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A B S T R A C T

There is evidence that seeing a graspable object automatically elicits a preparatory motor process. However, it
is unclear whether this implicit visuomotor process might influence the preparation of a successive grasp for a
different object. We addressed the issue by implementing a combined behavioural and electrophysiological par-
adigm. Participants performed pantomimed grasps directed to small or large disks with either a two (pincer) or
a five-finger (pentapod) grip, after the presentation of congruent (same size) or incongruent (different size) dis-
tractor disks. Preview reaction times (PRTs) and response-locked lateralized readiness potentials (R-LRPs) were
recorded as online indices of motor preparation. Results revealed asymmetric effects of the distractors on PRTs
and R-LRPs. For pincer grip disks, incongruent distractors were associated with longer PRTs and a delayed R-LRP
peak. For pentapod grip disks, conversely, incongruent distractors were associated with shorter PRTs and a de-
layed R-LRP onset. Supporting an interpretation of these effects as tapping into motor preparation, we did not
observe modulations of stimulus-locked LRP's (sensitive to sensory processing), or of the P300 component (re-
lated to reallocating attentional resources). These results challenge models (i.e., the “dorsal amnesia” hypothesis)
which assume that visuomotor information presented before a grasp will not affect how we later perform that
grasp.

1. Introduction

We effortlessly grasp objects many times every day, but grasping
involves non-trivial problems of motor control. For instance, the hand
must be configured before contact, and in this a key role is played by
the object size as this critically constrains which fingers will be involved.
For a small object, such as a peanut, we will typically use a thumb-index
opposition grip (‘pincer grip’). For a larger object, such as an apple, we
will instead use all five fingers, with the thumb opposing the other four
(‘pentapod grip’). In both cases, however, the hand will approach the
object quickly, open the required amount, and finish the movement by
closing the digits on the aimed contact points on the object (Jeannerod,
1981; Marteniuk et al., 1990). Despite a large literature (see Smeets
et al., 2019), preparatory processes involved in this remarkably effi-
cient motor behavior are not fully understood. For instance, it is un-
clear whether a first motor representation can affect a second, successive
motor program. Using a sequential paradigm, we investigated whether,
and how, a first motor representation elicited by a graspable object af-
fects the preparation of a second motor program aimed at grasping a

different object. The theoretical backdrop of our research question lies
in two concepts: affordances and visuomotor priming.

The term affordance (Gibson, 1979) refers to the direct perception
of potentialities for action. Although the notion has been debated (de
Wit et al., 2017; Chong and Proctor, 2020), a common prediction
is that object observation activates motor representations even if no ac-
tion will be carried out. Viewing a graspable object, for instance, au-
tomatically activates an internal representation of the potential grasp.
Evidence supporting this prediction is provided by studies on monkeys
(Jeannerod et al., 1995; Murata et al., 1997; Maranesi et al.,
2014), as well as behavioural (Chao and Martin, 2000; Tucker and
Ellis, 1998, 2004), imaging (Anderson et al., 2002; Grèzes and De-
cety, 2002), and TMS (Buccino et al., 2009; Grèzes et al., 2003)
studies on humans. However, this literature is not directly concerned
with the issue of possible effects of such representations on subsequent
performed actions. Evidence relevant to this issue is instead provided by
visuomotor priming tasks (Craighero et al., 1996; Craighero et al.,
1998). In these tasks, reaction times are shorter (i.e. benefits) or longer
(i.e. costs) depending on whether a feature of the target stimulus (e.g.,
its orientation) is congruent or incongruent with the corresponding fea
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ture of an initial prime (see Craighero et al., 1996, 1998). Similar
findings have been replicated and extended in other studies (Hesse et
al., 2008; Roche and Chainay, 2013; Seegelke et al., 2016). It has
also been argued, however, that visuomotor priming effects may not oc-
cur at the level of motor representations and could well involve seman-
tic rather than motor interactions (Cant et al., 2005; but see, Hesse et
al., 2008, Seegelke et al., 2016).

Thus, empirical work on affordances and on visuomotor priming
indicates that a motor representation might be automatically elicited
when seeing an object that affords appropriate action potentialities.
We call this the automatic visuomotor encoding hypothesis. However,
it remains unclear whether such representations can feed later motor
processes. For instance, they might be confined to the seen object in
space and especially in time, such that they will quickly decay as soon as
new processing is called for. Indeed, it has been proposed that object-di-
rected actions rely only on online sensory information. This real time mo-
tor control view (Westwood and Goodale, 2003) is a key feature of
the influential two-visual-systems hypothesis (TVSH, Goodale and Mil-
ner, 1992; Milner and Goodale, 2008; Milner, 2017). According to
the TVSH, the ventral stream codes visual information to generate rep-
resentations that remain invariant under contextual changes allowing
object recognition (“vision-for-perception”). Instead, the dorsal stream
processes information relevant for the online control of goal-directed ac-
tions (“vision-for-action”). Critically for the purposes of the current pa-
per, vision-for-action is assumed to code “here-and-now” relationships
between an object and the action's effector, disregarding how the object
relates to its context, especially in time (i.e., “dorsal amnesia”; Schenk
and Hesse, 2018).

In this paper, we challenged real time motor control investigating
whether motor preparation for grasping an object is affected by a previ-
ously elicited motor representation for grasping a different object. Imag-
ine the following situation. You see a peanut. Immediately afterwards,
you see an apple, which you have to grasp. Will the peanut (which af-
fords a pincer grip), affect the motor preparation for grasping the apple
(which affords a pentapod grip)? If object observation automatically elic-
its an (implicit) motor representation (i.e., if there is automatic visuo-
motor encoding), one could expect that this representation might affect
the successive action. Support for this prediction is provided by a study
on the Uznadze illusion in action (Uccelli et al., 2019). In this illusion,
the same object is perceived as smaller when preceded by a larger ob-
ject and vice versa (Uznadze, 1966). This temporal size contrast yields
strong perceptual effects in haptics (Kappers and Bergmann-Tiest,
2014), in vision-for-perception (Bruno et al., 2018), and in a vi-
sion-for-action task (Uccelli et al., 2019).

Critical for the purpose of the current paper, there is evidence that
the effect of the Uznadze illusion might already occur at the level of
motor preparation (Pisu et al., 2020). In this work, small, medium,
and large disks were used both as distractors and as targets. Small disks
were associated with ‘pincer grips’ (thumb-index opposition), medium
disks with ‘tripod grips’ (thumb vs index and middle), and large disks
with ‘pentapod grips’ (all five fingers). The design involved congru-
ent (baseline) or incongruent (differently sized targets and distractors)
conditions. After seeing a distractor, participants grasped a target in
open-loop conditions after a discretional preview time window. This
determined the preview reaction time (PRT), i.e. the time spent ob-
serving the target before movement onset. Results indicated that in-
congruent distractor-target pairs were generally associated with longer
PRTs, but differences were reliable only when participants grasped
small targets after the presentation of larger distractors. When large tar-
gets were grasped after the presentation of smaller distractors, PRTs
could not be reliably differentiated from the relevant baseline. Pisu
et al. (2020) interpreted this pattern as

reflecting an asymmetric generalization of precision between the two
motor programs. They suggested that the implicit pre-activation of less
precise grips (i.e., pentapod) yielded longer PRTs as the precision para-
meter had to be updated to perform a more demanding grip (i.e., pin-
cer). Conversely, the higher precision associated with a pincer grip gen-
eralized to the preparation of a successive, less precise grip. Here we
sought to corroborate this interpretation by investigating into the tem-
poral dynamics of brain activity related to the preparation of grasping.

1.1. Testing real-time control with ERPs: rationale and predictions

Components of ERPs can provide temporal markers for specific brain
processes. In motor preparation, one such marker is the lateralized
readiness potential (LRP). The LRP is a slow negative ERP modulation
which unfolds well before movement initiation from one of the mo-
tor cortices (Gratton et al., 1988; Smulders and Miller, 2012).
LRPs can be measured with reference to stimulus onset (stimulus-locked
lateralized readiness potential, or S-LRP), or to action initiation (re-
sponse-locked, or R-LRP). The former reflects stimulus processing, while
the latter reflects motor preparation (Smulders and Miller, 2012;
Leuthold et al., 1996; Osman et al., 1992). In addition, stimulus
processing in preparation for an action recruits attentional resources.
The P300 is a positive ERP component that appears after a task-rel-
evant stimulus (Sutton et al., 1965). Although the issue is still de-
bated (Verleger, 1997), P300 amplitude is generally believed to reflect
“context updating” in terms of attentional costs (Donchin and Coles,
1988), while P300 latency (i.e., the time between stimulus onset and
P300 amplitude peak) is believed to reflect evaluation and categoriza-
tion processes, independent of response selection and execution (Sega-
lowitz et al., 1997; Magliero et al., 1984).

By using LRPs, we aimed to extend previous work on temporal dy-
namics within cortical networks for motor preparation. Specifically, we
aimed to assess how an implicit motor representation might affect the
preparation of an explicit successive grasp. If PRTs for grasping a tar-
get are modified by the presentation of incongruent distractors (as re-
ported by Pisu et al., 2020), and if this effect occurs at the level of mo-
tor preparation (as hypothesized again by Pisu et al.), then correspond-
ing ERP modulations should be observed in R-LRP's, but not in S-LRP or
P300 components.

2. Methods

2.1. Power analysis

To determine the adequate sample size, we conducted an a-priori
power analysis. First, we asked what would be a meaningful effect size
for the present research. Pisu et al. (2020) reported that non-trans-
formed PRTs group averages of 16 participants in the baseline (congru-
ent) conditions were 890 and 830 ms for pincer and pentapod grips, re-
spectively. In the corresponding test (incongruent) conditions, group av-
erages were 990 and 860 ms (i.e., incongruent distractor-target pair of
disks revealed effect sizes of ≈100 and 30 ms). Taking these results as
a starting point, we assessed power under three hypothetical scenarios
involving effect sizes equal to 70%, 60%, or 50% of effects found by
Pisu and colleagues. Power estimates were obtained by simulating and
then modelling 10,000 independent experiments using the simr package
in R (Green and MacLeod, 2016), with increasing numbers of par-
ticipants. We selected n = 22 as power estimates were 0.99, 0.95, and
0.85 for the three scenarios, respectively. Finally, we assumed that this
sample size would be adequate to detect differences in ERP signatures
as there is no a-priori reason to predict larger inter-participant vari-
ability than in PRTs, especially given that we registered LRP signals in
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60 trials for each experimental condition when it is usually recom-
mended that 40–50 trials suffice to derive satisfactory waveforms
(Eimer, 1998). Details of the power simulations are provided in the
Open Analysis document (https://osf.io/yvsg5/).

2.2. Participants

Twenty-two members of the Liverpool Hope University community
(9 females and 13 males, mean age = 23.9, range: 19–37) participated.
All were right-handed, had normal or corrected-to-normal vision, no
history of neurological disease, and were unaware of the purpose of
the study. Seventeen undergraduate students volunteered by booking
weekly slots on the SONA recruitment system and received course cred-
its for participating in the study; the other five were faculty members
of the Department of Psychology recruited by the first author. The only
inclusion criterion was that they be right-handed. One additional volun-
teer was excluded from the analysis as she turned out to be left-handed
after testing had already been completed.

2.3. Ethics

All participants signed a written informed consent form before par-
ticipating and were debriefed as to the purposes of the study after par-
ticipation. The study received approval from the Psychology Research
Ethics Committee of Liverpool Hope University and was conducted in
accordance with the ethical standards of the Code of Ethical Principles
for Medical Research Involving Human Subjects of the World Medical
Association (Declaration of Helsinki), as well as the Code of Ethics and
Conduct of the British Psychological Society.

2.4. Stimuli

Stimuli were generated in MATLAB (2015b, The MathWorks, Nat-
ick, MA, USA) using the Psychophysics toolbox extension, version 3.0
(Brainard, 1997). They consisted of a small and a large white disk
having diameters of 38 and 380 pixels, respectively (corresponding ap-
proximately to 10 and 100 mm). They were presented at the center of
the computer screen surrounded by a black background. The on-screen
luminance of the disks and background were approximately 95 and
0.5 cd/m2. Stimuli were presented on a 17 in. monitor controlled by a
computer running the Windows XP operating system.

2.5. Task

Participants pantomimed a reach-to-grasp movement with their right
hand towards a small or large target disk, after a discretional preview
time window. Disks were paired with a different type of grasp, con-
sidered as the most appropriate grasp for an object having that size.
Pairings were defined based on the taxonomy proposed by Feix et al.
(2015). Thus, participants were instructed and trained to grasp the
small disk with a pincer grip (thumb and index opposition) and the large
disk with a pentapod grip (all five fingers).

2.6. Design

The design resulted from crossing two within-participant indepen-
dent variables: the distractor (two levels, see Stimuli section) and
target (also two levels) sizes. This yielded four experimental condi-
tions, each consisting of one distractor - target pair. Two of these
pairs involved distractors and targets having the same size (congru-
ent, baseline). The other two involved distractors and targets having
different sizes (incongruent, test). The experimental design is

illustrated in Fig. 1. Given our rationale, we compared each incongruent
pair with its appropriate baseline. Thus, we compared responses to small
targets preceded by large distractors to the baseline involving small tar-
gets preceded by small distractors. Similarly, we compared responses to
large targets preceded by small distractors to baselines involving large
targets preceded by large distractors. To minimize participant fatigue,
the experiment was divided into 6 blocks separated by 2–3 min pauses,
giving the participant a brief break while the experimenter prepared the
next block. Each pair was presented 10 times, yielding a total of 40 fully
randomized trials per block. Thus, over the 6 blocks we collected mea-
sures from 240 trials, (60 distractor - target trials per pair per partici-
pant).

2.7. Procedure

The participant sat on a comfortable chair in a lightly lit room. A
keyboard was placed on the table in front of the participant. The center
of the spacebar and the participant's midline were aligned with the cen-
ter of the computer screen. The spacebar was placed at exactly 23 cm
from the computer screen, corresponding to a viewing distance of ap-
proximately 50 cm. The experiment began with a verbal explanation,
followed by twelve randomly chosen practice trials. When necessary,
practice trials were repeated additional times until the participant was
comfortable with the trial sequence. A written reminder of the instruc-
tions was also displayed on the screen before starting the experiment.

The trial sequence is illustrated in Fig. 2. At the beginning of
each trial, a red cross appeared at the center of the computer screen
to signal the participant to press the spacebar: this caused the pre-
sentation of the distractor disk on the center of the screen. The par-
ticipant was required to maintain fixation on the screen center with-
out taking any action (distractor phase). The distractor lasted for 3 s
and was followed by a go-signal informing the participant to go on
with the trial. The participant pressed the spacebar again, but this
time held it down as long as needed to observe the target disk and
prepare the appropriate grip. At this spacebar press, the target disk

Fig. 1. The four experimental conditions. Participants were trained to perform a simulated
pincer (index-thumb opposition) or pentapod (thumb - other four fingers) grip, respec-
tively on a small (10 mm diameter) or large (100 mm diameter) target disk. Congruent or
incongruent distractors were presented before tests.
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Fig. 2. Structure of trials. The fixation cross and stimuli were presented on a monitor. The space key on a computer keyboard was used to record keypresses and releases.

was displayed on the center of the computer screen (target onset),
recording of the PRT for the current trial was initiated, and MATLAB
issued a trigger to the EEG marking the onset. Then, once ready to per-
form the appropriate grip (i.e., the pincer grip for small disks and the
pentapod grip for large disks), the participant released the spacebar and
pantomimed a grasp towards the on-screen disk. Pantomime grasps were
defined as hand gestures whereby the hand approached the screen un-
til the fingers contacted the contour of the disk, as they would do in an
actual grasp. At the release of the spacebar, the target disappeared (i.e.,
the target disk offset, such that participants pantomimed the grasp rely-
ing on what they had seen during the motor preparation phase, without
online visual feedback about the target), the PRT of the current trial was
stored, and MATLAB issued a trigger to mark the target offset. Last, the
participant brought back the hand to the starting position and waited
for the appearance of the red cross indicating that the next trial could
be started (the interval between the target disk offset and the red cross
lasted 3 s, giving ample time to the participant to perform the move-
ment). The experiment lasted about 1 h, plus approximately 30 min for
setup including fitting the EEG cap.

2.8. EEG data acquisition and pre-processing

EEG data was recorded from 64 electrodes using an Active Two am-
plifier system (BioSemi, Amsterdam, Netherlands, http://www.biosemi.
com). Electrodes were positioned according to the extended 10–20 sys-
tem (Nuwer et al., 1998). To record the vertical (VEOG) and hor-
izontal electrooculograms (HEOG), four additional leads were placed
above and below the left eye and on the outer canthi of the left and
right eyes. EEG from all channels was acquired concerning the com-
mon mode sense (CMS) electrode at a sampling rate of 512 Hz. Pre-pro-
cessing procedures were run in MATLAB by means of the EEGLAB tool-
box (Delorme and Makeig, 2004; version 14.1.2b) and custom scripts.
First, the continuous EEG was split into epochs offline. Stimulus locked
epochs began 100 ms prior to target onset and ended 1000 ms fol-
lowing target onset. Stimulus-locked ERPs were aligned to a 100 ms
pre-onset onset baseline. Response-locked epochs began 1000 ms be-
fore the initiation of the response,

and ended 200 ms after the movement onset, and were aligned to a
100 ms baseline from 1000 to 900 ms prior the movement onset. ERPs
waveforms of each trial for each participant were digitally filtered (sec-
ond-order zero-phase-lab band filter, 0.1–25 Hz), and the filtered indi-
vidual ERPs waveforms were obtained averaging relevant trials for each
condition. Then, EEG artifacts were removed using the SCADS proce-
dure with standard parameters (Junghghöfer et al., 2000; Gruss and
Keil, 2019; Harrison et al., 2015; Johnen and Harrison, 2019).
This procedure detects individual channel artifacts and then transforms
the data to average reference to detect global artifacts. Epochs that con-
tained more than 10 unreliable electrodes were excluded from analy-
sis based on of the distribution of their amplitude, standard deviation,
and gradient. For the remaining epochs, data from artifact-contaminated
electrodes was replaced by a statistically weighted spherical interpola-
tion using the complete set of channels. Across all participants and all
conditions, the procedure rejected approximately 30% of epochs as con-
taminated.

2.9. ERPs analysis

LRP's for right hand movements were measured by calculating the
difference between potentials at the C3 and C4 channels (C3–C4; Smul-
ders, Miller, and Luck, 2012). The target-locked P300 was scored at the
Pz electrode. For the LRP and P300 components, we derived both am-
plitude and latency measures. To this aim we adopted different strate-
gies depending on the type of ERP component. The LRP amplitude is
known to reflect variations in the amount of inhibition involved in the
response, with greater amplitudes reflecting a greater lack of inhibitory
success (for instance, see DeJong et al., 1990). The LRP waveform usu-
ally consists of an early, quasi-zero trace followed by a later, monoto-
nous negativity reaching the peak negative amplitude. There is some ev-
idence that the temporal location of onsets and peaks in LRPs can vary
depending on task manipulations (for instance, see Falkenstein et al.,
1994). Thus, we computed amplitudes, onsets, and peaks by different
methods to examine whether results were robust to changes in estima-
tion approaches.
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2.10. Estimation based on averaging from the raw data

In a first approach, we estimated amplitudes, onsets, and peaks di-
rectly from each participant's raw data. The LRP amplitude was then
defined as the average μV value of the area under the curve within
appropriate time windows both for pincer and pentapod grips, chosen
by visual inspection of individual potentials. Temporal locations of LRP
onsets and peaks were also detected within appropriate time windows
based on visual inspection (see Results section for details). The LRP on-
set was defined as the millisecond at which the waveform reached the
maximum (MAX) amplitude value; the peak, instead, was defined as the
millisecond at which the waveform reached the minimum (MIN) ampli-
tude value. The advantage of estimation based on the raw data is that no
assumptions, modelling, or transformations are involved. Random fluc-
tuations between participants can however affect the ability to reliably
estimate the temporal locations of specific features such as onsets and
peaks.

2.11. Estimation based on averaging, segmented regression, and jackknifing

In a second approach to the LRPs analysis, we applied a segmented
regression procedure (Schwarzenau et al., 1998). In standard ap-
proaches, LRPs onsets are estimated detecting the time at which the am-
plitude exceeds an absolute or relative criterion (i.e., for instance, at
−1 μV or at the 80% of the maximum amplitude, Ulrich and Miller,
2001). However, these strategies are arbitrary and do not work well
in the presence of task-related differences in LRP waveforms. In con-
trast, fitting a segmented regression is less arbitrary in that the whole
LRP waveform is used to estimate timings (Schwarzenau et al., 1998;
Mordkoff and Gianaros, 2000). We defined the onset as the knot
of the fitted segmented regression whereby the potential started to de-
crease and continued to decrease, and the peak as the knot where the
potential reached the minimum amplitude value before turning back to-
wards zero. The number of knots was chosen from visual inspections of
grand average waveforms. Segmented regressions were fitted using the
“segmented” package in R (Muggeo, 2008). To model individual differ-
ences, segmented regression was combined with a jackknife procedure
(Miller et al., 1998; Ulrich and Miller, 2001; Miller et al., 2009).
In the jackknife, n subsamples of LRP grand averages are computed by
successively omitting from each subsample the LRP data of a different
participant, n being the number of participants (in our case, 22). The
LRP onset and peak latency were therefore estimated by fitting a seg-
mented regression to each participant's jackknifed grand average. The
whole procedure was applied both to the R-LRP and S-LRP data.

2.12. P300 analysis

For the P300 component we measured amplitude and peak latency.
Grand average waveforms were computed by averaging individual po-
tentials, then a spline smoother was applied. Amplitudes were defined
as the average μV value of the area under the curve within an appro-
priate time window chosen by visual inspection of grand average wave-
forms. In contrast to LRPs, for P300 components we estimated peaks as
the unique ms values at which the waveform reached its maximum (see
Results section for details).

2.13. Statistical comparisons

Because ERP datasets are rich in random fluctuations, there is a
relatively high risk of observing false positives (Luck and Gaspelin,
2017). This is especially true when making comparisons within

many factors or performing several pairwise comparisons
(Brandstätter, 1999; Steiger, 2004). Accordingly, we sought to avoid
unnecessary comparisons and limited the analysis to our specific pre-
dictions (see also Brenner, 2016). To this aim, whenever appropriate
we fitted multilevel linear mixed-effect models (LMM) using the nlme
package in R (Pinheiro, Bates, DebRoy, Sarkar, and R Core Team,
2017). In comparison to traditional linear modelling, which uses or-
dinary least-squares, mixed-effects modelling uses maximum-likelihood
estimation. This allowed us to predict participant-by-participant varia-
tion in model parameters (called random effects) and to discount these
individual differences to compute within-participant confidence inter-
vals around estimates of fixed effects, while avoiding drawbacks typi-
cally associated with traditional models, such as deficiencies in statisti-
cal power, individual differences in repeated measures designs, and un-
principled ways of dealing with heteroskedasticity and non-spherical er-
ror variance (see Baayen et al., 2008). In addition, but not less im-
portant, mixed-effects modelling allowed us to dispose of null-hypoth-
esis testing, in accord with current recommendations on analytical ap-
proaches in psychology and behavioural neuroscience (see Cumming,
2014; Kline, 2004). Thus, for all dependent measures (PRT, LRP, and
P300), we compared incongruent conditions with their corresponding
(congruent) baselines by constructing appropriate confidence intervals
(CIs) around estimates of central tendency. For estimates derived from
jackknifing, which compare variation in the quantity of interest across
subsets of the total sample instead of across individuals, CIs around
the within-participant incongruent vs congruent means were instead
computed using the jackknife standard error formula recommended by
Miller et al. (1998). R scripts for modelling all data are available in
the Open Analysis document (https://osf.io/yvsg5/).

3. Results

Plots of the individual ERP waveforms and tables resuming the
main results are viewable in the Open Supplemental Material document
(https://osf.io/yvsg5/).

3.1. Preview reaction times

3.1.1. Data validation
PRTs were defined as the duration of the discretional temporal win-

dow between the onset and offset of the target disk (i.e., the press and
release of the spacebar, respectively). Firstly, we checked the PRT distri-
bution for the presence of anomalous values. A cut-off of ≤150 ms was
deemed appropriate to identify anticipatory responses. Based on this cri-
terion, a total of 57 PTRs were removed. Then, abnormally long PRTs
were identified as those exceeding the following criterion for robust out-
lier detection (Leys et al., 2013):

where abs refers to absolute value, PRT is a vector of preview reaction
times, MED is the median of this vector, and MAD is its median absolute
deviation. A total of 199 trials exceeded this criterion. Together with tri-
als identified as anticipatory responses, a total of 256 datapoints were
discarded (4.85% of the whole PRTs dataset). Thus, all statistics used in
further analyses were computed on the validated dataset.

3.1.2. Normalization of the PRT distribution
Fig. 3 (upper panel, left) shows the PRT distribution. As is typ-

ical for response times, this distribution was markedly asymmetrical
(skewness = 1.88) and unbalanced in relation to the relative frequency
of cases in the center and in the tails (kurtosis = 6.91). We applied
a Box-Cox procedure (Box and Cox, 1964; Osborne,

5

https://osf.io/yvsg5/
https://osf.io/yvsg5/


UN
CO

RR
EC

TE
D

PR
OO

F

S. Uccelli et al. International Journal of Psychophysiology xxx (xxxx) xxx-xxx

Fig. 3. Distribution of preview reaction times before and after the logarithmic transformation. Upper row left: raw times; upper row right: Box-Cox likelihood plot suggesting that the best
transformation is the log. Lower row left: log-transformed times; lower row right: plot of sample quantiles against theoretical quantiles in a normal distribution.

2010) to identify the best transformation for normalizing the raw data
(Fig. 3, upper panel, right plot). This indicated that a logarithmic trans-
formation made the PRT distribution reasonably similar to a normal dis-
tribution (skewness = 0.13; kurtosis = 2.94; Norm = 0, 3), as shown
in Fig. 3 (lower panel, left and right plots). Accordingly, the analysis
was performed on the log-transformed data. For ease of interpretation,
however, estimated effects will be reported after an inverse anti-loga-
rithmic transformation as geometric means expressed in milliseconds.
Thus, each participant had four geometric means (i.e., one for each of
the four distractor-target pairs). CIs around estimates that are symmet-
rical above and below arithmetic mean on the log-scale become asym-
metrical after the inverse transformation, but retain their usual interpre-
tation.

3.1.3. Within-participant structure of the data
Fig. 4 presents individual averages of the log-PRTs in the paired

incongruent and congruent conditions, separately for the pincer and
pentapod grips. The diagonal line is the locus of no within-partici-
pant difference. These plots show that the majority of participants had
higher mean PRTs in both incongruent conditions, but this trend was
much stronger when the test required a pincer grip. In the congru-
ent conditions, the geometric mean of PRTs were 788 and 841 ms
when participants prepared pincer and pentapod grips, respectively.
In the incongruent conditions, they were 848 and 864 ms for pincer

and pentapod grips, respectively. Thus, overall PRT were higher in the
incongruent conditions than the congruent, and when responding with
pentapod than pincer grips.

3.1.4. PRTs modelling
Standard errors for CIs were based the LMM, with condition (i.e.,

each distractor - target pair) as the fixed-effects factor and participants
as random-effects. For model comparisons we performed likelihood ra-
tio tests using Chi-Square (χ2), following Winter (2013). Model selec-
tion was performed as follows. First, we compared the fit of a gener-
alized least squared (GLS) null model with fixed intercept (model 1)
with a null model with random intercept (model 2) using a maximum
likelihood criterion. Model 2 outclassed model 1, (AIC (1) = 0.21, AIC
(2) = −210.2; likelihood ratio (1 vs 2): χ2(3) = 212.83, p < 0.0001),
confirming non-negligible interindividual variability in PRTs. Next, we
generated model 3 by adding the experimental condition (as a fixed ef-
fect) to model 2. The comparison between model 2 and model 3 re-
vealed that the latter provided an even better fit (AIC (6) = −220.68;
likelihood ratio (2 vs 3): χ2(6) = 16.06, p = 0.001). That is, comparing
model 3 to model 2 supported the conclusion that PRT's varied not only
between participants but were also modulated by the type of distractor -
target pair (congruent or incongruent). The insets of Fig. 4 present LMM
estimates of such fixed effects and their 95% CIs. Comparisons can be
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Fig. 4. Main plots: Within-participant structure of the PRT data. Each datapoint represents the arithmetic average of pincer or pentapod log-PRTs of one participant, in the paired congruent
and incongruent conditions. The diagonal line represents the no within-participant difference (average congruent = average incongruent). Insets: LMM-based 95% CIs around estimates
of central tendency (geometric means) in the incongruent conditions (blue disks with error bars), plotted against the equivalent estimates for the baseline (congruent, red) conditions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

performed by evaluating whether CIs of the effects cover their corre-
sponding baseline.

3.2. Response-locked lateralized readiness potentials (R-LRPs)

Given that we predicted an effect on response-related LRP, we start
by presenting the findings of the R-LRPs analysis. Next, we present re-
sults of the S-LRP. We conclude with the analysis of the P300 compo-
nent.

3.2.1. Grand average waveforms
Fig. 5 presents R-LRP grand average waveforms (thick curves) ob-

tained by averaging the individual potentials and applying a smoother.
Grand averages exhibited a slow negative trend over time, confirm-
ing that motor preparation occurred prior to response onset. For pin-
cer grips (left plot), the two waveforms had approximately

the same amplitude and time course from −1000 to −200 ms; then, the
R-LRP of the test condition peaked later and the amplitude reduced,
compared to the baseline condition. For pentapod grips (right plot), in-
stead, the R-LRP of the congruent condition became negative around
−600 ms, whereas the R-LRP of the incongruent condition became nega-
tive later around −400 ms; in contrast, both conditions appeared to peak
around −150 ms. Finally, the amplitude of the test condition reduced in
comparison to the baseline condition.

3.2.2. Estimation of amplitudes
For each participant's RLRP dataset, amplitudes were calculated as

the mean value of the area under the curve within a −400 to 0 ms
time window, both for pincer and pentapod grips. We compared in-
congruent conditions to the relevant congruent condition for each grip.
Thus, each participant had a paired incongruent-congruent am

Fig. 5. R-LRP grand average waveforms (thick curves) and average jackknifed segmented regressions (thin lines) as a function of grip (pincer, left panel; pentapod, right panel) and con-
gruence (congruent, red; incongruent, blue). Dashed vertical lines: average value of the onset and peak amplitude latency estimates of subsamples. Vertical black line: response onset. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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plitude estimate for both pincer and pentapod grip (22 estimates for
each distribution).

3.2.3. Amplitude modelling
Statistical differences were evaluated comparing CIs based on the

LMM, with conditions as the fixed-effects factor and participants as
random-effects. We compared model 1 with model 2 (i.e., fixed inter-
cept vs random intercept), then model 2 with model 3 (i.e., adding
the experimental condition as fixed effect). Model 2 outclassed model
1, (AIC (1) = 421.91, AIC (2) = 392.44; likelihood ratio (1 vs 2):
χ2(2) = 31.37, p < 0.0001), confirming non-negligible interindividual
variability in amplitude. However, the comparison between model 2
and model 3 revealed that this latter did not provide a better fit (AIC
(3) = 395.02; likelihood ratio (2 vs 3): χ2(3) = 3.4, p = 0.33). Thus,
although amplitudes were affected by individual differences, the distrac-
tor-target pair did not introduce modulations. For pincer grips, means
and CIs were: −0.83 ± −0.65 μV for the baseline (congruent) condition,
and −0.64 ± −0.91 μV for the test (incongruent) condition; for penta-
pod grips, means and 95% CIs were: −1.47 ± −0.65 μV for the congru-
ent condition, and −0.83 ± 0.91 μV for the incongruent condition.

3.2.4. Estimation of latencies of onsets and peaks
We sought to determine whether onsets and peak amplitude latencies

of incongruent conditions were different from their relevant baseline.
For each participant's R-LRP waveform, onsets were extracted within
a −600 to −200 ms time window for pincer grips, and within a −800
to −450 ms time window for pentapod grips. Peak latencies, instead,
were extracted within a −150 to −50 ms time window for both grips.
Thus, each participant had four paired incongruent-congruent latency
estimates, yielding four distributions each of 22 estimates (i.e., pincer
onset, pincer peak latency, pentapod onset, and pentapod peak latency).

3.2.5. Within-participant structure of onsets and peaks
The within-participant structure of onset and peak latencies is pre-

sented in Fig. 6, main plots. These plots display two main features. First,
the between-participant variability in the timing of onsets (left column)
is much larger than the variability in the timing of peaks (right column).
Second, and most important for our current purpose, individual data-
points are about equally located above and below the no-difference lo-
cus (diagonal line) of pincer onsets (upper left panel), whereas they clus-
ter above it in pentapod onsets (lower left). Conversely, individual dat-
apoints cluster above the diagonal for pincer peaks (upper right), but
not for pentapod peaks (lower right). Thus, the graphical inspection of
within-participant differences suggested that R-LRPs onset was delayed
in the test condition, relative to the baseline, for pentapod but not for
pincer grips. In contrast, the peak of the waveform seemed to occur later
for pincer grips than for pentapod.

3.2.6. Latencies modelling
As in the previous analysis, we used LMM to calculate CIs. The

same model was applied to onset and peak estimates. For onsets, the
null model 1 (fixed intercept) was compared with the null model 2
(random intercept). Model 2 did not provide a better fit than model
1, (AIC(1) = 1120.68, AIC(2) = 1122.683, likelihood ratio (1 vs 2):
χ2(3) = 0.00, p = 0.99). Then, model 3 was generated by adding the
experimental condition (as a fixed effect) to model 2. Model 3 clearly
yielded a better fit compared to model 2 (AIC(3) = 1080.091; like-
lihood ratio (2 vs 3): χ2(6) = 48.58, p < 0.001). For peak latencies,
the comparison between model 1 and 2 provided weak support for
a difference (AIC(1) = 867.14, AIC(2) = 865.54, likelihood ratio (1
vs 2): χ2(3) = 3.57 p = 0.058).

The comparison between model 2 and model 3 again revealed the
superiority of model 3, (AIC(3) = 862.95, likelihood ratio (2 vs 3):
χ2(6) = 8.6, p < 0.05). Thus, both onsets and peaks were not modu-
lated by interindividual variability but were modulated by the experi-
mental condition.

3.2.7. Segmented regressions on jackknifed subsamples
We performed a second analysis applying the segmented regression

method combined with a jackknife procedure (see Methods section for
details). First, we computed the 22 R-LRP jackknifed subsamples. Then,
we fitted the regressions segmented into three knot-points to best cap-
ture the fit of jackknifed subsamples. Superimposed on waveforms, Fig.
5 presents average segmented regression fitted on jackknifed partici-
pants (shaded lines) as a function of grip and congruence. The average
fit was obtained by averaging the individual parameters of each par-
ticipant's jackknifed fit for each condition. The knots marked by verti-
cal dashed lines represent the average R-LRP onset and peak latency. At
least from a visual inspection, the segmented regressions show the same
asymmetric pattern seen in the previous analysis.

3.2.8. Estimation of amplitudes
Given that jackknifed subsamples produce estimates that are less af-

fected by random fluctuations, we extended the time window for calcu-
lating the average amplitude (from −600 to 0 ms for both grips). As in
the raw data analysis, test conditions were compared with the relevant
baseline condition for each grip. Thus, each participant had a paired in-
congruent-congruent mean amplitude value for both pincer and penta-
pod grips (22 estimates for each distribution).

3.2.9. Amplitudes modelling
Statistical differences were evaluated computing CIs around the

mean values of each within-participants distribution. In each compari-
son, we computed the difference of test minus baseline estimates, then
we calculated the standard error of these distributions. Note that in this
case standard errors were computed with the formula for jackknifed
subsamples (Miller et al., 1998). Resulting means and CIs (95%)
were: 0.18 ± 0.64 μV for the incongruent-minus-congruent pincer dis-
tribution; 0.86 ± 0.60 μV for the incongruent-minus-congruent penta-
pod distribution. In contrast with the amplitude analysis on the raw
data, these results revealed that the amplitude in the incongruent con-
dition reduced relative to baseline for pentapod targets after pincer dis-
tractors, but not for pincer targets after pentapod distractors or between
the two baselines.

3.2.10. Estimation of latencies of onsets and peaks
In each jackknifed subsample the onset and the peak latency were

identified as the millisecond corresponding to the knot estimated by the
segmented regression. Thus, each jackknifed participant had the same
four paired incongruent-congruent latency estimates, yielding four dis-
tributions of 22 estimates.

3.2.11. Latencies modelling
In each comparison we calculated incongruent minus congruent dif-

ferences and then computed the relative standard errors for jackknifed
subsamples. CIs were computed around the averages of these incongru-
ent-minus-congruent within-participant distributions. Fig. 6 right insets
present these CIs for the R-LRP jackknifed latency differences. Compar-
isons can be directly made by evaluating whether the CIs cover zero.
R-LRPs of pincer grips in the incongruent condition peaked later com-
pared to baseline, confirming what we found in the raw data analy-
sis. In contrast, for pentapod grips both onset and peak latency esti-
mates in the incongruent condition were different from baseline. While
the two analysis we conducted revealed a con
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Fig. 6. Main plots: within-participant structure of the R-LRP data. Each datapoint represents the estimated pincer or pentapod latencies for the onset or the peak of the waveform, in one
participant, in the paired congruent and incongruent conditions. The diagonal line represents the no within-participant difference (average congruent = average incongruent). Left insets:
LMM-based 95% CIs around estimates of central tendency (geometric means) in the incongruent conditions (blue disks with error bars), plotted against the equivalent estimates for the
baseline (congruent, red) conditions. Right insets: Jackknife-based CIs on the mean congruent vs incongruent difference. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

sistent pattern for pincer grips, for pentapod grips they do not fully agree
suggesting more uncertainty on whether incongruent distractors affected
the onset of the waveform.

3.3. Stimulus-locked lateralized readiness potentials (S-LRPs)

The two analyses presented above revealed that incongruent distrac-
tors delayed the time course of R-LRP waveforms. Thus, this finding sup-
ports the idea that the motor system required a cost of updating the first,
implicit grip to the second, explicit grip. Nevertheless, we could not ex-
clude that a similar effect influenced the motor program also during an
earlier stage of the sensorimotor evaluation of the target disk. Thus, we
inspected the LRP potentials as a function of the target disk onset.

3.3.1. Grand average waveform
Fig. 7 presents S-LRP grand average waveforms (thick curves) as

a function of grip and congruence, obtained by averaging the indi

vidual potentials and applying a smoother for a better visualisation.
Based on visual inspection of grand averages, there are no differences
between the two conditions either for pincer or pentapod grips. Indeed,
the onset, which is identifiable at about 100–200 ms, appeared to be al-
most identical between conditions for both grips. The same is true for
the peak latency which is identifiable at about 400 ms. Besides, ampli-
tudes show a large degree of overlap. The absence of any difference
is also clear from the average segmented regressions showed in Fig. 7
(thin lines). Thus, we ruled it unnecessary to run statistical comparisons.

3.4. P300 component

As a last step, we analyzed the P300 component to verify whether
earlier attentional processes delayed the motor preparation.

9
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Fig. 7. S-LRP grand average waveforms (thick curves) and average segmented jackknifed regressions (thin lines) as a function of grip (pincer, left panel; pentapod, right panel) and con-
gruence (congruent, red; incongruent, blue). Dashed vertical lines: average value of the onset and peak amplitude latency estimates of subsamples. Vertical black line: stimulus onset. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4.1. Grand average waveform
Fig. 8 presents grand averaged P300 components as a function of

grip and congruence. At least qualitatively, the figure suggests that the
amplitude in the incongruent conditions was higher compared to con-
gruent conditions whereas waveforms clearly peaked at the same time.
Thus, we ruled it unnecessary to run statistical test on peak latencies and
compared amplitudes only.

3.4.2. Estimation of amplitudes
Amplitudes were calculated as the mean value of the area under

the curve within a 250 ms to 500 ms time window for each condition
and each participant. Thus, each participant had two paired incongru-
ent-congruent amplitude estimates for each grip (22 datapoints in each
distribution).

3.4.3. Amplitude modelling
Statistical differences were evaluated with CIs calculated from a

LMM. Model 2 (random intercept) outclassed model 1 (fixed inter-
cept) revealing a better fit (AIC (1) = 381.48, AIC (2) = 341.40, like-
lihood ratio (1 vs 2): χ2(3) = 42.07 p < 0.001). Model 3 (by adding
the experimental condition) outclassed model 2 and revealing an even
better fit (AIC (3) = 325.89, likelihood ratio (2 vs 3): χ2(6) = 21.49,
p = 0.0004). Thus, both interindividual variability and the experimen-
tal condition introduced non-negligible modulations in amplitude. Fig.
9 presents the CIs around the means calculated in the model: compar-
isons can be performed directly by evaluating whether CIs of incongru-
ent conditions cover the relevant baseline. The S-LRP and P300 analyses
indicated that no reliable delays occurred due to earlier attentional or
sensory processes related to the target disk. These results strengthen our
interpretation that PRT costs are due to an update of motor preparation.

Fig. 8. P300 component grand averages as a function of grip (left, pincer; right, pentapod) and congruence (red, congruent; blue, incongruent). Vertical black line: stimulus disk onset.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Main plots: Within-participant structure of the P300 data. Each datapoint represents the estimate of pincer or pentapod amplitude of one participant, in the paired congruent and
incongruent conditions. The diagonal line represents the no within-participant difference (average congruent = average incongruent). Insets: LMM-based 95% CIs around estimates of cen-
tral tendency (average) in the incongruent conditions (blue disks with error bars), plotted against the equivalent estimates for the baseline (congruent, red) conditions. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Discussion and conclusion

According to the TVSH, vision-for-action continuously updates visual
information to support the control of actions in real time. This implies
that visuomotor codes elicited before an action (i.e., the temporal con-
text) should be rapidly overwritten by codes relevant to the current mo-
tor response. For instance, representations elicited by viewing a distrac-
tor object would not modify motor preparation parameters (i.e., in our
case, the PRT) for grasping a successive target object. To test this predic-
tion, we analyzed PRTs, LRPs, and the P300 component during a pan-
tomimed grasping movement directed to a target disk preceded by a dif-
ferent distractor disk. Our results provide, for the first time, consistent
behavioural and electrophysiological evidence that previous implicit vi-
suomotor processes interact with motor preparation for a successive ac-
tual action on a different object. Key implications of our findings are dis-
cussed below.

4.1. The effect of distractors on PRTs is asymmetric

The time participants spent observing the target and preparing the
response depended on the size of the previous distractor disk. When dis-
tractors and targets were different in size, PRTs were longer overall,
but there was a notable difference between trials calling for pincer vs
pentapod grips. After a large distractor, PRTs associated to pincer grips
involved a large cost (i.e., the PRT was considerably longer). After a
small distractor, in contrast, PRTs associated to pentapod grips involved
only a relatively small cost with weak statistical support for a difference
with the baseline. These results are very similar to those of Pisu et al.
(2020) and support the notion that seeing the distractor affected the
preparation of the response for the test. This distractor effect, however,
appears to be qualitatively different from classical visuomotor priming
in that the observed cost for incongruent distractor-test pairs (which is
predicted by visuomotor priming) is much larger for small disks after
large distractors than for large disks after small distractors. The effect of
distractors on PRT's is therefore asymmetric, unlike standard visuomo-
tor priming which predicts a symmetric effect of congruency. After con-
sidering several possible accounts of their results, including visuomotor

priming and finger-based facilitation, Pisu et al. (2020) proposed that
their results may be due to asymmetric generalization of precision when
setting motor parameters in an action's planning phase. The current re-
sults are consistent with this possibility.

4.2. R-LRPs also revealed an asymmetric effect, but S-LRPs and P300
components did not

We sought to determine if PRT costs corresponded to differences
in LRPs, which are ERP signatures of movement preparation. Based on
asymmetric generalization of precision, one would expect a delay in
some component of the R-LRP waveform when preparing a pincer grip
after a large distractor, but a negligible or at least weaker delay in the
opposite condition. Our results indicate that one such delay is measur-
able for the negative peak in the late part of the waveform. Specifi-
cally, when responding with pincer grips, the peak amplitude of the
R-LRP waveform occurred later after an incongruent (i.e., large) distrac-
tor than it did after a congruent (i.e., small) distractor. When responding
with pentapod grips, conversely, the peak amplitude occurred at about
the same time with both distractors. In contrast, when using pentapod
grips the onset was delayed after the presentation of a smaller distrac-
tor disk, whereas the peak latency was relatively unaffected. Moreover,
in contrast S-LRPs did not show differences between congruent and in-
congruent conditions and both grips. This suggests that early percep-
tual processing evaluation of the target features was not affected by
the pre-activated motor program. Furthermore, the analysis of the P300
components revealed higher average amplitudes in incongruent condi-
tions than congruent. This is consistent with the idea that updating vi-
sual information recruited additional attentional resources. However,
P300 components peaked at the same time in both conditions and both
grips. Hence, the contextual updating associated to incongruent distrac-
tor - target pairs did not further modulate attentional processes. Taken
together, these results confirm that implicit processing related to the dis-
tractor presentation did have an effect on the preparation of the pan-
tomimed grasp for the test object and, at least under these conditions,
this effect was most likely due to motor rather than sensory or atten-
tional processes.
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4.3. Caveats and limitations

One important difference between the protocol employed in the cur-
rent study and that of Pisu et al. (2020) is that in their case partic-
ipants performed an actual grasp directed to a solid three-dimensional
disk and picked it up at the end of the response. Here, instead, partici-
pants performed a pantomimed grasp towards a disk that was drawn on
a computer screen. Although they moved the hand towards the screen
rather naturally, in the final part of the grasp they could not pick up the
disk as in Pisu's study. The impact of these differences on the interpreta-
tion of the current result is, at present, not completely clear. Goodale et
al. (1994) and Westwood et al. (2000) suggested that pantomimed
actions involve interactions of ventral stream processes with dorsal vi-
suomotor processes, while actual object-directed actions depend solely
on dorsal circuits. However, an fMRI study showed that pantomimed
grasps can recruit dorsal neural circuits, as do real grasps (see Króliczak
et al., 2007). Whether this is true for all pantomimes and for all phases
of an action is also presently not clear. In our study, we focused on mo-
tor preparatory processes, and one feature of our data suggests that the
pictorial nature of our 2D stimuli might have affected motor prepara-
tion. In the congruent conditions, PRTs were longer for pentapod than
for pincer grips (compare the pink bands in Fig. 4). This is the oppo-
site of what was observed by Pisu and collaborators, and of what one
would expect based on the precision which is presumably required in a
motor program aimed at a large vs a small object. The latter should re-
quire a more precise program, which in turn might be expected to imply
longer preparatory processing. We are currently designing further stud-
ies aimed at testing possible differences between preparation and execu-
tion of pantomimed or real pincer and pentapod grasps. As suggested by
an anonymous reviewer, this could be done by combining the EEG with
augmented reality to create a virtual 3D object or, in alternative, with
a procedure for displaying actual three-dimensional objects. We stress
however that, even if the current effect did involve a contribution from
the ventral system, this would weaken its implications for the dorsal
amnesia hypothesis (see Introduction), but would not undermine our
conclusion that the mere sight of the (irrelevant) distractor modulated
R-LRPs during motor preparation. This finding provides useful insights
into the nature of potential temporal interactions within cortical net-
works for motor planning (Castiello, 2005; Schenk et al., 2011; De
Sanctis et al., 2013; Budisavljevic et al., 2018).
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