used to compute the topography
maps.

Motor lateralized potentials in motor execution
and the RT
Figure 3A shows the across-participant aggregated epochs from
the ME trials processed with a subtraction procedure (C3 minus C4
for the rightward responses and vice versa for leftward responses)
and ordered by RT increase in ascending order. Here, time zero
corresponds to visual stimulus onset, and motor response onset
is represented by a bold dashed line. Two lateralized MRPs com-
ponents were clear. The first component was the negative compo-
nent that corresponded to the LRP (shaded in blue). For each trial,
this component started ∼200 ms after the stimulus presentation,
lasted until response onset, and faded either simultaneously with
or shortly after the motor response. Significant positive correla-
tions were found between the RT and LRP peak latency (estimated
coefficient = 0.57, P < 0.001, std. error = 0.04) and between the
RT and LRP duration (estimated coefficient = 0.58, P < 0.001, std.
error = 0.024). No correlations were found between the LRP ampli-
tude and RT (see Fig. 3B). Furthermore, when we used latency
and LRP duration together for modeling, we obtained a better
fit (LRP duration: coefficient = 0.86, std. error = 0.02; LRP latency:
coefficient = 0.72, std. error = 0.03, P < 0.001).

While the LRP onset was time-locked to the stimulus, its dura-
tion extended to the motor response. The positive deflection of
the EEG potential that followed the LRP (see Fig. 3A) was clearly

time-locked to the motor response onset. A significant correla-
tion was found between the latency of post-movement lateral-
ized peak and the RT (estimated coefficient = 0.72, P < 0.001, std.
error = 0.014, see Fig. 3B).

Figure 4 shows the grand-averaged stimulus-locked lateralized
response for the target (blue line) and non-target (gray line)
ME trials. For both target and non-target trials, cluster-based
permutation tests revealed a significant (P < 0.001 and P < 0.01
for target and non-target, respectively) difference from the zero-
level. The temporal clusters coincided with the LRP latency range,
which corresponded to the premovement period defined by EMG
onset. A small negative deflection for the non-target trials had a
lower amplitude compared with the target trials. This deflection
returned to the baseline by the time the EMG response began to
develop during the target trials.

Target-trial lateralized responses were characterized by a sig-
nificant contralateral post-movement positive potential (P < 0.01),
derived from RAP, that peaked when muscle activity reached the
maximum. The potential returned to baseline when the button
was released.

MI-related potentials
The analysis of MI condition showed a positive component for
the target response, which spanned the 500–700 ms interval
with respect to stimulus onset. This interval overlapped with the
latency interval of the RAP component for the real movements.
We refer to this component as the RAP-like potential because it
was maximal over the sensorimotor areas (i.e. channel Cz). In
contrast to movement-evoked responses, the RAP-like potential
during MI did not have a hemispheric lateralization (see Fig. 5A).
Additionally, the negative component preceding the RAP-like peak
was also not lateralized during MI, regardless of the hand being
imagined. Finally, no lateralized component was found for the MC
trials.

Figure 5B shows cortical potentials during MI, with trials sorted
by latency of the RAP-like peaks in ascending order. It can be
seen that the latency of the early positive peak was locked to
the visual stimulus, whereas the negative wave preceding the
RAP-like potential started ∼250 ms after the stimulus and lasted
until the response-related positivity (i.e. the RAP-like peak) whose
latency ranged from 400 to 800 ms.

ERD for the ME and MI responses
The analysis of event-related perturbations revealed a tempo-
rally reliable depression only for the β-band. Short-lasting con-
tralateral ERDs were observed during both real and imagined
responses, but not for the MC task. Figure 6A shows the grand-
averaged time-frequency dynamics for the right-MI and left-MI
conditions; channels C3 and C4 are shown. The most pronounced
ERD occurred in the 15–25 Hz range and peaked 500–600 ms after
the visual stimulus onset. Figure 6B shows the median for β-ERD
in all conditions.

The amplitude of the β-ERD within the time interval 0.3–
0.7 s was used in the correlation analysis whose aim was to
assess the relationship between the sensorimotor ERD and RAP.
Figure 6C shows that the correlation was negative between the
amplitude of β-ERD from C3 and C4 channels (for right- and left-
hand responses, respectively) and the amplitude of the RAP-like
peak (from Cz channel). Pearson’s test showed a strong signifi-
cant correlation for both the right (R = −0.75; P = 0.0006) and left
(R =−0.70; P = 0.0017) hands. To investigate these associations for
real movements, we computed RAP amplitude and β-ERD for the
alignment on response. In contrast to the MI condition, the overt
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Fig. 2. (A) Group averaged (n = 17) stimulus-locked ERPs for targets and non-targets and their difference (target ERP minus non-target ERP) for the central,
parietal, and occipital channels. Data are shown for MI, ME, and MC conditions for the trials in which the left button was assigned as the target. The ERPs
from channel C4 are colored to highlight the data from the areas contralateral to the target. (B) Stimulus-locked (black solid line) and response-locked
(red solid line) average MRPs (left-hand ME trials) for channel С4 plotted in the same graph. The plots also show the topographical distributions of the
MRP peak amplitude. The distributions are shown separately for leftward and rightward responses.

movement condition had no relationship between ERD and RAP
amplitude (see Fig. 6C).

Discussion
In this study, we investigated EEG responses to target and non-
target visual stimuli for 3 response strategies: MC, overt button
pressing (ME), and imagined button pressing (MI). Lateralized

cortical potentials, indicative of limb-specific sensorimotor area
activation, were assessed across these conditions. The primary
goal of this analysis was to reveal the association between the
lateralized potential parameters and specific response character-
istics (response type and response latency). The analysis clari-
fied the visuomotor transformation for the overt and imagined
movements. In both cases, the visual stimulus elicited an activ-
ity over the sensorimotor cortex but only in the case of overt
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Fig. 3. (A) Lateralized potentials for all ME epochs in all participants sorted by RT (bold dashed line). The red and blue dots limit the LRP’s onset and offset
determined as the period where LRP deflection exceeded 50% of maximal amplitude. (B) Associations between response RT and lateralized potential
parameters (from left to right: LRP’s latency, LRP’s length, LRP’s amplitude, latency of post-movement lateralized peak derived from RAP. The color dots
indicate different participants), estimated coefficients and P-values are presented in the graphs.

movements this activity culminated in an actual motor execution.
Based on these results, we consider the hypothesis confirmed
that LRP reflects a visuomotor transformation, where neural
activity gradually accumulates within sensorimotor areas prior
to motor execution. The theoretical framework of such an accu-
mulation could be used to explain how accumulation unfolds
even during the trials where no overt movements are executed.
The role of response strategy in shaping LRPs is of particular
interest.

The relationship between LRP characteristics and
RT in terms of motor activity accumulation
Premovement LRPs with a pronounced lateralization were clear
only in the ME trials. The amplitude was maximal over the fron-
tocentral areas in the hemisphere contralateral to the active limb.
Such an LRP develops in M1 prior to voluntary movements (typi-
cally about 200 ms prior the EMG onset), that is, during the period
when a movement is being prepared (Böcker et al. 1994; Schmitz
et al. 2019). This cortical potential has been suggested to reflect
M1 preparatory activity during the ballistic stages of movements
preparation (Logan and Cowan 1984; Schultze-Kraft et al. 2016)

where at some point it becomes impossible to veto the upcoming
movement (Schultze-Kraft et al. 2016; Neafsey et al. 2021). Yet,
an LRP could reflect a more complex sensorimotor integration
than just premovement effector-specific M1 excitation. Thus, LRP
shape and latency depend on perceptual categorizing of the stim-
ulus (e.g. linking the stimulus to the limb that has to move) and
the subsequent action preparation and execution (Hackley and
Valle-Inclan 1998). Luck et al. (2009) investigated LRP features
representative of stimulus processing, and Saville et al. (2015)
proposed that increased neural noise causes high variability LRP
latency, and consequently RTs, in patients with attention deficit
hyperactivity disorder. According to the drift-diffusion model, a
stimulus being analyzed during decision making triggers a noisy
evidence accumulation process in which the activity of neural
circuits drifts toward a decision threshold (Van Vugt et al. 2014;
Hanks et al. 2015). Based on this model, Van Vugt et al. (2014)
proposed that the early part of the LRP reflects the accumulation
of evidence, while the later phase is a self-maintaining ballistic
stage formed by a motor network (Van Vugt et al. 2014).

Here, by examining the relationship between the single-trial
lateralized EEG responses and the RTs, we clarified how LRPs
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Fig. 4. (A) Stimulus-locked across-subject average lateralized potentials for target (blue line) and non-target (gray line) ME-trials. The dashed transparent
gray line is an averaged EMG response corresponding to target trials. (B) Results of the nonparametric cluster-based permutation tests indicate the
significant differences between lateralized response and zero. F-statistics is shown. For temporal cluster including target LRP p-value < 0.001, for two
significant clusters including non-target LRP and post-movement positivity p-value < 0.01. Significant clusters are represented by bold lines, while the
dotted line corresponds to insignificant differences.

Fig. 5. (A) Lateralized potentials in 3 experimental conditions: MC, MI, and ME. (B) The epochs related to target MI-trials from Cz channel in all participants
sorted by ascending of determined RAP-like latency time. The dashed line indicates stimulus onset. The grand averaged (n = 17) MI-related ERP from
the Cz channel is overlaid on the figure as a transparent line.

represent an activity accumulation process during a visuomotor
transformation. We found a significant correlation between LRP
timing and RT. Furthermore, we found a significant correlation
between the response time and LRP length. These findings sug-
gest that response delays are associated with a slower increase
in excitability in motor cortical networks. Indeed, not only did
the LRP shift synchronously with the RT, but its duration also
increased with the increase in response timing. These results are
consistent with the findings of Sangals et al. (2002) who described
a shortening of LRPs for faster motor responses and Falkenstein
et al. (2006) who reported an increase in LRP duration associated

with RT slowing in the elderly population. At the same time, our
results are hard to explain in terms of the suggestion of Van Vugt
et al. (2014) who proposed that the late part of the LRP is the
result of activation of a “threshold layer” of M1 neurons that are
not involved in activity accumulation but only translate inputs
into motor execution. Based on our results, LRP length, but not
LRP peak amplitude, affects the RT, which is consistent with the
model where the slope of increasing neural activity (rather than
its peak amplitude) causes reaching a fixed threshold after which
a response is elicited (Hanes and Schall 1996; Sangals et al. 2002).
Our results agree with the recent findings of Li et al. (2023) who
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Fig. 6. (A) Across-subject (n = 17) median values showing the time–frequency dynamics for MI target trials for C3 and C4 channels and the corresponding
topography distribution (bottom). The rectangles on time–frequency plots highlight the time [0.3–0.7] s and individual frequency (15–25 Hz) ranges used
for β-ERD topography estimation. (B) Median time courses of β-ERD for all experimental conditions in C3 channel for right-responses and C4 for left-
responses. The transparent shapes indicate the interquartile range. (C) Intersubject correlations between β-ERD value (time and frequency ranges were
the same as described for Fig. 6A) and RAP-like/RAP peak amplitude for left and right MI/ME responses. RAP-like peak amplitude was calculated as the
average value across the time interval ± 20 ms relative to the maximal positive deflection within the time window [0.5–0.7] s. Correlation coefficients
and P-values are shown.

demonstrated an early stimulus-locked activation that persisted
until the motor response in the parietal and precentral areas.
Regarding the reason why some responses were slower than the
others, we could speculate that fluctuations in M1 excitability
could have played a role (Misirlisoy and Haggard 2014; Paluch
et al. 2021; Aksiotis and Ossadtchi 2022) since M1 readiness to
execute a movement is known to be influenced by internal factors
(Kunzendorf et al. 2019; Al et al. 2021) and stochastic processes
(Murakami et al. 2014; Murakami et al. 2017; Aflalo et al. 2022).

Non-target LRPs
In the examination of non-target LRPs, it was of interest to investi-
gate the presence of lateralized activation in M1 during non-target
ME trials, that is, the trials where no movements were produced
but some kind of subthreshold movement preparation could have
taken place. We expected that the use of a block design with the
response strategy aimed at fast button press would facilitate such
subthreshold activity even in response to non-target flashes. At
the same time, we expected these LRPs to be weaker compared
with target ME trials, since non-target trials should not lead
to actual movements and the stimulus-driven accumulation of
activity reflected in LRPs must be aborted.

Consistent with our expectation, even though participants in
these experiments focused their attention on the target stimuli
and ignored the distracting non-targets, LRPs were observed in
response to non-targets. These non-target LRPs were weak and
of shorter duration compared with the target responses (Fig. 4).
Although target and non-target LRPs started at the same time
relative to the stimulus, non-target LRPs returned to baseline
at the time that matched EMG onset in the target trials. The
presence of non-target LRPs agrees with the model of decision-
making where sensory information is evaluated in the context
of the instructed motor task and a veto decision results from
this evaluation. The motor circuits could have been in a state
of permanent readiness to react as quickly as possible, so that
all visual stimuli initiated a visuomotor transformation process,
where the ME was allowed to fully develop only in the target trials.
Previously, Carrillo-de-la-Pena et al. (2006) observed double-peak
LRPs. They suggested that the first peak could have represented
the selection of the acting hand prior to the final decision on
whether or not to initiate a movement. In a paradigm similar to
our non-target trials, Galdo et al. (2016) showed that LRPs were
weaker in no-go trials, where participants successfully stopped
movement preparation. Conversely, LRPs were stronger in the
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no-go trials where the participants failed to stop movement. Thus,
non-target LRPs indicate that cortical motor areas do not remain
silent during stimulus evaluation, and the mere presence of an
LRP does not necessitate an imminent motor response, nor does
it necessitate the occurrence of action awareness.

An absence of lateralized potentials during MI
Although the lateralization of cortical potentials was very clear
in the ME task, even in both target- and non-target we did not
observe any lateralization during MI. This result is different from
the findings of several previous reports where LRPs during MI
resembled those during ME and were weaker in amplitude (Galdo
et al. 2016) or even comparable (Caldara et al. 2004). Furthermore,
an inversion of LRP polarity was observed when foot movements
were imagined (Carrillo-de-la-Pena et al. 2006). Although these
previous results appear to support high similarity of cortical
potentials associated with the executed and imagined move-
ments, our present findings show that this conclusion cannot be
extended to all experimental conditions. Similar to our present
results, Hohlefeld et al. (2011) did not find lateralization of cortical
potentials for imagined and quasi-movements of the hand. They
suggested that sensorimotor activation was weak in the absence
of overt movements. Such weak activity without lateralization
could correspond to response preparation preceding the selec-
tion of the acting limb (Saville et al. 2015). In support of this
view, a conversion from non-lateralized to lateralized activity was
demonstrated by Carrillo-de-la-Peña et al. (2008). They observed
such a conversion for both ME and MI conditions in a paradigm
where an imperative stimulus evoked a non-lateralized negativity
that became lateralized after the presentation of a cue instructing
which hand should act overtly or imaginarily.

It should be noted that we used a block design where subjects
did not change the working hand in a block of trials, so there was
no trial by trial requirement to select the type of motor response
anew. These settings could explain the absence of lateralized
cortical potentials in the MI condition because, as suggested by
Carrillo-de-la-Peña et al. (2008), MI causes activation in the M1
similarly to actual execution during the working hand selection,
but not during the other processing stages.

Despite the absence of lateralized responses, significant
β-ERD occurred during MI trials but not during MC trials. β-ERD
developed during ME trials, as well. Assuming that β-ERD is a
sign of increased motor cortical activity (Yousry et al. 1997) it is
reasonable to suggest that such activation reflects the presence
of a sensorimotor activation in both ME and MI conditions. Our
observations of the differences in the LRPs in the presence of
β-ERD in the MI and ME conditions are consistent with the previ-
ous report by Hohlefeld et al. (2011). This suggests that although
there were similarities between these 2 conditions, as predicted
by simulation theory (Jeannerod 2001), imagining actions and
executing them were enabled by separate states of cortical motor
circuits. Specifically, MI and ME conditions differ in the strategy on
how to react to external stimuli. According to Jeannerod’s theory
(Di Rienzo et al. 2014), MI does not lead to actual motor perfor-
mance due to the inhibition of motor commands. However, our
observation of non-target LRPs in the ME condition but not in MI
trials supports the idea that a preselected response strategy influ-
ences the patterns of M1 activity for both ME and MI conditions.

We hypothesize that strategy selection could be enabled by
a hierarchical structure similar to the “response layer” proposed
in the drift-diffusion model (Van Vugt et al. 2014). Frontal areas
activated in a stimulus-locked manner could be involved in such a
control (Li et al. 2023). We propose a perspective which is different
from the prevailing view claiming that response inhibition during

MI responses is enacted by a suppression of motor networks. We
hypothesize that the parietal areas are subjected to top-down
modulations so that they propagate the activity that accumulates
during the preparation of imagined responses to non-lateralized
networks. This mechanism effectively prevents mapping a stim-
ulus to a real response and explains the absence of lateralized
potentials in MI compared with non-target ME trials.

Notably, the presence of this downregulating how-to-respond
command could have resulted in non-target LRPs that were incon-
gruent with the stimulus but had a polarity consistent with the
target hand. For example, when the right button was the target,
non-target LRPs showed the same lateralization as in target trials,
regardless of whether they were elicited by left button flashes.
Consequently, the polarity of non-target LRPs did not show stim-
ulus–response compatibility (Berlucchi et al. 1977; Holländer et al.
2011), but was consistent with the which-hand-to-respond strat-
egy determined by the prior instruction (also referred to as the
precuing effect in Sangals et al. (2002)).

Previous single-unit response experiments in monkeys are use-
ful to tackle our hypothesis. In a classic study, Georgopoulos
et al. (1982) observed neuronal discharges in M1 that occurred
∼80 ms before the onset of the EMG in the arm muscles and
100–150 ms after a visual cue. Ifft et al. (2012) and Lebedev et al.
(1994) reported similar patterns of premovement activity in M1
and S1 elicited by the presentation of visual stimuli instructing
movement direction. The timing of these neural patterns was
similar to the timing of the LRP we observed here.

RAPs during motor execution and imagery
Numerous studies have investigated the temporal relationship
between the late ERP components and movements (Verleger et al.
2006; Saville et al. 2012; Verleger et al. 2014; Berchicci et al. 2016).
Consistent with this literature, we observed the development of
a contralateral positive motor-related potential after movement
onset. This potential was distinct and strong when the epochs
traces were aligned on movement onset prior to averaging, and the
latency with respect to movement onset was ∼ 200 ms. This corti-
cal potential is known as RAP or movement monitoring potential
and has been suggested to originate from precentral regions
(Caldara et al. 2004) and somatosensory cortex (Bötzel et al. 1997).
The RAP is related to the control of movement execution and
somatosensory feedback processing (Bötzel et al. 1997; Berchicci
et al. 2016); therefore, the synchrony between movement onset
and RAP timing has to be expected.

In our experiments, imagery of pressing a button led to the
appearance of positive central-localized potential that had the
same latency as the RAP in ME condition. However, the RAP-like
MI-related peak was not lateralized. It was suggested that the
amplitude of motor-related potentials is proportional to the num-
ber of motor units recruited for the performance of a movement
(De Morree et al. 2012). As muscle activity was absent during
MI, the presence of RAP-like in this condition was somewhat
surprising. Several explanations for this effect could be proposed.
First, MI-related positivity could have been a late P3 evoked by the
target stimulus (Mertens and Polich 1997). However, this potential
was absent during the MC trials despite the presence of a mental
response to target flash. This result is evident in Fig. 2A, where
there is no late positive peak during MC. Secondly, our surface
EMG could have been not sufficiently sensitive to detect activity
in deeply located muscles and slight (subliminal) muscle twitches
(Sosnowska et al. 2021). However, a study using ultrasound
imaging to record deep muscles revealed an RAP-like component
during MI that developed in the absence of any discernible muscle
twitching (Sosnowska et al. 2021). The third possible explanation
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is offered by the emulation theory (Grush 2004), which suggests
the presence of models of the body and environment constructed
by the brain to control movements and adapt them to the envi-
ronment. Sensorimotor efference copies of movements provide
expectations of the sensory feedback which are then compared
with the afferent inputs during the movement (Greenwald 1970).
Such emulation could be run explicitly during MI (Sadato and
Naito 2004; Ridderinkhof and Brass 2015), and then RAP-like
potential could reflect the activation of cortical areas involved
in this emulation. The absence of cortical areas responsible for
executing actual motor acts in the cortical substrate of motor
emulation results in the non-lateralization of the RAP-like com-
ponent, similar to the behavior of the sensorimotor ERD, which
shows greater lateralization during physical movement compared
with MI (Nikulin et al. 2008). Moreover, our analysis revealed that
the result of sorting MI epochs based on the estimated RAP-
like peak latency shows a remarkable similarity to the pattern
observed for real movements: the stimulus-locked negative peak
persists until the response-related RAP-like potential, suggesting
a comparable “accumulation” process during MI, similar to what
is seen before actual motor execution. This process during MI
may reflect the preparation and accumulation of activity that
precedes the mental sensorimotor response.

β-ERD during MI and ME
We found significant β-ERD in ME and MI trials, but not during
MC. For the MI condition, we observed a gradual decrease in
β-amplitude for 500–600 ms from target onset. Such β-ERD is con-
sistent with previous MI studies (Pfurtscheller et al. 2008), where it
has been considered as a marker of activity in precentral cortical
areas (Neuper et al. 2006; Babiloni et al. 2016). Considering the
potential connection between the RAP-like component and action
emulation processes, as well as the β-ERD induced by imagery
reflecting activation of the sensorimotor cortical substrate for
movement emulation, exploration is of interest of a potential
correlation between these markers. Our analysis of the across-
subject correlation between β-ERD amplitude and late positive
ERP component revealed strong correlation only for MI but not
for ME. This result could be explained by the involvement of
reafference-related components during ME, which complicated
the relationship between ERD and RAP.

In conclusion, our study provides insights into the role of LRPs
during motor preparation and clarifies the accumulation of cor-
tical activity prior to motor execution. The absence of significant
lateralized peaks during MI trials challenges the notion that MI
has the same mechanism as ME with a difference that a disrup-
tion occurs during the final stage of processing. Rather, we suggest
that this kind of processing occurs for non-target ME trials, where
the visual stimulus initiates early stages of action preparation
that could lead to an action but should be halted. We suggest
that the differences between the overt and imagined responses
observed in this study could be explained in terms of a hier-
archical response strategy governing the sensorimotor networks
involvement in these behaviors. Our results suggest that activity
accumulation starts to occur prior to all types of responses but its
lateralization emerges only when response strategy includes the
selection of an effector for an overt action.
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