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A B S T R A C T   

A stable representation of object size, in spite of continuous variations in retinal input due to changes in viewing 
distance, is critical for perceiving and acting in a real 3D world. In fact, our perceptual and visuo-motor systems 
exhibit size and grip constancies in order to compensate for the natural shrinkage of the retinal image with 
increased distance. The neural basis of this size-distance scaling remains largely unknown, although multiple 
lines of evidence suggest that size-constancy operations might take place remarkably early, already at the level of 
the primary visual cortex. In this study, we examined for the first time the temporal dynamics of size constancy 
during perception and action by using a combined measurement of event-related potentials (ERPs) and kine-
matics. Participants were asked to maintain their gaze steadily on a fixation point and perform either a manual 
estimation or a grasping task towards disks of different sizes placed at different distances. Importantly, the 
physical size of the target was scaled with distance to yield a constant retinal angle. Meanwhile, we recorded EEG 
data from 64 scalp electrodes and hand movements with a motion capture system. We focused on the first 
positive-going visual evoked component peaking at approximately 90 ms after stimulus onset. We found earlier 
latencies and greater amplitudes in response to bigger than smaller disks of matched retinal size, regardless of the 
task. In line with the ERP results, manual estimates and peak grip apertures were larger for the bigger targets. We 
also found task-related differences at later stages of processing from a cluster of central electrodes, whereby the 
mean amplitude of the P2 component was greater for manual estimation than grasping. Taken together, these 
findings provide novel evidence that size constancy for real objects at real distances occurs at the earliest cortical 
stages and that early visual processing does not change as a function of task demands.   

1. Introduction 

Size constancy, the scaling mechanism that allows us to perceive an 
object as having the same size regardless of changes in viewing distance, 
is a remarkable ability of the human brain. By integrating retinal image 
and distance information, the visual system achieves a stable and 
coherent representation of object size despite the ever-changing retinal 
projections (for a review, see Sperandio and Chouinard, 2015). An ac-
curate representation of size is crucial, not only for perceptual 

recognition, but also for goal-directed actions, such as grasping. In fact, 
when we reach out to pick up an object, our grip aperture is scaled to the 
true size of the object irrespective of viewing distance. In other words, 
our visuomotor system shows grip constancy (Chen et al., 2018; Kudoh 
et al., 1997; Marotta et al., 1997; Niechwiej-Szwedo et al., 2022; Servos 
et al., 1992; Whitwell et al., 2020). When and where the brain achieves 
size (or grip) constancy is one of the most fascinating questions in visual 
neuroscience. 

It is well established that the primary visual cortex (V1), the first 
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cortical stage of processing of visual information, contains a precise 
retinotopic map of the visual inputs such that adjacent parts of the visual 
field activate adjacent parts of the cortex (Glickstein and Whitteridge, 
1987; Holmes, 1918; Tootell et al., 1982). It has been assumed that this 
topographic map of retinal projections is a hallmark of V1 organization 
and constitutes the core element of our representations of the real world. 
However, converging evidence on active visual processes in V1 now 
challenges this view. FMRI studies in humans using visual illusions have 
demonstrated that the spatial extent of neural activation in V1 reflects 
the perceived rather than the retinal size of an object (Fang et al., 2008; 
Murray et al., 2006; Pooresmaeili et al., 2013; Schwarzkopf et al., 2011; 
Schwarzkopf and Rees, 2013; Weidner et al., 2014). Likewise, Sperandio 
and colleagues (Sperandio et al., 2012) using real depth cues have re-
ported even greater modulations in V1 activity, than those observed 
with visual illusions, by systematically manipulating the real distance of 
a stimulus of fixed retinal image size. The involvement of V1 in size 
constancy operations has been further corroborated by single-cell 
studies in the monkey (Ni et al., 2014) and epileptic patients (Marg 
and Adams, 1970; Smith and Marg, 1975), showing that the firing 
profile of some V1 neurons is more compatible with the perceptual 
outcome than the retinal stimulation. Importantly, there is also evidence 
in the monkey that oculomotor adjustments that are made in response to 
changes in viewing distance, such as vergence and accommodation, can 
modulate the activity of V1 neurons (Dobbins et al., 1998; Trotter et al., 
1992, 2004; Trotter and Celebrini, 1999). Taken together, these findings 
indicate that perceived object size can be represented in the neural ac-
tivity of V1 and open up the possibility that size-distance integration 
might take place in the initial processing of V1 or even earlier. However, 
our recent ERP study (Chen et al., 2019a; b) on size constancy, in which 
we presented circles of different physical sizes on a movable monitor 
that was placed either near or far from the observer’s eyes, failed to 
show modulations of the earliest visual components in response to 
perceived size. Surprisingly, we observed instead that the integration of 
distance information and retinal image size took about 150 ms to unfold. 
This suggests that the size-constancy-related patterns of activity in V1 
described in the abovementioned fMRI studies might not be locally 
generated in V1, but rather they might reflect feedback activity from 
higher-level cortical areas. 

In the current investigation, we examined for the first time the 
temporal features of the neural processes underlying size constancy for 
perception and action by combining EEG and kinematics recordings. 
Notably, we went one step further with respect to our previous ERP 
study in terms of ecological validity of our paradigm and used real 3D 
stimuli, rather than 2D flat pictures, such that participants could also 
physically interact with the target objects. In doing so, we had to reduce 
our experimental conditions to only two critical conditions, namely 
small-near and big-far, where disks of different physical size were placed 
at different distances in order to subtend the same retinal angle. This 
manipulation allowed us to test directly if stimuli of different physical 
sizes were processed in relation to their perceived or retinal size (Hol-
way and Boring, 1941; Sperandio et al., 2009). Crucially, we believe that 
the perceptual scaling of size invoked by real objects at real distances 
can better capture size constancy mechanisms as they operate in the real 
world (Snow and Culham, 2021). As such, we expect to find an earlier 
integration of retinal image and distance cues using a more ecological 
setting with respect to what was reported in Chen et al.‘s study (2019b). 

2. Methods 

2.1. Participants 

Sixteen healthy volunteers (12 females and 4 males; Mage = 23.75 
years, SD = 3.38, range = 20–33 years old) were enrolled in the study. 
To determine our sample size, we referred to a previous EEG study on 
size constancy by Chen et al. (Chen et al., 2019a,b). Participants were 
mostly students or workers at the University of Trento (Italy) and were 

reimbursed 10 euros per hour for their time. Participants were recruited 
using an advertisement posted on major social media, such as Facebook 
and WhatsApp. All participants were right-handed, with normal or 
corrected-to-normal vision (only glasses prescription and no contact 
lenses were allowed), and with no history of neurological or psychiatric 
disorders. Before volunteers were deemed eligible for participation, we 
asked them to measure their arm’s length from the shoulder to the wrist 
as well as their head circumference. The arm’s measurement was 
required to ensure that participants would be able to reach the furthest 
position of the stimulus comfortably; the head circumference measure-
ment was required to ensure that it would match the available size of the 
EEG cap. For both arm’s length and head circumference, the minimum 
measurement required was 55 cm. Written informed consent was ob-
tained by all participants prior to testing. The study was conducted ac-
cording to the ethical guidelines and with the approval of the Research 
Ethics Committee of the University of Trento. 

2.2. Apparatus and materials 

The main apparatus consisted of a wooden board with tracks on 
which we placed a white panel that could be slid near (26 cm) or far (52 
cm) from the participants’ eyes. A chin rest was screwed to the side of 
the board closest to the participant. In the center of the board, a small 
squared magnet was used to attach the stimuli (real 3D disks) and served 
as a fixation point. Stimuli were 3D printed and consisted of two disks 
with a thickness of 0,5 cm and a diameter of 4 cm (small) and 8 cm (big). 
As in Chen et al. (2019a,b), black stimuli (luminance = 2.10 cd/m2) 
were presented against a white background (luminance = 50,47 
cd/m2), so that changes in retinal illuminance with distance were 
minimized. The two disks had a metal plate glued on the backside that 
allowed us to magnetically attach them to the movable panel. Crucially, 
the small stimulus was always presented at the near distance, whereas 
the big stimulus was always positioned at the far distance in order to 
subtend the same visual angle (8.8◦) on the retina. To control for the 
exposure duration of the stimuli, we used a Polymer Dispersed Liquid 
Crystal (PDLC) device that could become opaque or transparent ac-
cording to corresponding triggers sent by a custom-made code in 
MATLAB (https://www.mathworks.com/products/matlab.html). The 
PDLC screen was the size of an A4 sheet (21 cm × 29.7 cm) and it was 
attached to the chin rest 10 cm away from the participant’s face in order 
to achieve the least interference on the EEG signal. A numeric keypad 
was placed on the table next to the wooden board, on the right, and the 
Insert key was marked with tape to indicate which key participants had 
to press with their thumb and index finger during the experimental 
procedure (Fig. 1). 

2.3. EEG recording 

Scalp EEG was collected using a g.tec medical engineering GmbH 
(Austria) recording system. Fifty-nine Ag/AgCl active electrodes (g. 
SCARABEO) were inserted into a flexible nylon cap provided with 
labeled holder rings, according to the international 10–20 system. For 
the EEG data acquisition, we used the g.HIAMP biosignal amplifier and 
the g.RECORDER software. The 59 electrodes included: Fp1, Fpz, Fp2, 
AF3, AFz, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT7, FC5, FC3, FC1, 
FC2, FC4, FC6, FT8, T7, C5, C3, C1, Cz, C2, C4, C6, T8, Tp7, CP5, CP3, 
CP1, CPz, CP2, CP4, CP6, TP8, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO7, 
PO3, POz, PO4, PO8, O1, Oz, O2, and Iz. Impedance was kept below 30 
kΩ and regularly checked during the experiment. The ground was 
installed in the FCz position of the cap, the reference was placed on the 
Fp2 electrode and then re-referenced to the average of all the electrodes. 
The EEG signal was amplified by 500 K, band pass filtered at 0.05–100 
Hz, and sampled at a rate of 512 Hz. 
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2.4. Kinematic recording 

For kinematics data acquisition, we used the Qualisys motion cap-
ture system (Qualisys AB, Gothenburg, Sweden). The setup included a 
multi-camera system of five ProReflex MCUs (Motion Capture Units), 
controlled from a central computer on which the Qualisys Track Man-
ager software was installed. The cameras worked in combination with 
five reflective markers applied on the participants’ right hand to track its 
movements. Five super-spherical markers of 6.5 mm were placed on the 
right hand of the participant with a double-sided tape: one on the edge of 
the thumb nail, one on the edge of the forefinger nail, and three arranged 
in a row on a Velcro wristband that participants had to wear on the 
wrist. The 3D position of the hand was captured with a sampling rate of 
60 Hz for 4 s from the onset of each trial. 

2.5. Procedure 

Before the beginning of the experiment, participants were asked to 
fill in an abbreviated Italian version of the Edinburgh Handedness 
Questionnaire (adapted from Oldfield, 1971) as well as a brief 

demographic survey. Then, the EEG cap and the reflective markers were 
positioned on the participants. After that, participants were asked to sit 
comfortably in front of a table on which the experimental apparatus was 
placed with their head fixed on a chin rest and maintain fixation on a 
small magnet located at the center of the panel. The study was per-
formed in an evenly lit room. Participants were instructed to complete 
two tasks: manual size estimation and grasping. In the manual estima-
tion task, they were asked to manually indicate the perceived size of the 
disk by opening their forefinger and thumb a matching amount. In the 
grasping task, they were required to reach out and pick up the disk in a 
‘natural manner’ with their thumb and forefinger. 

All participants took part in two experimental sessions of approxi-
mately 3 h each, distributed on different days to prevent excessive fa-
tigue. Each session comprised 10 blocks (5 manual estimation and 5 
grasping) and each block included 40 trials divided into 20 small-near 
and 20 big-far conditions. Therefore, we tested 20 blocks over the two 
sessions for a total of 800 trials. The presentation order of the blocks as 
well as the conditions within each block was randomized. To allow 
participants to familiarize themselves with the task instructions, a few 
practice trials were given before testing began. 

Fig. 1. A) Experimental apparatus. A wooden board was placed on a table in front of the participant. The panel, where the stimuli were placed, could be slid in the 
near or far position. Stimuli were magnetically attached to the panel. A Polymer Dispersed Liquid Crystal (PDLC) screen was used to control for the exposure duration 
of the stimuli; B) Disks of two sizes (small: 4 cm; big: 8 cm) were placed at two distances (near: 26 cm; far: 52 cm) in order to subtend the same visual angle of 8.8◦. 
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Before each block, participants were informed about which task they 
had to perform (i.e., manual estimation or grasping). At the beginning of 
each trial, participants were instructed to hold down the Insert key on 
the keyboard with their thumb and forefinger pinched together. The 
PDLC screen was opaque so that participants could not see anything in 
front of them. This allowed the experimenter to displace the panel at a 
specified viewing distance (near or far). Once the panel was correctly 
positioned, the PDLC screen was opened (i.e., became transparent) for 
300 ms and closed again. During this time, participants saw the panel 
without the stimulus and had to keep their gaze steady on the fixation 
point. No response was required at this point. The brief opening of the 
screen represented our baseline condition. Then, when the screen was 
closed (opaque) again, the experimenter secured the stimulus to the 
panel according to the viewing condition: a small or a big disk if the 
panel was in the near or in the far distance, respectively. Once the disk 
was correctly placed, the screen was opened a second time. The 
participant saw the panel with the stimulus and had to perform the task 
specified at the beginning of the run. As soon as participants released the 
button, the screen shut down. This prevented participants from seeing 
their hand and/or the target stimulus during the execution of the 
movement and, therefore, they could not make any online adjustments 
based on visual feedback (‘open loop’, e.g., Chen et al., 2018; Hu et al., 
1999; Hu and Goodale, 2000). After completing the task, they had to 
return to the starting position (Fig. 2). To provide the same haptic 
feedback about the disk size that was available for the grasping task, 
participants were asked to hold the object with their right hand before 
returning to the start position in the first 20% of trials (8) during the 
manual estimation blocks. 

2.6. Pre-processing of EEG data 

For the offline analysis, we used EEGLAB (Delorme and Makeig, 
2004) and ERPLAB (Lopez-Calderon and Luck, 2014) to do the data 
pre-processing. Before filtering the data, we detected and interpolated 
the bad channels with the spherical method in EEGLAB. The continuous 
EEG was filtered with the IIR Butterworth filter from ERPLAB, with a 
high-pass filter of 0.1 Hz and a low-pass filter of 30 Hz. Next, an 

Independent Component Analysis (ICA) (Stone, 2002) was performed in 
EEGLAB using the infomax ICA algorithm of Bell and Sejnowski (1995) 
to remove the artifactual components in the signal. Independent com-
ponents (ICs) were classified by means of visual inspection and the 
IClabel plugin (Pion-Tonachini et al., 2019). Then, based on their scalp 
map and frequency, we removed the components representing eye- or 
muscle-related artifacts. Data was then re-referenced to the average of 
all the electrodes. After that, we extracted the epochs from − 100 ms to 
300 ms from the stimulus onset, using the pre-stimulus period for the 
baseline correction. At this point, we did an artifact detection on the 
epoched data using the Moving Window Peak-to-Peak Function in 
ERPLab, with a voltage threshold of 100 μV, and the visual inspection of 
the data. Finally, we computed the event-related potentials (ERPs) on 
the final dataset averaged across trials for each condition. 

2.7. Pre-processing of kinematic data 

For the analysis of kinematics, we used the QTM (Qualisys Track 
Manager) Software combined with a custom-made code in Matlab. 
Three indices of interest were extracted from the kinematic data: Manual 
Estimation (ME), Peak Grip Aperture (PGA), and Peak Hand Velocity 
(PHV). For the estimation task, ME was calculated as the distance be-
tween the two markers on the thumb and forefinger that participants 
held for a few seconds to indicate the perceived size of the stimulus. For 
the grasping task, the largest aperture achieved during the reach-to- 
grasp movement before making contact with the object, that is the 
PGA, was used as a kinematic measure of how well participants scaled 
the grip aperture according to the size of the object (Jeannerod, 1984). 
Finally, we collected the reaction time (i.e., button-release time) from 
the moment the screen was opened to the moment the participants 
started the hand movement with Psychtoolbox (Brainard, 1997; Kleiner 
et al., 2007; Pelli, 1997). 

2.8. Statistical analysis 

For the ERP analysis, electrodes of interest were selected based on 
maximum voltage in the grand averages in each condition. To identify 

Fig. 2. Example of trial timing. This diagram represents the sequence of events during each trial. First, the experimenter received a cue indicating object size and 
distance for that particular trial and positioned the board at the specified distance. Then, the PDLC screen was opened for 300 ms to show the participant the fixation 
point and the distance at which the stimulus will be located (baseline). Once the stimulus was positioned, the screen was opened a second time signaling the 
participant to start the response. The initiation of the movement, with the consequent release of the starting button, caused the screen to close so that the participant 
performed the action in open loop (i.e., without visual feedback of the hand and/or the target object). 
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electrodes of interest, topographic maps of the ERP response on the scalp 
were created, considering the mean peak latency for the early visual 
components of P1, N1 and P2. A temporal window of ± 20 ms around 
the mean peak latency was then defined. To identify electrodes of in-
terest, we created the topographic 3D scalp maps of the ERP response in 
each experimental condition during specific temporal windows, corre-
sponding to the latencies of the grandaverage ERP components: 50–80 
ms; 80–120 ms; 130–180 ms; 180–250 ms. Scalp maps of mean ampli-
tudes within these temporal windows were then created for each con-
dition using ERPLAB (Lopez-Calderon and Luck, 2014). From these scalp 
maps, six electrodes of interest were identified as being the most active 
in every condition. These electrodes corresponded to: 
P1-PZ-P2-PO3-POz-PO4 (i.e., posterior cluster). It should be noted that 
our selection of electrodes is similar to the one reported in the previous 
ERP study on size constancy by Chen et al. (2019a,b). 

To better highlight differences invoked by the task, we also per-
formed an additional analysis with a different selection of electrodes of 
interest. This new cluster of electrodes was identified in the topographic 
map generated by subtracting grasping trials from manual estimation 
trials. To build the scalp maps, the same approach as described above 
was used. The additional electrodes of interest included Cz-CP1-CPz-CP2 
(i.e., central cluster). As the activity did not substantially change within 
each cluster of electrodes, the following ERP results on amplitude and 
latency refer to the average activities of each cluster sites. 

The mean amplitude and the peak latency of each component were 
computed for each condition and each participant. A 2 × 2 repeated- 
measures analysis of variance (ANOVA) with Task (manual estimation 
vs. grasping) and Size (small vs. big) as main factors was performed on 
amplitudes and latencies of the early visual components. It should be 
noted that a significant effect of Size is indicative of size constancy as the 
small-near and big-far disks had the same size on the retina. Post-hoc 
pairwise comparisons with Bonferroni correction were performed to 
further investigate any significant interactions. To identify intervals 
with significant differences between two time courses, paired-sample t- 
tests were conducted point-by-point. P-values were corrected using a 
cluster-based test statistic (Monte Carlo method) embedded in Fieldtrip 
toolbox (Oostenveld et al., 2011). 

For the analysis of the kinematic data, mean and standard deviation 
of the PGAs and MEs were calculated for both size conditions (small and 
big). Data was submitted to a 2 × 2 repeated measures ANOVA to 
evaluate the effects of Task (manual estimation vs. grasping) and Size 
(small vs. big) on mean and standard deviation. Post-hoc pairwise 
comparisons with Bonferroni correction were performed to investigate 
any significant interactions in more detail. To assess for size constancy, a 
linear regression analysis relating stimulus size and grip aperture was 
carried out to calculate the slope, which reflects the scaling of the 
opening of the hand with stimulus size (Niechwiej-Szwedo et al., 2022). 
We then compared the two slope values using a paired sample t-test. In 
addition, only for the grasping, we considered Peak Hand Velocity 
(PHV), which was measured during the reaching phase as the maximum 
speed value expressed in mm/s along the depth direction. We calculated 
the mean of PHV for the small (near) and the big (far) stimulus condi-
tions. We then compared the two size conditions using a paired sample 
t-test. To reveal any differences in the planning phase of the movement, 
the mean reaction time (RT) for each condition was also calculated. 
Outliers were detected using Rosner’s test (Rosner, 1975) and removed 
from the analysis. The resulting RTs underwent the same two-way 
ANOVA as described above. 

To examine if parameters of the ERPs could predict individual dif-
ferences in size constancy in perception and action, amplitudes of P1, 
N1, and P2 components were correlated with the kinematic measures. 
To provide measures of individual size-distance scaling and allow 
meaningful comparisons across participants, data of MEs and PGAs as 
well as mean amplitudes were first normalized. We, therefore, computed 
a “scaling index” (i.e., SI), as follows: (big condition – small condition)/ 
(big condition + small condition) (Chouinard et al., 2013, 2016; 

Sperandio et al., 2013). Pearson correlation coefficients (r) were 
calculated between these indexes, and significance was established 
using one-tailed criteria, as we expected to observe a positive relation-
ship between ERP and behavioural scaling indexes. 

Statistical analyses were performed using the Statistical Package for 
Social Sciences (SPSS; IBM Corporation; Armonk, NY, USA) version 27. 

3. Results 

3.1. ERP results 

3.1.1. ERP results from the posterior cluster 
A 2 × 2 repeated-measures ANOVA was conducted on the peak la-

tency and mean amplitude of the P1, N1 and P2 components, with Size 
(small vs. big) and Task (manual estimation vs. grasping) as the main 
factors. As can be seen in the grand-average waveforms (Fig. 3A), the 
neural response elicited by the big stimulus was earlier and bigger than 
the one evoked by the small disk. In fact, the ANOVA revealed a main 
effect of Size on both the peak latency and the mean amplitude of all the 
ERP components taken into account. The difference in amplitude be-
tween big and small conditions is illustrated in Fig. 3B. The difference 
waveform had a peak latency of 90 ms, while the onset latency of this 
difference, quantified as the time at which the voltage reached 50% of 
the peak amplitude (i.e., fractional peak latency, see Kiesel et al., 2008), 
corresponded to 51 ms after stimulus onset. In contrast, we did not 
observe any significant effect of Task or Task × Size interaction. 

Full statistical results of all the ANOVAs are reported in Table 1. 
Taken together, these findings demonstrate that the earliest visual 
component we were able to record from the posterior cluster responded 
according to the physical or perceived size of the stimulus rather than its 
retinal size, suggesting that size-distance scaling started to occur already 
at ~50 ms after stimulus onset. We also provide evidence that the early 
stages of visual processing did not change as a function of task demands: 
the waveforms for manual estimation (i.e., red lines) and grasping (i.e., 
blue lines) overlapped one another for the entire time window. 

It should be noted that similar findings were obtained using the same 
cluster of electrodes described in Chen et al. (2019a,b). Moreover, re-
sults of the baseline condition revealed that the ERP pattern elicited in 
the absence of the stimulus was completely different from the ERP 
pattern obtained when the disk was presented on the panel. This implies 
that the ERP differences depicted in Fig. 3 are not simply due to changes 
in viewing distance, but they rather reflect the operation of size-distance 
scaling in which retinal image size is combined with distance informa-
tion. Results from these additional analyses are reported in Supple-
mentary Materials. 

3.1.2. ERP results from the central cluster 
A 2 × 2 repeated-measures ANOVA was conducted on the peak la-

tency and mean amplitude of the P1, N1 and P2 components of the 
central cluster, with Size (small vs. big) and Task (manual estimation vs. 
grasping) as the main factors (Fig. 4A). Full statistical results of all the 
ANOVAs are reported in Table 2. The analysis revealed a main effect of 
Size on the mean amplitude of P1 and on the peak latency of N1. In 
contrast with the analysis conducted on the posterior cluster, here the 
ANOVA revealed also a main effect of Task on the mean amplitude of P2. 
Interestingly, there was a significant interaction between Size and Task 
for the mean amplitude of the P2 component. Post-hoc pairwise com-
parisons with Bonferroni correction revealed significant differences 
between estimation small and grasping small conditions (t(15) = 7,762, 
pcorr <.001) as well as between estimation big and grasping big condi-
tions (t(15) = 5,374, pcorr <.001). The remaining comparisons (i.e., 
estimation small vs. estimation big conditions and grasping small vs. 
grasping big conditions) did not reach significance (both pcorr > .05) 
(Fig. 4B). To reveal when the difference between the manual estimation 
and grasping became significant, we conducted point-by-point paired- 
sample t-tests corrected for multiple comparisons using the cluster- 
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Fig. 3. A) Grand-average waveforms from the posterior cluster of six electrodes of interest (P1-Pz-P2-PO3-POZ-PO4) for each condition. Red lines indicate the 
condition where participants were asked to manually estimate the small or the big disk (dashed and solid lines, respectively); blue lines correspond to the condition 
where the participants were asked to grasp the small or the big disk (dashed and solid lines, respectively). It should be noted that the small and big disks were 
positioned at different viewing distances in order to subtend the same visual angle on the retina; B) Difference waveform between small and big stimulus conditions. 
The dashed vertical line denotes the 50% fractional area latency. 

Table 1 
Results of the 2 × 2 ANOVA on peak latency and mean amplitude of the P1, N1 
and P2 components extracted from the posterior cluster.   

F(1,15) p-value ηp
2 

P1 – Peak latency 
Size 7.78 .01 .34 
Task .005 .94 <.001 
Size × Task .941 .35 .06 

P1 – Mean Amplitude 
Size 9.43 <.01 .39 
Task .569 .46 .04 
Size × Task .528 .48 .03 

N1 – Peak latency 
Size 36.843 <.001 .71 
Task .245 .63 .02 
Size × Task .192 .67 .01 

N1 – Mean amplitude 
Size 39.343 <.001 .72 
Task 3.270 .09 .18 
Size × Task 1.321 .27 .08 

P2 – Peak latency 
Size 9.465 <.01 .39 
Task 3.784 .07 .20 
Size × Task 3.499 .08 .19 

P2 – Mean Amplitude 
Size 75.379 <.001 .83 
Task .001 .97 <.001 
Size × Task .114 .74 .01  

Fig. 4. A) Grand-average waveforms from the central cluster of four electrodes of interest (Cz-CP1-CPz-CP2) for each condition. Red lines indicate the condition 
where participants were asked to manually estimate the small or the big disk, dashed and solid lines, respectively; blue lines correspond to the condition where 
participants were asked to grasp the small or the big disk, dashed and solid lines, respectively. The solid thin and thick lines denote when the difference between 
manual estimation and grasping became significant for the small and big stimulus, respectively; B) Mean amplitude (μv) of component P2 as a function of Size and 
Task. Error bars represent ± 95% CIs. Asterisks (**) denote significant differences at p < .001 (Bonferroni-corrected). 

Table 2 
Results of the 2 × 2 ANOVA on peak latency and mean amplitude of the P1, N1 
and P2 components extracted from the central cluster.   

F(1,15) p-value ηp
2 

P1 – Peak latency 
Size .093 .76 <.01 
Task .076 .79 <.01 
Size × Task 1.607 .22 .10 

P1 – Mean Amplitude 
Size 12.919 <.01 .46 
Task .174 .68 .01 
Size × Task .243 .63 .02 

N1 – Peak latency 
Size 5.968 .03 .28 
Task 2.527 .13 .14 
Size × Task .537 .47 .35 

N1 – Mean amplitude 
Size 4.131 .06 .22 
Task .157 .70 .01 
Size × Task 3.194 .09 .18 

P2 – Peak latency 
Size 2.353 .15 .14 
Task .103 .75 <.01 
Size × Task .464 .51 .03 

P2 – Mean Amplitude 
Size .647 .43 .04 
Task 50.874 <.001 .77 
Size × Task 11.141 <.01 .43  
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based test statistic from the Fieldtrip toolbox (Oostenveld et al., 2011) 
(Monte Carlo method, pcorr < 0.05). The analysis revealed that the two 
task-related waveforms for the small stimulus overlapped until 125 ms 
after the stimulus onset, and then significantly separated from each 
other. For the big stimulus, instead, the difference between estimation 
and grasping waveforms became significant around 136 ms after stim-
ulus onset (Fig. 4A). These results are in line with the outcome of 
ANOVA, where the main effect of the Task was detected only in corre-
spondence to the peak of the P2 component (Fig. 4B). 

Again, the ERPs reported in Fig. 4 are completely different from 
those observed during the baseline condition (see Fig. S1B in Supple-
mentary Materials). 

3.2. Kinematic results 

Manual size estimates (MEs) and peak grip apertures (PGAs) were 
calculated for each condition (small and big). A 2 × 2 repeated-measures 
ANOVA with Size (small vs. big) and Task (manual estimation vs 
grasping) as main factors was carried out on MEs and PGAs. The ANOVA 
revealed a main effect of Size (F(1,15) = 264,385, p < .001, ηp

2 = 0.95). As 
predicted by the principle of size constancy, participants were perfectly 
able to distinguish between small and big targets of constant retinal size: 
hand apertures were wider for the big compared to the small disks. 
There was also a main effect of Task (F(1,15) = 36,597, p < .001, ηp

2 =

0.709): PGAs were larger than MEs. The interaction between Size and 
Task was also significant (F(1,15) = 15,721, p = .001, ηp

2 = 0.51). Post-hoc 
pairwise comparisons with Bonferroni correction revealed that all the 
possible comparisons were significant (all pcorr < .05). The significant 
interaction was further explored by calculating the difference between 
small and big conditions separately for manual estimation and grasping 
(MEbig - MEsmall vs. PGAbig - PGAsmall). A paired-samples t-test revealed 

that the difference between the small and big conditions in the manual 
estimation task was greater than the difference between the same con-
ditions in the grasping task (t(15) = 3,965, p = .001) (Fig. 5A). 

We then computed the mean slopes for both manual estimation and 
grasping tasks. The slope values were obtained from a linear regression 
analysis relating hand opening and stimulus size. A slope of 1 indicates 
perfect size-distance scaling, whereas a shallower or steeper slope in-
dicates less adherence to size constancy principles (Sperandio et al., 
2017). As expected (Niechwiej-Szwedo et al., 2022), a paired-samples 
t-test revealed that the mean slope for the manual estimation task was 
significantly greater than the mean slope for the grasping task (t(15) = 4, 
017, p = .001). It should be noted that the slope for the manual esti-
mation task approached 1 (i.e., M = 0.96, SD = 0.24), demonstrating 
that manual estimates exhibited near-perfect size constancy (Fig. 5B). 

To assess the precision of MEs and PGAs, we calculated the standard 
deviation for each condition. Higher variability corresponds to greater 
uncertainty and lower precision (Niechwiej-Szwedo et al., 2022). A 2 ×
2 repeated-measures ANOVA with Size (small vs big) and Task (manual 
estimation vs grasping) as main factors was carried out on standard 
deviations. As it turned out, there was a significant effect of Size (F(1,15) 
= 5,833, p = .029, ηp

2 = 0.28) with higher variability in response to the 
small target compared to the big target. The effect of Task was also 
significant (F(1,15) = 5,345, p = .03, ηp

2 = 0.26) with higher variability 
during grasping compared to manual estimation. Furthermore, we found 
a significant interaction between Size and Task (F(1,15) = 9,696, p =
.007, ηp

2 = 0.39). Post-hoc pairwise comparisons with Bonferroni 
correction revealed significant differences between small and big con-
ditions during manual estimation (t(15) = − 3,328, pcorr = .02) and 
grasping (t(15) = 2,873, pcorr < .05). There was also a significant differ-
ence between manual estimation and grasping in the small condition 
(t(15) = 2,859, pcorr < .05), whereas the difference between manual 

Fig. 5. Kinematic results. A) Manual estimates and peak grip apertures as a function of object size (small and big); B) Mean slope values for manual estimation and 
grasping tasks. Slope values were computed from a linear regression analysis relating hand opening and object size; C) Variability of manual estimates and peak grip 
apertures as a function of object size (small and big); D) Peak hand velocity of the reach-to-grasp movements towards the small (near) and big (far) objects. Error bars 
represent the 95% CI. Asterisks denote significant differences at p < .05 (*) and p < .001 (**) (Bonferroni-corrected). 
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estimation and grasping in the big condition was not significant (t(15) =

1,673, pcorr > .05) (Fig. 5C). Concerning peak hand velocity (PHV), 
which was measured only during reach-to-grasp movements, we 
observed no significant difference between small (near) and big (far) 
objects (t(15) = − 0,793, p = .44). Hence, contrary to our expectations, 
PHV did not scale with object distance (Fig. 5D). 

Finally, we carried out the same two-way ANOVA as described above 
on the RTs (i.e., release time) to reveal any differences across conditions 
in the planning phase of the movement. As it turned out, there was a 
main effect of Size on RTs (F(1,15) = 24,705, p < .001, ηp

2 = 0.62). Release 
times (ms) were faster in response to the near-small (M = 519.24; SD =
210.85) compared to the far-big disks (M = 562.35; SD = 236.07). There 
was also a main effect of Task (F(1,15) = 13,995, p = .002, ηp

2 = 0.48) with 
faster RTs for grasping (M = 494.93; SD = 212.76) than manual esti-
mation (M = 586.66; SD = 227.02). However, the Size × Task interac-
tion was not significant (F(1,15) = 3,772, p > .05, ηp

2 = 0.20). Importantly, 
the RT analysis ensured that the time window we selected for our ERP 
epochs (up to 300 ms) was not contaminated by motion artifacts induced 
by limb movements. 

3.3. Relationship between ERP and kinematic measures 

To investigate if our electrophysiological data could predict indi-
vidual differences in size and grip constancies, normalized values of P1, 
N1, and P2 amplitudes were correlated with normalized values of MEs 
and PGAs (i.e., ‘scaling indexes’, see 2.8 for additional details). The 
correlation revealed that there was a positive significant relationship 
between ME and N1 mean amplitude (r(14) = 0.49, puncorr<.05) as well 
as between MGA and P2 mean amplitude (r(14) = 0.44, puncorr<.05) of 
the posterior cluster (Fig. 6). None of the other correlations were 
significant. 

4. Discussion 

Previous reports have demonstrated that V1 plays a key role in size- 
distance integration, but seldom size constancy has been examined in 
real time using 3D objects and real changes in viewing distance. In the 
present study, we revealed the timing of the neural processes underlying 
size constancy for perception and action under more ecological condi-
tions than those used so far in the literature. We presented real objects 
physically placed at different viewing distances, while participants had 
to manually estimate the perceived size of the object (perceptual task) or 
to reach out and grasp the target with their thumb and index finger 
(grasping task). Such manipulations enabled us to investigate size con-
stancy mechanisms as they operate in the real world. Importantly, under 
this natural viewing paradigm, all the available monocular cues (relative 
size, occlusion, linear perspective, texture gradient, etc.) were 
completely congruent with more reliable sources of distance informa-
tion derived from oculomotor adjustments, such as vergence and 

accommodation (Gregory, 2008; Holway and Boring, 1941; Niech-
wiej-Szwedo et al., 2022; Sperandio et al., 2012). In short, our findings 
demonstrated that stimuli that were perceived as bigger also elicited 
earlier and greater neural responses than those perceived as smaller. 
This suggests that the neural processing underlying size constancy takes 
place early on, at the level of P1 component peaking around 90 ms after 
stimulus onset. Interestingly, our findings also demonstrated that the 
initial stage of visual processing was independent of the purpose for 
which that information was used for and that task-related differences 
appeared only at a later point, at the level of the P2 component peaking 
around 200 ms after stimulus onset. 

In the ensuing discussion, we will attempt to answer in detail the 
following questions: When does size constancy occur? Do the perception 
and action systems function at different time-scales? Is early visual 
processing shared by the two systems or does it change as a function of 
task demands? 

4.1. Size constancy in the kinematics 

As expected, kinematic results demonstrated that both manual esti-
mations and grasp apertures were governed by size constancy: the 
opening of the hand scaled with the actual size of the target, even if the 
small and big disks had the same retinal size. These results align with 
previous studies showing that under full viewing conditions, when all 
distance cues are available, participants exhibited near-perfect size 
constancy in both perception and action (Chen et al., 2018; Niech-
wiej-Szwedo et al., 2022; Whitwell et al., 2020). Our analysis of the 
kinematics also revealed that grasp apertures were generally larger than 
manual size estimates, as typically reported in the literature (e.g., Chen 
et al., 2018; Niechwiej-Szwedo et al., 2022; Whitwell et al., 2020). 
During grasping, the hand must open much wider than the physical size 
of the object to avoid undesirable collisions during the reach-to-grasp 
movement and ensure successful contact with the target. This ten-
dency to adopt grip apertures that exceed the edges of the object is 
widely interpreted as a ‘safety margin’ (e.g., Takemura et al., 2015; 
Uccelli et al., 2021). It has been argued that especially in open-loop 
conditions, where visual feedback of the hand or of the target object is 
removed, a larger safety margin of the grasping hand is required as a 
compensatory adjustment for uncertainty (Jakobson and Goodale, 1991; 
Wing et al., 1986). However, an upper limit exists for the safety margin 
that is dictated by the biomechanical limits of the grasping hand: 
obviously, the hand cannot extend wider than its anatomical dimension. 
As a consequence, variability in PGAs tends to decrease as object size 
increases, given that the possible range of safety margins is constrained 
by the natural limitation of the hand-opening (Utz et al., 2015). In 
agreement with this hypothesis, the SD associated with grasping in the 
present study was much reduced for the big compared to the small 
target. After all, our big disk was 8 cm in diameter and, thus, close to the 
participant’s hand span, potentially leading to a ‘ceiling effect’. In 

Fig. 6. A) Correlation between scaling indexes of manual size estimates and N1 amplitude; B) Correlation between scaling indexes of grasp apertures and P2 
amplitude. Pearson correlation coefficients (r) and the corresponding p values (uncorrected) are reported in each panel. 
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contrast, manual estimation showed greater variability (i.e., SDs) for the 
big compared to the small stimulus conditions, as predicted by Weber’s 
law. Weber’s law is a fundamental psychophysical principle in percep-
tion, whereby our ability to detect any changes in a sensory attribute of a 
stimulus decreases linearly with an increase in magnitude (Fechner 
et al., 1966). For instance, it is relatively easy to notice a small increment 
in size of a small object, whereas the same amount of size increment 
might not be noticed for bigger objects. In other words, visual resolution 
decreases as object size increases. Intriguingly, Ganel and collaborators 
(2008a, 2008b) demonstrated, by measuring variability (SD) in 
perception and grasping, that unlike manual estimations which adhered 
to Weber’s law, visually-guided actions violated this principle. This 
dissociation between perception and action in visual resolution has been 
interpreted as behavioural evidence in favor of the influential 
two-visual-systems hypothesis, according to which perception and ac-
tion are subserved by distinct neural processes taking place in the 
ventral and dorsal streams, respectively (Goodale and Milner, 1992; 
Milner and Goodale, 2006). Our finding showing that manual estimation 
data obeyed Weber’s law, but grasping did not, seems to agree with a 
wealth of evidence that goal-directed actions are immune to the effects 
of Weber’s law (e.g., Ayala et al., 2018; Ganel et al., 2008a; Ganel et al., 
2008b; Heath et al., 2011; Heath et al., 2017; Holmes and Heath, 2013). 
However, some cautions should be applied when interpreting the cur-
rent findings. Unexpectedly, the grasping small condition generated the 
highest SD, whereas based on the literature cited above we would expect 
to see constant variability in grasp apertures regardless of object size. 
This increased variability indicates greater uncertainty probably due to 
the presence of the PDCL screen which restricted the action space be-
tween the participant’s body and the near position of the movable panel. 
It has been shown that the predicted probability of a collision with po-
tential obstacles affects movement duration planning and maximum grip 
aperture (Mon-Williams et al., 2001; Jackson et al., 1995; Tresilian, 
1998). Similarly, obstacle avoidance strategies could explain why we 
were unable to find a significant difference in PHV between the 
near-small and far-big conditions, although our data showed a trend in 
the expected direction. In fact, previous studies have demonstrated that 
PHV increases progressively with target distance (Atkeson and Holler-
bach, 1985; Gordon et al., 1994). In our case, higher variability was 
observed in the speed of the reach-to-grasp movement towards the small 
stimulus at near distance which affected the scaling of PHV to distance. 
To assess the extent to which perception and action adhered to size 
constancy, we calculated the slope of the linear functions relating ME 
and PGA to target size. We obtained a mean slope value of 0.96 for 
manual estimation and 0.69 for grasping. A steeper slope for manual 
estimation compared to grasping has been consistently reported in the 
literature (for a review, see Smeets and Brenner, 1999). Importantly, the 
slope for ME approached 1, which is indicative of perfect size-distance 
scaling in perception (Sperandio et al., 2017). Furthermore, we ana-
lysed RTs to reveal any differences in the preparatory phase of the 
movement. Participants’ RTs were faster in response to the near-small 
than the far-big stimuli. This result contradicts previous findings 
where an advantage in RTs for physically (Uccelli et al., 2021) and 
perceptually (Sperandio et al., 2009; Sperandio, 2021) bigger objects 
was reported. The longer planning phase for the small target observed 
here could be once again explained by the increased uncertainty due to 
the presence of the occluding screen, which might have been interpreted 
by the visual system as an obstacle in the near space. Finally, partici-
pants were faster when preparing for grasping than when they had to 
manually estimate the disk. 

To summarize, our kinematic findings confirmed that perception and 
action followed size constancy principles: participants were able to 
distinguish between small and big objects of equal retinal size. Given the 
interfering effects of the task-irrelevant object (PDLC screen) in the near 
space on different movement parameters, namely planning phase (RT), 
peak velocity and variability of the grasp aperture, future research 
should examine size and grip constancies using a set-up where the 

workspace is completely free from any potential obstacles. 

4.2. Size constancy in the ERPs 

In agreement with the kinematic results, the ERP analyses of the 
posterior cluster of electrodes revealed an earlier and larger neural 
response for the big disk compared to the small one, even though the 
retinal images projected by the two stimuli were always the same. 
Interestingly, the distinction between the small and the big stimuli, 
resulting from the integration between retinal image size and viewing 
distance information, took place significantly earlier than what was 
reported in a similar ERP study (Chen et al., 2019a,b). In this previous 
study, Chen and colleagues, by presenting images of black circles on a 
movable screen positioned at different distances, observed that size 
constancy mechanisms required about 150 ms to come into play. There 
are at least four possible explanations for this discrepancy in findings: 
firstly, there are differences in experimental settings. Chen and col-
leagues’ (2019b) study used real manipulations of viewing distance, as 
we did in the current investigation. However, their visual stimuli con-
sisted of 2D flat pictures, while we used real 3D disks. Even if the real 
manipulation of distance can provide reliable distance cues, 2D images 
have limited possibilities to return all the information conveyed by the 
real objects we encounter in the real world. In our study, the use of real 
objects might have represented a key change in unveiling the effects of 
size constancy at earlier visual processing stages. A growing body of 
evidence demonstrates that there are distinct neural mechanisms un-
derlying the processing of 2D images and real 3D objects (Snow et al., 
2011; Snow and Culham, 2021). These different neural mechanisms 
might enable the ‘real-object advantage’ reported by many behavioural 
studies. For example, it has been shown that real objects exert a stronger 
influence on attention (Gomez et al., 2018), are more easily remembered 
(Snow et al., 2014), break suppression faster (Korisky and Mudrik, 
2021), are valued more (Bushong et al., 2010; Romero et al., 2018), and 
are more easily recognized by patients with visual agnosia (Chainay and 
Humphreys, 2001; Humphrey et al., 1994) than 2D images. Importantly, 
ERP studies have shown that real tools evoked stronger and more sus-
tained action-related neural responses than their 2D counterparts 
(Marini et al., 2019) and that this real-world advantage in the brain 
response was attenuated when the real objects were positioned behind a 
transparent barrier (Fairchild et al., 2021), a manipulation commonly 
used for decreasing activation related to the potentiality for action 
(Caggiano et al., 2009). Overall, these findings demonstrate that real 3D 
objects benefit from preferential processing over 2D images. The key 
factor behind the real-object advantage seems to be actability or true 
affordance, that is the potential to physically interact with the object in a 
meaningful way (Snow and Culham, 2021). After all, only real objects 
can be acted upon and can provide haptic feedback information. This 
leads to our next point. Secondly, our study required participants to 
physically interact with the object rather than simply pressing a button. 
Importantly, haptic feedback was provided both in the grasping and in 
the manual estimation. Haptic information seems to be particularly 
relevant for optimizing grasping behaviours (e.g., adjusting grip aper-
ture and force) and generating feedforward predictive models to 
improve performance on successive trials (Säfström and Edin, 2008). 
Notably, converging behavioral and fMRI evidence indicate that the 
neural representations underlying visuomotor control of actions 
directed towards real objects dissociate from those directed towards 
images (Freud and Ganel, 2015; Freud et al., 2018; Holmes and Heath, 
2013; Hosang et al., 2016). In particular, Freud et al. (2018) have shown 
that activity in the left anterior intraparietal sulcus (aIPS), a dorsal brain 
region critical for visually-guided actions (Culham et al., 2003; Gallivan 
and Culham, 2015), was sensitive to real objects during the planning 
phase of the grasping prior to the initiation of the movement, possibly 
reflecting anticipation of the consequences of the interaction with the 
target. Thirdly, it should be noted that our stimuli were highly pre-
dictable, given that the small disk was always presented closer while the 
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big disk was always positioned further away from the observer’s eyes. 
Unfortunately, we had to resort to only two object sizes to avoid 
excessively long EEG sessions. Although fMRI studies have shown that 
prediction derived from past experience can modulate the neural ac-
tivity of V1 (e.g., Alink et al., 2010; Kok et al., 2012), it is still debated 
whether or not early stages of perceptual processing can be modulated 
by prior expectations. On the one hand, a number of studies have shown 
that predictions can affect initial perceptual processing occurring 
around 100–150 ms after stimulus onset (Alilović et al., 2019; Aru et al., 
2016; Hsu et al., 2015; Todorovic et al., 2011; Wacongne et al., 2011), or 
earlier at the level of C1 component (<80 ms post-stimulus; Jabar et al., 
2017), or even before stimulus onset (Kok et al., 2017; Sherman et al., 
2016). On the other hand, other studies have evidenced that early sen-
sory processing is unaltered by prior expectations and top-down mod-
ulation is observed at later stages of processing related to 
decision-making (Bang and Rahnev, 2017; Rao et al., 2012; Rungratsa-
meetaweemana et al., 2018). To rule out any potential top-down effects 
of prediction on early visual processing, future studies should use stimuli 
whose size or distance cannot be easily predicted. Lastly, additional 
methodological differences might also explain the discrepancies among 
studies. For instance, the black disks used here were brighter than the 
black circles used in Chen et al. (2019a,b), i.e., 2.10 cd/m2 vs. 0.74 
cd/m2. In addition, although the physical size of the stimuli was iden-
tical in both studies (i.e., 4 and 8 cm), the visual angle subtended by the 
disks in the current investigation was slightly greater than in Chen et al. 
(2019a,b), namely 8.8◦ vs 8◦. This was due to the fact that the objects 
were positioned closer to the participants to enable them to reach the 
targets comfortably even at the furthest distance. Another important 
methodological difference concerns the baseline condition. While in the 
previous study, the time interval between the placement of the monitor 
and the onset of the stimulus varied randomly between 1.5 and 2.5 s, in 
the present study, the stimulus appeared right after the opening of the 
occluding screen and the interval between the positioning of the panel 
and the stimulus onset could not be temporally controlled. This limita-
tion was due to the ecological nature of the study, which was con-
strained by human factors, such as the time required by the 
experimenter to physically position the disk on the panel and press the 
button to open the occluding screen. To fully disentangle these possible 
explanations, a direct comparison between real objects and images 
should be considered in a future study. 

Following these observations, it can be argued that the use of 3D real 
objects rather than 2D images might have favored an earlier integration 
between retinal image size and distance cues, allowing for a faster 
switch from retinal size coding to perceived size coding. In the current 
study, we were able to detect a difference between the neural responses 
evoked by the two-sized stimuli within the first 100 ms post-stimulus, 
with the first peak of the difference waveforms recorded ~70 ms after 
stimulus onset. Therefore, we can conclude that size-distance scaling of 
real objects at real distances takes place as early as ~70 ms post- 
stimulus. It is difficult, however, to establish the source of this early 
visual component. Given that our stimuli were presented centrally, we 
were unable to isolate the C1 and the P1 components successfully. While 
it is known that the C1 component arises from V1, the generators of the 
P1 component have been localized in extrastriate areas (Clark et al., 
1994; Di Russo et al., 2001). Moreover, the C1 component is typically 
characterized by an onset latency between 40 and 70 ms and a peak 
latency between 60 and 100 ms, whereas the P1 component starts 
around 65–80 ms and peaks around 100–130 ms after stimulus onset (Di 
Russo et al., 2001). As such, it is possible that an overlap between C1 and 
P1 components occurred in the present study. To better distinguish be-
tween C1 and P1 components, stimuli should be presented in the upper 
visual field in future studies in order to induce a negative C1 that can be 
easily separated from the subsequent P1 component (Clark et al., 1994). 

Nonetheless, our findings are in line with previous electrophysio-
logical studies. For example, Marg and Adams (1970) found that the 
receptive fields of some neurons in the occipital lobe did not respond 

according to retinal stimulation but followed size constancy principles 
when viewing distance was changed. By the same token, Ni et al. (2014) 
found that the activity of a number of neurons in monkey V1 reflected 
illusory size perception generated by a Ponzo background, instead of the 
retinal size of the stimuli, as a result of shifts in the position of the 
receptive fields. Interestingly, the shifts occurred remarkably early, 
starting from 30 ms after stimulus presentation. More recently, Chen and 
colleagues (Chen et al., 2019a,b), have shown by recording steady-state 
visually evoked potentials (SSVEP), which are known to originate in the 
early visual cortex, that about 50% of size-distance scaling occurred in 
V1. Our findings are further supported by the evidence that 
space-related information (e.g., distance cues, vergence, retinal 
disparity, gaze direction) can modulate neural activity already from the 
earliest processing stages (Weyand and Malpeli, 1993; Masson et al., 
1997; Dobbins et al., 1998; Trotter and Celebrini, 1999; Trotter et al., 
1992, 2004). Previous fMRI studies reporting patterns of activity in V1 
compatible with perceived size (Fang et al., 2008; Murray et al., 2006; 
Pooresmaeili et al., 2013; Schwarzkopf et al., 2011; Schwarzkopf and 
Rees, 2013; Sperandio et al., 2012; Weidner et al., 2014) are also 
consistent with the idea that size constancy plays out in the neural 
response of V1. The fact that size constancy was present in the initial 
part of the visual ERP response does not exclude the role of top-down 
influences from high-order visual areas on feedforward sensory pro-
cessing in V1 (e.g., Di Russo et al., 2001; Gomez Gonzalez et al., 1994). 
Our findings are also consistent with the hypothesis of rapid feedback 
connections, possibly carrying distance information processed at later 
stages, which can exert modulations on the early visual response in V1 
(Hupé et al., 2001; Girard et al., 2001). 

To reveal any task-related differences in the ERPs, we carried out an 
additional analysis on a cluster of central electrodes which was identi-
fied by comparing the neural activity elicited by the estimation and the 
grasping tasks. This analysis revealed an earlier effect of object size on 
the first positive and the first negative ERP components, with the big 
stimulus eliciting a larger and faster neural response than the small 
stimulus, similar to what we obtained from the posterior electrodes. 
However, the most interesting result here was related to the P2 
component: we observed a greater amplitude for manual estimation 
than grasping. As shown by the cluster-based permutation analysis, the 
difference between the tasks began earlier for the small stimulus con-
dition than the big stimulus condition. It has been argued that the N1 
component reflects reactivation of the extrastriate visual area V3A, 
while the P2 component reflects reactivation of occipital visual areas 
including V1 as a result of top-down feedback from higher-level visual 
areas (Di Russo et al., 2008). Moreover, an ERP study on the Ponzo 
illusion demonstrated that the amplitude of the P2 component changed 
as a function of perceived size, suggesting that the integration of retinal 
image size and pictorial depth cues conveyed by the illusory background 
occurred at later stages of visual processing as a result of top-down 
modulation (Liu et al., 2009). Therefore, we speculate that manual 
estimation might have involved greater feedback from higher-level vi-
sual areas than grasping in computing perceived size. 

4.3. Correlations between grip apertures and visual processing emerge in 
the later ERP components 

Finally, the correlations between ‘scaling indexes’ of electrophysio-
logical and the kinematic data revealed a moderate positive association 
between the mean amplitude of the first negative-going ERP component 
(N1) and the mean grip aperture registered during manual estimation. 
Grasping, instead, was characterized by a moderate positive association 
between the mean amplitude of the second positive-going ERP compo-
nent (P2) and the peak grip aperture (PGA) of the hand. These findings 
are novel and suggest a link between individual differences in size 
constancy in perception and action and later stages of visual processing. 
Based on the literature, the modulation of N1 amplitude is frequently 
associated with tasks requiring attention and cognitive efforts (Callaway 

S. Noviello et al.                                                                                                                                                                                                                                



Neuropsychologia 193 (2024) 108746

11

and Halliday, 1982; Hillyard and Anllo-Vento, 1998; Weisz and 
Schlittmeier, 2006). We hypothesize that the correlation between the N1 
amplitude and manual estimation could be due to the efforts and the 
attention necessary to make accurate judgments of object size in a less 
automatic way than when participants were required to grasp the target. 
Surprisingly, we also obtained a significant correlation between PGA 
and the P2 component, which would suggest re-activation of V1 and 
other extrastriate visual areas (Di Russo et al., 2008). Previous studies 
have shown that there are instances in which the dorsal stream is 
required to interact with the ventral stream in order to perform suc-
cessful actions (Singhal et al., 2013; Westwood et al., 2000; Westwood 
and Goodale, 2003). It should be noted that in our case grasping was 
performed in an open-loop condition and participants might have 
adopted strategies to avoid collision with the occlusion screen as they 
reached to grasp the disks (see section 4.1 for further discussion). This 
might have determined the relationship between grasp apertures and 
the P2 component. Nonetheless, our findings demonstrate that the 
neural coding of grip constancy was already present at the earliest 
cortical stages during the planning phase of the reach-to-grasp move-
ment, thus suggesting rapid size-distance integration in processing grasp 
aperture. 

5. Conclusion 

Taken together, the results obtained from the present study raise the 
possibility of an early visual locus for size constancy in perception and 
action. Interestingly, neural processing at the earliest cortical stages was 
unaffected by task demands. Task-related effects, instead, were only 
observed later and possibly reflected greater top-down modulations in 
manual size estimation. These results converge with findings from 
multiple lines of research using different methodological approaches 
and corroborate the hypothesis that size-constancy operations take place 
already at the level of V1. Future research should bring new information 
about the origins of this size-distance integration, using techniques that 
can provide both high spatial and temporal resolution. 
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