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ARTICLE INFO ABSTRACT

Keywords: The brain processes objects in reachable peripersonal space and non-reachable extrapersonal space in different

fMRI neural networks. In contrast to extrapersonal space, spatial processing in peripersonal space is linked to the

Virtual reality activation of affordances in dorsal visual pathways. However, the literature on how object characteristics like

Peripersonal space size, graspability and stereoscopic presentation influence object processing in virtual environments is still

Extrapersonal space

Object processing unclear.

Dorsal visual stream In the current study, 44 healthy participants performed a visual discrimination task involving graspable ob-

Stereoscopic vision jects presented in peripersonal space and extrapersonal space. The paradigm was presented via MRI-compatible
goggles during fMRI scanning. The four sessions alternated between monoscopic and stereoscopic presentations
and stimuli varied within the sessions in apparent distance, size, and orientation. To validate the effect of dis-
tance, the pixel size of objects was also controlled. Stereoscopic presentation enhanced dorsal stream activation,
particularly in V5/MT, lateral occipital cortex and the posterior intraparietal sulcus, associated with depth
processing, suggesting increased peripersonal space processing. In addition to that, analyses revealed charac-
teristic bilateral activation patterns of primary to tertiary visual areas, extending dorsally from the lateral oc-
cipital cortex to the posterior intraparietal sulcus for stimuli in peripersonal space, while extrapersonal space
activated mostly ventral regions of the tertiary visual cortex. Notably, as the first study to control for pixel object
size, these patterns persist, indicating that stimuli in peripersonal space engage the dorsal visual stream,
potentially reflecting action-oriented and grasping feature encoding linked to their interactive affordances, while
stimuli in extrapersonal space engage ventral regions primarily mediating semantic aspects and scene analysis.

1. Introduction

The brain’s spatial representation is modular, with distinct cortical
regions processing peripersonal space (PPS) and extrapersonal space
(EPS). These regions guide environmental interactions, survival, and
social cognition in primates (Cléry et al., 2015; Rizzolatti et al., 1983)
and humans (Basile et al., 2024; Beschin and Robertson, 1997). PPS, a
space adjacent to the body’s surface, where objects can be reached or
manipulated (Brozzoli et al., 2012), is somatotopically organized
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(Serino et al., 2015; Stone et al., 2018) and dynamic (Farne and Ladavas,
2000). It integrates multisensory (Serino, 2019) inputs, thereby being
essential for the detection of threats (de Borst and de Gelder, 2022;
Fossataro et al., 2016; Graziano and Cooke, 2006; Vieira et al., 2020),
goal-directed actions (Rizzolatti et al., 1997), and self-perception
(Grivaz et al., 2017). EPS, on the other hand, which extends beyond
immediate reach, is associated with broader spatial awareness and
processed to support long-term planning and navigation (Cléry et al.,
2015; Costantini et al., 2011; Previc, 1998).
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Neuroimaging studies have identified different neural networks for
processing PPS and EPS, reflecting their different functional roles. The
PPS network, encompassing parietal and prefrontal regions (Basile et al.,
2024), exhibiting plasticity, modulated by the use of tools (Farne et al.,
2005; Farne and Ladavas, 2000), the presence of social cues (Bogdanova
et al., 2021; Heed et al., 2010; Pellencin et al., 2018; Vieira et al., 2020),
and emotional states (Cartaud et al., 2018; Ellena et al., 2022; Ruggiero
et al., 2017). EPS processing seems to involve other spatial parietal and
occipital regions though the underlying mechanisms are not yet fully
understood.

Neuronal object processing for PPS and EPS is intrinsically linked to
the functional segregation of dorsal and ventral visual pathways. The
dorsal and ventral visual pathways, originally referred as the “where”
and “what” streams by Mishkin et al. (1983), later associated with action
and perception processing (Goodale et al., 1994; Goodale and Milner,
1992) can be further subdivided into more specific substreams. The
dorsal pathway includes interconnected, but functionally distinct
dorso-, ventro- (Binkofski and Buxbaum, 2013; Rizzolatti and Matelli,
2003) and mediodorsal substreams, (Jiichtern et al., 2024), while there
are also latero-ventral and ventro-ventral routes (Pitcher and Unger-
leider, 2021; Wurm and Caramazza, 2022). The dorso-dorsal stream,
encompassing the superior parietal lobule (SPL) and dorsal premotor
areas, primarily facilitates online control of actions (Binkofski and
Buxbaum, 2013) due to hidden state exploration, surprise-driven
attention and goal-directed motor control (Proietti et al., 2023b). In
contrast, the ventro-dorsal stream, which includes the anterior intra-
parietal sulcus (aIPS), inferior parietal lobule (IPL), and ventral pre-
motor cortex (PMv), is more involved in processing semantic aspects and
action comprehension (Binkofski and Buxbaum, 2013; Rizzolatti and
Matelli, 2003). This pattern suggests a dorsal-to-ventral gradient, where
semantic aspects become increasingly prominent while action-related
processing diminishes (Proietti et al., 2023b; Stoll et al., 2024). There-
fore, the dorsal visual pathways, primarily engaged in processing stimuli
within peripersonal space, play a crucial role in evaluating potential
interactions with nearby objects and align with the concept of affor-
dances (Sakreida et al., 2016). In the past Costantini et al. (2011)
demonstrated that reaction times were shorter for objects presented in
PPS compared to EPS, potentially linked to motor affordances, sug-
gesting that PPS might function as an action space, while EPS processing
focuses more on visual and cognitive attributes. However, they did not
fully address whether these effects were solely due to spatial distance
and action possibilities or influenced by how large the object appears on
the retina, which is directly affected by its physical size and proximity to
the observer.

The visual system processes object properties hierarchically, with
early areas (V1, V2) responding to basic features and higher-order areas
(V3) integrating more complex characteristics (Riesenhuber and Poggio,
2000). Depth perception causes far-away objects to appear smaller,
while nearby objects appear larger, which may enhance activation in
early visual areas (Murray et al., 2006).

Consequently, in the current study, we aimed to address this po-
tential confound by utilizing virtual reality (VR) technology to create a
controlled yet realistic environment for presenting graspable objects in
both PPS and EPS while controlling the size of an object measured by the
number of pixels it occupies in the image (pixel object size). By using a
VR headset, we precisely manipulated the apparent distance of objects
while maintaining consistent visual angles and maximizing the effect of
immersion through stereoscopic presentation. VR systems possess the
capacity to generate stereoscopic images, allowing participants to
experience depth information in a manner that closely approximates
natural perception and therefore enhances the sense of presence
(Waldow et al., 2024), a psychological state wherein individuals feel
genuinely immersed within the virtual environment (IJsselsteijn et al.,
2001). To investigate whether the reaction time effect described by
Costantini et al. (2011) could potentially be attributed to the larger
proportion of retinal activation caused by greater object size, we
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analyzed reaction times as well as neuroimaging data.

We hypothesized that, regardless of pixel object size, PPS presenta-
tion within reachable distance leads to reduced RT’s and preferentially
activates dorsal visual stream areas, given its role in processing possible
object interactions. To further examine the role of stereoscopic depth
cues in the establishment of PPS, we altered the paradigm between
monoscopically and stereoscopically presented sessions. We expected to
observe further dorsal activations in areas such as the posterior intra-
parietal sulcus (pIPS), which have been previously associated with
three-dimensional (3D) processing and depth cues, based on previous
research findings by Durand et al. (2009).

2. Method
2.1. Participants

The final sample consisted of 44 participants with a 1:1 female-to-
male ratio and an age range from 19 to 30 (M = 23.39, SD = 2.39)
years. One participant had to be excluded from the study due to a
coughing fit during the measurement. Participants were recruited via
flyers in the University Hospital RWTH Aachen, in university buildings
of the FH Aachen, student platforms, as well as on social media between
June 2024 and November 2024. The study was advertised to healthy
participants between 18-30 years at study onset. Participants were
excluded based on the following criteria: past or present neurological or
psychiatric disorders, functional magnetic resonance imaging (fMRI)
ineligibility (e.g. metal implants, claustrophobia, pregnancy), psycho-
tropic medication use, or a history of drug and alcohol abuse. Each
participant received a compensation of 20 € for study participation. The
study was approved by the ethics committee (EK 146/22) of the Medical
Faculty of RWTH Aachen University. All participants were comprehen-
sively informed about the study, filled in an MRI contraindication
checklist, and gave written informed consent in accordance with the
Declaration of Helsinki prior to participation.

2.2. Technical setup

The paradigm used in this study was programmed on PsychoPy
(Peirce et al., 2019) (version 2024.2.2). Unreal Engine (version 5.2.1,
https://www.unrealengine.com) was used to generate stimuli presented
in PsychoPy. Following the programming of stimuli in Unreal Engine,
these were subsequently incorporated into PsychoPy as static screen-
shots. This approach was adopted due to the inherent movement re-
strictions within the MRI environment, which preclude participants
from perceiving the broader virtual environment.

While lying in the scanner, the paradigm was presented to the par-
ticipants via an MRI-compatible goggle system (Visual System HD,
NordicNeuroLab, Bergen, Norway), which was attached to the 20-chan-
nel head coil. For the right hand, participants received an MRI-
compatible button box which they could operate with their right
index and middle finger.

2.3. Stimuli description

We presented three cups and three mugs as part of our experimental
design. However, the shape and orientation of the objects were not
pertinent to our research question. Besides their orientation (upright/
inverted) (see Fig. 1b), the stimuli were additionally varied in their
apparent distance (PPS/EPS) (see Fig. la), with objects positioned
further away generally rendered smaller than those in closer proximity.
To control potential confounds arising from this size-distance relation-
ship, object size (large/small) was included as an additional factor in the
experimental design (see Fig. 1c). This approach ensured that small
objects in PPS had equivalent pixel sizes to large objects in EPS (see
Fig. 1d). By manipulating both distance and size independently, we
aimed to examine the individual effects of these variables on neural
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a) PPS / EPS b) Upright/ Inverted
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c) Large/ Small d) Same pixel size

ke Taste: umgelet Linke Tote: umgeketet
Rechte Tate el Recwe Tt el

Fig. 1. Representation of the fMRI setup and schematic depiction of experimental timeline. The jittered empty table is followed by the fixation dot as a cue before the
cups/mugs are presented. The object presentation included the dynamic decision-making process and the feedback sound, independent of the response time.
Description on screen: Linke Taste = left button; Rechte Taste = right button, normal = upright; umgekehrt = inverted.

responses. The combination of the three aforementioned factors created
a total of eight experimental conditions (2 x 2 x 2): PPS, upright, small;
PPS, upright, large; PPS, inverted, small; PPS, inverted, large, which is
the same structure for EPS.

In addition to the eight different conditions within a session, we
alternated the binocular disparity of individual sessions between
monoscopic and stereoscopic displays to examine whether the stereo-
scopic, more realistic representation elicited faster or more precise
perception.

To account for the distance and field of view (FOV) difference be-
tween real life and Unreal Engine’s virtual environment settings, a
combined scaling factor was calculated from a distance and a FOV scale
factor. By using the ratio of average participants’ height (175.5 cm)
divided by the camera height setting used in unreal engine we calculated
a distance scale factor of 0.975. By using the tangent of half the FOV
angles (half the FOV corresponds to the angle between the central axis
and the edge of the visible area) with a real world FOV of 135° and
Unreal Engine FOV of 90°, we calculated a FOV scale factor of 0.414.
Multiplying these two factors produced a combining scaling factor of
0.404, which was then applied to the PPS and EPS distances measured
through unreal engine’s measuring tool to confirm the real-life distance.
To maintain consistency across participants, a standardized distance for
PPS and EPS was used rather than determining individualized peri-
personal distances. The virtual PPS distance of 136 cm was scaled to
54.9 cm in real life, which, in turn, falls within the range of 50 + 14 cm,
which has been described by Costantini et al. (2011) as PPS distance,
meanwhile the virtual EPS distance of 311 cm was scaled to approxi-
mately 125.53 cm in real life. This ensures that the participants perceive
the cups in the intended PPS or EPS distance respectively. Additionally,
participants were asked to rate their sense of immersion in the virtual
scenario from zero to ten and the perceived graspability of objects at

varying distances with yes or no after each session to further confirm
that nearby objects were perceived as being situated in the participants’
individual PPS.

2.4. Paradigm description

In the virtual scenario, participants were situated in an environment
featuring a large, empty dining table positioned centrally in front of
them. This spatial arrangement was designed to create the perspective of
sitting directly at the table. In the background of the experimental
setting, a prominent inscription was displayed on the wall. This
inscription served to reiterate the task instructions, ensuring that par-
ticipants had a visual reference to consult in case they forgot which
button to press during the task (see Fig. 2). Throughout the entire
experiment, the participants’ task was to indicate as quickly as possible
whether they detected the presented stimuli (cups/mugs) as inverted or
upright by pressing either the left button with their index finger for
"inverted" or the right button with their middle finger for "upright".
Upon selecting the response on the keyboard, participants immediately
received auditory feedback during the presentation of the stimulus. A
correct answer was signaled by a high-pitched sound (660 Hz), while an
incorrect or missing answer was indicated by a low-pitched sound (330
Hz), using Optoactive II noise cancelling headphones from Opto-
Acoustics (https://www.optoacoustics.com/medical/optoactive-ii0).

At the beginning of each trial, participants were first presented with
an empty table for a duration jittered and pseudorandomized between
4500 and 5500 ms, followed by a fixation dot displayed at the center of
the maximum distance of the stimuli for 500 ms. Subsequently, the
stimulus was presented for 2300 ms, independent of the participants’
response times, to ensure that the duration of the stimulus event was
consistent across all trials (see Fig. 2).

empty table

fixation dot |object presentation + feedbacki)))|

Linke Taste: umgekehrt
Rechte Taste: normal

Linke Taste: umgekehrt

Linke Taste: umgekehrt

Rechte Taste: normal Rechte Taste: normal

45 -55s

05s 23s

x 96

x4

Fig. 2. Representation of different stimuli condition. The cups/mugs varied in a) distance (PPS = peripersonal space /EPS = extrapersonal space) b) orientation
(upright/inverted) and c) size (large/small). d) PPS_small and EPS large cups/mugs displayed same pixel size on the retina.
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2.5. Procedure

Data acquisition was conducted at the University Hospital Aachen
(Germany). The attending researcher led participants to the examination
room, providing instructions for the in-scanner task and inter-session
questionnaire. Following removal of all metallic objects, participants
were positioned in the MRI scanner, where an MRI-compatible goggle
system was attached to the head coil and adjusted for interpupillary
distance and optical diopter using a stereoscopic test image when
necessary. Inflatable cushions were provided for head stabilization
within the coil. To minimize head motion, a strip of surgical tape was
applied to participants’ foreheads, serving as a proprioceptive cue. Once
participants were equipped with the response button box and familiar-
ized with its operation, the experimental protocol was initiated.

In total participants completed four experimental sessions, each
lasting 12 min and 52 s, which alternately varied counterbalanced in
their binocular disparity between monoscopic and stereoscopic presen-
tation. Each session consisted of 96 trials, as each of the 8 conditions (2
x 2 x 2) was presented 12 times in pseudorandomized order. Structural
images were obtained between sessions two and three, allowing par-
ticipants to have a resting phase around six minutes. At the beginning of
the experiment, a localizer sequence and gradient-echo field map were
acquired.

2.6. Behavioral analysis

All analyses were performed using MATLAB (version 2020b, Math-
Works, Natick, MA, USA) and SPSS (IBM SPSS Statistics 20.0, Chicago,
IL, USA). A repeated measures ANOVA was conducted to examine the
effect of four independent variables: distance, orientation, size and
binocular disparity on the response time of participants. The dependent
variable, response time, was measured in milliseconds. For the repeated-
measures ANOVA, trials within the same condition were averaged to
derive a single value for each condition per participant.

In addition to the main effects, we examined two-way and three-way
interactions.

Prior to conducting the ANOVA, normality was verified with
Kolmogorov-Smirnov test. Despite potential violations of normality in
three out of 16 conditions the use of parametric tests remains justifiable.
The robustness of ANOVA to moderate deviations from normality,
particularly in the absence of obvious outliers, coupled with its balanced
design and sufficient sample size, supports the validity of the analysis
(Blanca et al., 2017; Schmider et al., 2010). For all analyses, a signifi-
cance threshold of a@ = 0.05 (two-tailed) was used. Post-hoc analyses
were corrected for multiple comparisons using the Bonferroni method.

2.7. Functional MRI data analysis

2.7.1. Scanning procedure

All images were acquired on a Siemens Prisma 3-Tesla scanner
(Erlangen, Germany) using a 20-channel head coil. Structural images
were obtained using a T1-weighted magnetization-prepared gradient-
echo sequence (MPRAGE; TR = 2300 ms, TE = 2.32 ms, TA = 5.35
min, flip angle = 8°, FOV = 240 mm x 240 mm, acquisition matrix = 256
x 256, slices = 192, interleaved, voxel size = 0.9375 mm x 0.9375 mm,
slice thickness = 0.9 mm. A T2*-weighted echo-planar imaging (EPI)
sequence (TR = 1560 ms, TE = 37 ms, multi-band acceleration factor =
3, flip angle = 72°, FOV = 220 mm x 220 mm, acquisition matrix = 88 x
88, slices = 60, interleaved, voxel size = 2.5 x 2.5 x 2.5 mm) was used
for the acquisition of the functional blood-oxygen-level-dependent
(BOLD) images. The sequence covered the whole brain and slices were
positioned transaxially, parallel to the anterior-posterior commissural
line, using a localizer sequence at the beginning of each measurement. A
gradient-echo field map was acquired with the following parameters: TR
= 438 ms, short TE = 4.92 ms, long TE = 7.38, TA = ~ 1 min, flip angle
=60°, FOV = 228 mm x 228 mm, acquisition matrix = 76 x 76, slices =
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45, voxel size = 3 x 3 x 3 mm.

2.7.2. Preprocessing

Functional images were preprocessed and analyzed with the Statis-
tical Parametric Mapping software (SPM12 software, http://www.fil.
ion.ucl.ac.uk/spm/) launched on MATLAB R2020b (MathWorks,
Natick, MA, USA). Initially, a voxel displacement map was generated
utilizing gradient-echo sequences alongside the standard brain mask
image from SPM. To correct for distortion effects in the EPI scans, the
precalculated phase map was subsequently applied to the EPI scans
during the distortion correction phase of the realignment process. The
unwarped EPI scans were then realigned to the first volume, which
served as a reference. Each individual anatomical scan was co-registered
with the mean EPI scan of the corresponding session to facilitate accu-
rate overlay and segmentation for subsequent analyses. Tissue proba-
bility maps from SPM were used to normalize the anatomy and EPI scans
to Montreal Neurological Institute (MNI) 152 standard space. Lastly, the
EPI scans were smoothed using an 8-mm full-width-at half-maximum
Gaussian kernel to improve signal-to-noise ratio.

2.7.3. Single-subject analysis

Once preprocessing was completed, we implemented a general linear
model approach in SPM to perform first-level analyses on individual
subject data. The experiment consisted of four sessions, each comprising
eight conditions out of three factors each (distance, orientation, size).
The sessions alternated within an additional factor (monoscopic/ste-
reoscopic). Therefore, we constructed design matrices incorporating
sixteen task-related regressors per session corresponding to the onset of
the visual stimulus based on our experimental paradigm. Another re-
gressor of no interest was included for the fixation dot. All stimuli were
modeled as events. The stimulus onset function was convolved with a
canonical hemodynamic response function to model expected brain
activity associated with each task condition. In addition, the six
realignment parameters were added to capture residual movement-
related artifacts. Sixteen main contrasts were constructed on the first
level for subject-wise analysis, each representing a unique combination
of all four factors (2 x 2 x 2 x 2) mentioned above.

2.7.4. Group analysis

To allow for population inference, simple contrasts were elevated to
the second level and used to recreate the complex contrasts using a
within-subject ANOVA. Eight t-contrasts of interest were included in the
final analysis. To investigate the hypothesis that regions associated with
the PPS network would be activated during presentations in PPS, and
areas of the EPS network during presentations in EPS, irrespective of
stimulus size, with potentially enhanced activations under stereoscopic
conditions, we contrasted the main effect between PPS and EPS in both
[PPS > EPS] and [EPS > PPS] directions, stereoscopic presentation (ST)
and monoscopic presentation (M) in both [ST > M] and [M > ST] di-
rections, and small (S) and large (L) objects in both [S > L] and [L > S]
directions. Another specific t-contrast assessing the effect of distance,
controlled for object size (both objects had same pixel size: peri-
personal small, extrapersonal big) was analyzed in both [PPSS >
EPS_B] and [EPS_B > PPS_S] directions to explicitly control for the in-
fluence of size. All reported results passed the family-wise-error (FWE)
corrected significance threshold of p ( .05 on the voxel level, with
exception of the statistical map of the [ST ) M] contrast. To investigate
whether a lower, FWE corrected, threshold, could reveal symmetric
activations following our initial observation of unilateral activations
only, this contrast was thresholded at a voxel level of p < .001 and a
cluster-fewel FWE correction < 0.05 (cluster extent threshold > 159
voxels).
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3. Results
3.1. Behavioral results

The repeated measures ANOVA of the behavioral data indicated that
objects in EPS elicited significant longer response times compared to
those in participants’ PPS (Mpps = 0.769, standard error (SE) = 0.022;
Mpgps = 0.818, SE = 0.023; F (1,43) = 77.55, p < .001, 7712, = 0.643) (see
Fig. 3a). In addition to that, small objects resulted in significant longer
response times than large objects (Ms = 0.833, SE = 0.022; M} = 0.754,
SE = 0.023; F (1,43) = 214.64, p < .001, ;15 = 0.833) (see Fig. 3a). Post-
hoc comparisons using the Bonferroni correction confirmed these sig-
nificant differences.

Furthermore, significant interaction effects between distance and
size (F (1,43) = 15.38, p < .001, ’75 = 0.263) were found. Specifically,
size exhibited a significant effect at both levels of distance, and distance
demonstrated a significant effect at both levels of size. However, the
mean difference of size in EPS (Mgps s = 0.865, SE = 0.024, Mgps.; =
0.771, SE = 0.023) was slightly larger than in PPS (Mppgs s = 0.801, SE =
0.022, Mpps 1, = 0.737, SE = 0.023) (see Fig. 3b). For size, a slightly more
pronounced effect was detected for small objects (Mpps s = 0.801, SE =
0.022, Mgps s = 0.865, SE = 0.024) compared to large objects in PPS and
EPS (Mpps_L = 0.737, SE = 0.023, MEPS-L = 0.771, SE = 0.023) (see
Fig. 3b).

Important to highlight is, that participants demonstrated signifi-
cantly shorter response times (t = 4.75, p < .001, d = 0.716) for large,
EPS objects (Mgps., = 0.771, SE = 0.023) compared to small, PPS objects
(Mpps s = 0.801, SE = 0.022) that possessed the same pixel size (see
Fig. 3b).

Additionally, significant interaction effects were observed between
orientation and size (F (1, 43) = 5.63,p = .022, 115 = 0.116) and distance
and binocular disparity (F (1, 43) = 5.20, p = .028, nﬁ = 0.108).
Although the interaction effect between size and orientation was sig-
nificant, the simple effects did not reach significance (see Fig. 3c). For
the interaction between distance and binocular disparity, binocular
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disparity yielded an effect in EPS with shorter response times in
monoscopic presentation (Mgps p» = 0.808, SE = 0.024, Mgps.sT = 0.828,
SE = 0.024). In the PPS, however, this effect was not significant (see
Fig. 3d).

While no statistically significant effects were observed for orienta-
tion (p = .62) or any other interactions of the independent variables (p >
.05), the effect of binocular disparity approached significance (p =
.073).

3.2. Questionnaire results

The level of immersion reported by participants within the virtual
environment ranged from two to ten (M = 6.09, SD = 1.85). A direct
comparison of the sense of immersion ratings between monoscopic and
stereoscopic sessions showed that stereoscopic presentation (M = 6.22,
SD = 1.77) was associated with significantly stronger feelings of pres-
ence (t = 2.77, p = .008) than monoscopic presentation (M = 5.97,
SD = 1.927).

All participants, except one, confirmed that objects presented within
PPS would have been graspable without altering their position. Corre-
spondingly, all participants, except one, indicated that objects presented
at a greater distance were not graspable. These results validate the
effectiveness of our experimental design in distinguishing between
presentations in PPS and EPS.

3.3. fMRI results

To evaluate the main effects of distance [PPS > EPS], [EPS > PPS],
size [S > B], [B > S] and binocular disparity [ST > M] on the whole brain
level, complex contrasts were calculated by means of a within-subject
ANOVA (see Table 1). No significant activations were observed in the
[M > ST] contrast.

Contrasting presentation in PPS and EPS revealed distinct patterns of
neural activation. Presentation in PPS elicited increased activity in
bilateral central regions of visual areas V1, V2, V3v, V3A, V3d, the
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Table 1

fMRI results showing the results of the main contrasts (binocular disparity, size

and distance).

Main contrast k Region H MNI(x,y,z) t
Binocular 159 Visual Area 5 +46  -67 +5 5.31
disparity / MT
[Stereoscopic 163 Visual Area 5 L -44 -74 +2 4.57
> / MT
Monoscopic] * Area hOc4la/ L -40 -84 +10 3.43
LOC
253 Intra-Parietal R +23 -77 +20 4.33
Sulcus
Intra-Parietal R +28 -82 +22  4.07
Sulcus
Intra-Parietal R +26  -72 +28  4.05
Sulcus
Distance [PPS > 4462  Visual Area 2 R +13 -74 -2 18.90
EPS] Visual Area R +20 -92 +20 17.40
3d
Visual Area 2 R +13 -94 +15  17.10
Visual Area L -14 -94 +18  16.40
3a
Visual Area 2 L -10 -100  +12  15.60
Visual Area L -7 -80 -5 15.40
3v
Visual Area 1 R +10  -62 +2 12.30
Visual Area 1 L -10 -62 +0 12.00
Visual Area 2 R +20  -54 -8 9.62
Visual Area 1 L -20 -57 -5 8.32
Distance [EPS > 405 Visual Area R +30  -94 -8 21.60
PPS] 3v
285 Visual area 3v L -27 -97 -10 20.80
264 Visual Area R +6 =77 +20 10.30
3d
Size [Small > 261 Area hOc4Ip/ L -27 -100 -8 23.00
Large] LOC
310 Area hOc4Ip/ R +28 97 -5 22.70
LOC
897 Area 6mr/ R +8 +10 +52  8.04
preSMA
Area 6mr/ L -10 +18 +38 5.29
preSMA
1267  Area 44 R +48 +8 +28  7.92
Area OP 9/ R 433 +23 +10 7.24
Operculum
Area 4a R +38 -4 +50 6.25
Area 45 R +43 436 +15  5.22
318 Area 1d7/ L -30 +23 +5 6.92
Insular
Cortex
146 Cerebellum, L -4 -74 -22 6.26
Vermis IV
Cerebellum, R +8 -70 -22 5.78
VI
123 Visual Area 2 L -14 -70 +8 6.18
Visual Area 1 L -12 -62 +0 5.54
255 Precentral L -40 -12 +52  6.15
Gyrus
Area 44 L -47 +3 +32 5.55
137 Visual Area 1 R +13 -62 +2 5.99
25 Cerebellum, L -27 -62 -28 5.37
Left VI
176 Intra-Parietal R +13  -72 +40  5.33
Sulcus
Intra-Parietal R +30  -64 +30 5.26
Sulcus
Intra-Parietal R +30 -50 +40 5.22
Sulcus
Intra-Parietal R +20  -60 +32 479
Sulcus
Intra-Parietal R +23 -57 +30 4.77
Sulcus
33 Cingulate L -4 +28 +28 511
Gyrus,
anterior
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Table 1 (continued)

Main contrast k Region H MNI (x,y,z) t
28 Cingulate R +6 -24 +28 5.05
Gyrus,
posterior
Size [Large> 426 Visual Area R +23 -80 -8 15.50
Small] 4v
1758  Visual area R +20 -92 +18 14.50
3d
Visual Area L -14 -94 +20 13.30
3a
Area hOc4la/ L -42 -82 +2 6.72
LOC
392 Visual Area L -22 -80 -8 14.50
4v
39 Area hOc4la/ R  +46  -80 +5 5.41
LOC

Note: H = Hemisphere, MNI = Montreal Neurological Institute, t = t-test sta-
tistical value, k = cluster size, L = left, R = right, PPS = peripersonal space, EPS
= extrapersonal space, LOC = Lateral Occipital Cortex, MT = Middle Temporal
Visual Area, SMA = Supplementary Motor Area.

* All results are significant at p < .05 corrected for family-wise error (FWE) at
voxel-level and a voxel extent threshold of k > 20 with the exception of the [ST >
M] contrast which was significant at p < .001 for family-wise error (FWE) at
cluster-level correction (k > 159). Anatomical labeling was performed using the
Anatomy Toolbox (version 3.0) within SPM.

lateral occipital cortex (LOC), and the IPS whereas presentation in EPS
was associated with increased activity in bilateral lateral regions of V3v
and a central activation cluster in V3d (see Fig. 4a, b and Table 1).

Results of the contrast between small more than large stimuli show
significant bilateral activation in the primary visual areas V1 and V2, the
LOC and the IPS. Bilateral activation clusters were also observed in
prefrontal regions, including the pre-supplementary motor area (pre-
SMA), Brodmann areas 44, 45 (BA 44/45), and 4a (BA 4a), as well as the
operculum, anterior and posterior cingulate cortex (ACC/PCC), cere-
bellum, and anterior insular cortex (see Fig. 4d and Table 1). As illus-
trated in Fig. 4c and Table 1, large stimuli in contrast demonstrated
pronounced activations in bilateral visual areas V3d, V3A, and V4v and
parts of the LOC.

As illustrated in Fig. 4e and Table 1, stereoscopic presentation
compared to monoscopic presentation of the attention task induced
several clusters of significantly increased activation including different
regions in both the dorsal and ventral visual streams. As part of the
ventral visual processing stream, certain regions of the LOC were acti-
vated. Additionally, bilateral V5/MT and the IPS of the dorsal stream
exhibit increased activation.

3.4. Specific contrast of distance controlled for static pixel size

As illustrated in Fig. 5 and Table 2, changes in distance, independent
of pixel object size induced several different clusters of significantly
increased activation.

Representation in PPS elicited activations in bilateral visual areas
V1, V2, V3v, V3d, and the IPS, whereas the representation of objects
with identical pixel size in EPS induced activations in bilateral visual
areas V2 and V4v.

4. Discussion

The present study aimed to investigate the neural processing of ob-
ject presentation in PPS and EPS while controlling for pixel object size,
using realistic and graspable objects presented through VR in alternated
monoscopic and stereoscopic sessions.

Our neuroimaging results demonstrate that stimuli in PPS activate
bilateral primary (V1, V2) and higher-order visual regions (V3A, v, d) as
well as the CIP as part of the pIPS (see Fig. 4a). Enhanced depth cues and
action-related processing of objects in PPS lead towards the
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Fig. 4. Areas of significant BOLD increase for contrasts a)/b) PPS = peripersonal space >/< EPS = extrapersonal space; c)/d) Large >/< Small; e) Stereo > Mono.
The statistical threshold map is set to p < .05, family-wise error corrected at voxel level for (a), (b), (c) and (d). * = for (e) the statistical threshold map is set to p <
.001 at voxel level and p < .5 FWE corrected at cluster level. The figure was created with MRIcroGL1.2. software. V1 = Primary Visual Cortex; V2 = Secondary Visual
Cortex; V3A = Tertiary Visual Cortex A; V3V = Ventral Tertiary Visual Cortex; V3D = Dorsal Tertiary Visual Cortex; V4 = Quaternary Visual Cortex; V5/MT =
Quinary Visual Cortex/Middle Temporal Visual Area; BA 44 = Brodmann Areal 44; IPS = Intraparietal Sulcus; LOC = Lateral Occipital Cortex; SMA = Supplementary
Motor Area; ACC = Anterior Cingulate Cortex; PCC = Posterior Cingulate Cortex; AIC = Anterior Insular Cortex.

EPS Large > PPS Small PPS Small > EPS Large

t-values t-values

20

Fig. 5. Areas of significant BOLD increase for Extrapersonal space_Large >/< Peripersonal space_Small. The statistical threshold map is set to p < .05, family-wise
error corrected at voxel level. The figure was created with MRIcroGL1.2. software. EPS = Extrapersonal space; PPS = Peripersonal space; V1 = Primary Visual Cortex;

V2 = Secondary Visual Cortex; V3V = Ventral Tertiary Visual Cortex; V3D = Dorsal Tertiary Visual Cortex; V4V = Quaternary Visual Cortex V; IPS = Intra-
parietal Sulcus.
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Table 2
fMRI results showing the results of the specific contrast (combination of distance
and static pixel size).

Specific contrast k Region H MNI(x,y,z) t
Same pixel size 2547  Visualarea R +13 72 -2 18.70
[PPS_Small > 3v
EPS_Large] Visualarea R +10 -62 +2 14.30
1
Visual area L -10 -62 +0 13.90
1
Visual area L -10 -77 -5 12.50
3v
Visual area L -2 -102 45 7.15
1
Intra- R +20 -80 +42 6.91
Parietal
Sulcus
Intra- R +18 -80 +38  6.86
Parietal
Sulcus
Visual Area L -10 -102 +15  5.41
2
Visual Area R +20  -92 +20 499
3d
426 Intra- L -14 -82 +38 6.01
Parietal
Sulcus
Same pixel size 378 Visualarea R +3 -82 +18  12.80
[EPS_Large > 2
PPS_Small] 133 Visual Area L -24 -74 -5 8.59
4v
146 Visual Area R +26 -82 -5 8.50
4v

Note: H = Hemisphere, MNI = Montreal Neurological Institute, t = t-test sta-
tistical value, k = cluster size, L = left, R = right, PPS = peripersonal space, EPS
= extrapersonal space, LOC = Lateral Occipital Cortex. * All results are signif-
icant at p < .05 corrected for FWE at voxel-level (k > 20). Anatomical labeling
was performed using the Anatomy Toolbox (version 3.0) within SPM.

mediodorsal, “movement coordination and object manipulation”-
pathway (Jiichtern et al., 2024), whereas stimuli in EPS primarily acti-
vate the higher visual areas V3 (V3v, V3d), extending a more ventral
pathway involved in processing semantic representations and action
comprehension (Binkofski and Buxbaum, 2013; Rizzolatti and Matelli,
2003) (see Fig. 4b). Specifically, objects in PPS are perceived as directly
interactable, enabling actions such as grasping or manipulating and
therefore being associated with the concept of affordances, processed
through the dorsal visual streams (Sakreida et al., 2016). By controlling
for pixel object size, we ensured that any activations (e.g., V1, V2, V3,
IPS) were not solely attributable to stimulus size on the retina but reflect
spatial processing differences between peripersonal and extrapersonal
space (see Fig. 5).

Stereoscopic presentation enhanced activations across diverse
cortical regions, such as the pIPS, V5/MT and the LOC, known to be
implicated in depth perception and 3D shape processing (see Fig. 4e).
This increased neural activity demands additional cognitive resources,
potentially leading to longer response times during tasks requiring
spatial judgments or interactions.

4.1. Behavioral findings

As anticipated, participants exhibited shorter response times for
closer and larger objects (see Fig. 3a) aligning with significant biological
relevance (e.g., fight/flight, go/no-go) (Horvath et al., 2018). Enhanced
depth cues, due to local contrasts, depth of field, and ambient occlusion,
facilitated quicker processing of larger objects (RoBing et al., 2012).
Notably, large objects in EPS elicited faster responses than small ones in
PPS of equal pixel size (see Fig. 3b), suggesting the visual system in-
tegrates depth and spatial context to perceive the object in EPS as larger
and leading to shorter response times aligning with Plewan et al. (2012).
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Our results also revealed a significant interaction between object
distance and size (see Fig. 3b), consistent with decades of research on
their mutual influence on perception (Chen et al., 2020; Gruber, 1954;
Higashiyama and Shimono, 2004; Holway and Boring, 1941; Kilpatrick
and Ittelson, 1953). Size effects were more pronounced in EPS, due to
increased task difficulty at greater distances. While objects in PPS are
easily recognizable regardless of size, smaller objects in EPS are more
challenging to identify thereby potentially leading to increased reaction
times (Gori et al., 2011).

Of greater interest is also the significant effect of binocular disparity
in EPS. Stereoscopic representation enhances depth attributes and im-
mersion, potentially increasing processing complexity (Cho et al., 2016)
and leading to slower response times when discriminating between
upright and inverted objects in EPS (see Fig. 3d). Moreover, stereoscopic
presentation may appear more distant and harder to identify in EPS
matching with Mcintire et al. (2012). The enhanced perceptibility of
cups in PPS aligns with findings that suggest that stereoscopic presen-
tation offers minimal further three-dimensional perception in simple
tasks where alternative depth cues are readily available and depth in-
formation is not critical for optimal performance (McIntire et al., 2012).
The distance perception questionnaire results validated our effective
manipulation of PPS and EPS in the experimental design.

The interaction between orientation and size (see Fig. 3c) was of
limited relevance for further analysis and its influence on PPS and EPS.

4.2. fMRI findings

4.2.1. PPS and EPS processing

The processing of stimuli in PPS engages both bilateral primary and
higher visual areas of the occipital and temporal cortex, like V1, V2, and
V3 (a, d, v), as well as the pIPS (see Fig. 4a and Table 1). Conversely, the
representation of stimuli in EPS primarily leads to bilateral activations
in occipital visual area V3 (v, d) (see Fig. 4b and Table 1).

The level of activation in early visual areas such as V1 and its
downstream area V2 is influenced by the distance of the stimulus, with
closer objects, which appear larger, typically evoke stronger responses
(Murray et al., 2006; Anderson and Martin, 2009).

However, these activations are not solely determined by pixel size
but are modulated by contextual factors and 3D scene content aligning
with Fang et al. (2008), Murray et al. (2006) and Sperandio et al. (2012).
Our results showed significant V1 and V2 activations for stimuli in PPS,
even when corrected for pixel size, exhibiting more detail and enhancing
depth information (Blini et al., 2018) due to altered viewing angles,
resulting in a top-down perspective that accentuated 3D properties (see
Fig. 1).

Enhanced 3D properties of objects in PPS increase activation not only
in early visual areas V1 and V2 but also in the higher visual area V3A,
regarding the essential role of V3A in encoding depth cues for perceiving
3D space in humans (Chen et al., 2020; Lorentz et al., 2023). Conversely,
stimuli in EPS, viewed from a straight, direct angle provide fewer visual
cues for depth and 3D shape (see Fig. 1).

Alongside V3A activation, significant activations were observed in
other higher visual areas V3d and V3v (see Fig. 4a, b and Table 1), which
are known to form complementary representations of upper and lower
visual quadrants (Gattass et al., 1988), with V3d potentially containing a
central "gap" for upper visual field processing (Kaas et al., 2015). Distant
stimuli positioned in the upper visual field activate the central "gap" of
V3d, while stimuli in PPS positioned in the lower visual field activate
lateral regions of V3d, supported by our results. Considering the findings
by Berryhill and Olson (2009) suggesting that V3d is also implicated in
perceived distance processing, it can be assumed that V3d plays a role in
encoding distance by integrating information about an object’s position
within the visual field. In contrast, V3v plays a key role in recalculating
perceived object size based on distance (Weidner et al., 2014). Objects in
PPS activated central V3v regions, processing detailed visual informa-
tion of nearby objects, while objects in EPS activated lateral V3v regions,
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handling distant object representations (see Fig. 4 a, b). This aligns with
findings from Malach et al. (2002), that fine detail analysis occurs in
central, "high-magnification" areas, while large-scale integration hap-
pens in peripheral, "low-magnification" regions.

In addition to activations in visual areas, our study revealed signif-
icant activations in the posterior IPS/ hIP7, which is considered ho-
mologous to the caudal intraparietal area (CIP) in macaque monkeys
(Orban and Ferri, 2016; Shikata et al., 2008), in response to stimuli in
PPS (see Fig. 4a). Previous research has mentioned the IPS as a key
component of the PPS brain network (Basile et al., 2024; Cléry et al.,
2015) and especially the human CIP/ VIPS (Orban and Ferri, 2016) as
the area for processing object grasping features (Chinellato et al., 2009)
including three-dimensional characteristics (Chandrasekaran et al.,
2007; Durand et al., 2009; Georgieva et al., 2009; Orban et al., 2006;
Rosenberg et al., 2013; Shikata et al., 2001; Shikata et al., 2003; Taira
et al., 2001) within the dorsal visual stream. Durand et al. (2009) also
demonstrated that the pIPS is involved in processing 3D shapes near
grasping-related areas, while Makin et al. (2007) highlighted its role in
integrating visual and spatial information in hand-centered coordinates
for visuomotor tasks. Our results suggest that the activations observed in
the occipital IPS/CIP likely represent an area where spatial attributes
such as distance are integrated with other features, including orientation
and size of 3D graspable objects, aligning with Chinellato and Del Pobil
(2008), to prepare potential hand-object interactions within the PPS,
resulting from the top-down perspective.

The activation patterns for objects in PPS and EPS suggest that pre-
sentations in PPS elicit activations directed towards a dorsal (or “vision-
for-action” (Goodale et al., 1994; Hebart and Hesselmann, 2012))
pathway, involving the lateral components of V3d and central compo-
nents of V3v, extending to the pIPS/ CIP. In contrast, stimuli in EPS
activate the central components of V3d and the lateral areas of V3v,
following a more ventral (or “vision-for-perception” (Goodale et al.,
1994; Hebart and Hesselmann, 2012) pathway, consistent with prior
research (Basile et al., 2024) (see Fig. 4a, b).

Based on the anatomical distinction proposed by Rizzolatti and
Matelli (2003), Binkofski and Buxbaum (2013) differentiated two
functional pathways within the dorsal stream: the dorso-dorsal stream,
primarily involved in the organization of action and control of move-
ments (“Grasp System™), and the ventro-dorsal stream, which integrates
spatial and functional attributes of objects to support tool-related
knowledge and action preparation. (“Use System”). While some
studies suggest that action understanding may involve the ventral
stream (Wurm and Caramazza, 2019), the ventro-dorsal pathway re-
mains crucial for linking object affordances with motor actions. Recent
findings by Jiichtern et al. (2024) supported a medio-dorsal subpath-
way, linking the SPL and IPS with premotor cortex (PM), facilitating
movement coordination and object manipulation. The processing
gradient from dorsal to ventral streams shows a transition from hidden
state exploration (actively sampling sensory inputs to infer latent spatial
and contextual properties of the environment, reducing uncertainty and
enabling goal-directed motor control), surprise-driven attention, and
goal-directed motor control in dorsal streams, to symbolic gestures and
abstract action aspects in more ventral streams (Goodale and Milner,
1992; Proietti et al., 2023a; Stoll et al., 2024). Our activation patterns of
the dorsal stream, including the pIPS/ CIP for stimuli in PPS align with
the concept of affordances by Sakreida et al. (2016) and Costantini et al.
(2011) and indicate that objects in PPS are primarily processed in the
medio-dorsal stream processing, implying movement coordination
(Tomassini et al., 2007) and manual object manipulation (Binkofski
et al., 1999). While for both, object presentation in EPS and PPS, the
analysis and contextualization of the scene, intrinsic object properties,
and semantic aspects, primarily processed ventrally (Proietti et al.,
2023a; Stoll et al., 2024), may be relevant, stimuli in PPS engage
additional dorsal IPS processing due to potential opportunities for
interaction.

These findings align additionally with the concept of the "attentional
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landscape" introduced by Baldauf and Deubel (2010), who propose that
attentional resources are dynamically distributed across the visual field
depending on the potential relevance for interaction. As shown by Bal-
dauf et al. (2008) the posterior parietal cortex, including the pIPS, may
encode multiple potential reach targets in parallel, whereby the grasp-
able nature of our stimuli triggered affordance-based action evaluation
and directed attention toward nearby, action-relevant PPS. In contrast,
stimuli in EPS recruited ventral stream areas, consistent with attention
being directed toward semantic processing and object recognition in less
action-relevant space.

Ventral and dorsal components of V3 are activated in response to
both stimuli in PPS and EPS, suggesting interconnections between the
dorsal and ventral streams. Consistent with this, Van Polanen and
Davare (2015) and Milner (2017) propose that the dorsal stream obtains
detailed object information from ventral stream areas for “fine-tuned
grip adjustments”, while the ventral stream may receive grasp-related
information from dorsal regions to improve object representation.

Contrary to our predictions, our study did not show activations in
areas typically associated with the PPS network, such as PMv and the
alPS (Cléry et al., 2018). This may be due to our stimuli primarily
involving spatial perception rather than interaction with objects,
potentially explaining the lack of frontal area activation. The absence of
significant activation in the anterior IPS, often linked to further 3D
perception in PPS in macaques (Durand et al., 2007; Srivastava et al.,
2009; Theys et al., 2012) suggests that our 3D presentation might not
have been sufficiently immersive. Nevertheless, our results demonstrate
clear visual and intraparietal activation patterns that align with previous
findings on PPS and EPS processing.

4.2.2. PPS and EPS processing controlled for pixel size

Our experimental design incorporates controls for both distance and
object size, allowing us to differentiate activations driven by spatial
context from those potentially influenced by differences in pixel object
size between stimuli in PPS and EPS. When pixel size was held constant
(PPS_Small vs EPS_Large), we observed only minor deviations in acti-
vation patterns compared to the uncontrolled contrasts (see Fig. 5 and
Table 2).

Although the activation patterns for EPS > PPS with controlled pixel
size were like those in simple EPS > PPS contrasts, we observed addi-
tional activations in a bilateral region. This region could correspond to
probabilistic maps of V3v, as seen in the simple EPS > PPS contrast, or
V4v. Previous studies indicate that V4v, like V3v, may be involved in
encoding the actual size of objects rather than just their pixel image size
(Tanaka and Fujita, 2015; Weidner et al., 2014). This supports the idea
that recalculating perceived size from distant objects, rather than
relying solely on pixel size, is processed within higher visual areas such
as V3v or V4v.

4.2.3. Influence of stereoscopic presentation

Stereoscopic stimulus presentation elicited significant activation
clusters in the ventral and dorsal visual stream primarily along the right
pIPS, bilateral Area V5/MT, and LOC (see Fig. 4e). The involvement of
the dorsal stream, especially the mediocaudal hIP7 as part of the pos-
terior IPS (Richter et al., 2018) (CIP in primates (Orban, 2016; Shikata
et al., 2008)), in processing 3D shape from binocular disparity aligns
with previous studies in primates (Kusunoki, 1993; Orban, 2016; Shi-
kata et al., 1996; Taira et al., 2000; Tsutsui et al., 2001; Tsutsui et al.,
2002; Van Dromme et al., 2016) and human (Durand et al., 2009;
Georgieva et al., 2009; Shikata et al., 2001; Shikata et al., 2003; Taira
et al., 2001). This suggests that stereoscopic representation enhanced
depth perception, particularly relevant in EPS, with behavioral and
self-report data indicating increased immersion and longer response
times.

The strong engagement of the pIPS under stereoscopic conditions
may reflect also that stereoscopic presentation presents objects more
graspable and spatially embedded, thereby increasing their action-
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related affordances. This could enhance the relevance of objects for
potential upcoming actions especially within peripersonal space where
spatial encoding and motor preparation are more tightly coupled.

The right-lateralized pIPS activation supports findings of right
hemisphere dominance in stereoscopic depth perception processing
(Lohia et al., 2024; Nishida et al., 2001; Shikata et al., 2003; Taira et al.,
2001; Wang et al., 2016).

Activations in V5/MT and LOC further support the involvement of
both dorsal and ventral visual streams in processing binocular disparity
(Goncalves et al., 2015; Parker et al., 2016; Sanada et al., 2012) and
extend our understanding of V5/MT’s role beyond motion detection to
static 3D object perception (Chen et al., 2020; Goncalves et al., 2015;
Kourtzi et al., 2002). Furthermore, LOC’s contribution to grasp planning
indicated by Buchwald et al. (2018) is supported by our results.

4.2.4. Influence of object size

Our examination of object size-related activations revealed that large
objects elicited responses in LOC (Cohen et al., 1994; Weidner and Fink,
2006; Zeng et al., 2020), V3 (Boussaoud et al., 1990; Konen and Kastner,
2008; Lee and van Donkelaar, 2002), and V4 (Boussaoud et al., 1990;
Konen and Kastner, 2008; Lee and van Donkelaar, 2002; Proietti et al.,
2023a; Tanaka and Fujita, 2015; Wurm and Caramazza, 2022), consis-
tent with previous findings suggesting their role in processing perceived
object size (see Fig. 4c). In contrast, smaller objects, activated cognitive
control areas belonging to the salience network, such as the Insula
(Menon and Uddin, 2010) and the ACC (Kollenburg et al., 2025) (see
Fig. 4d). Activations in the frontal eye fields (FEF/BA6) and IPS align
with previous research identifying these regions as key nodes in the
dorsal attention network (DAN) (Corbetta and Shulman, 2002). Small
objects increased task difficulty, eliciting prefrontal activations in BA
44/45 (Goghari and MacDonald, 2009; Rubia et al., 2001) and the
preSMA (Garavan et al., 1999; Obeso et al., 2013), linked to response
inhibition, that is crucial in go/no-go tasks and cognitive control in
previous studies. Previous research has also implicated the frontal
operculum and the ACC in response inhibition processes (Krams et al.,
1998; Rubia et al., 2001). This heightened demand for attention and
concentration might also be reflected in significantly longer response
times for small stimuli in EPS. Activations in V1 and V2 reflect enhanced
visual attention required for smaller objects. In summary we can
demonstrate reliable activations associated with variations in object
size, although the overlap between distance and object size-controlled
distance further validates, that the activations in the dorsal stream
were driven by spatial distance rather than being influenced by object
size.

4.3. Limitations

Although stimulus presentation was pseudorandomized to reduce
predictability, the design was not optimized to explicitly model
sequential or carry-over effects.

Due to the limited space within the MRI scanner and the necessity of
using head coils for imaging, MRI-compatible VR headsets are designed
to enclose the eyes in a binocular-like fashion. This design, which in-
cludes black borders at the edges of the visual field, restricts the par-
ticipant’s FOV, reducing the sense of presence (IJsselsteijn et al., 2001)
and immersion.

Additionally, the requirement for maintain head immobility within
the MRI scanner to ensure high-quality imaging may have further
reduced the sense of presence (IJsselsteijn et al., 2001) and a less real-
istic experience of the visual environment. Nevertheless, the
MRI-compatible VR video goggle system remains the only and most
effective method currently available for presenting virtual scenes during
fMRI acquisition.

Moreover, participants were unable to physically interact with the
virtual objects, which could have influenced the perceived reachability
of stimuli. However, post-session questionnaires confirmed that objects
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presented in peripersonal space were consistently judged as reachable,
and those in extrapersonal space as unreachable.

Further the study did not include eye-tracking, which could have
confirmed fixation, gaze stability, and attentional engagement. This is
particularly relevant given the fixed 2300 ms stimulus duration, where
early responses might have led to premature disengagement. Nonethe-
less, minimal differences in response times and participants’ overall high
accuracy suggest that any variability in attentional engagement was
negligible and attention was maintained as instructed.

4.4. Implications for future research

The primary objective of the present study was to examine whether
object presentation in PPS activates potential affordances processed by
the dorsal visual stream as part of a PPS network, regardless of object
size. We successfully demonstrated that realistic VR object presentations
in PPS activates the dorsal visual stream, including the pIPS, related to
potential object interaction, whereas presentations in EPS primarily
engage ventral visual regions associated with semantic object proper-
ties. Activation pattern in V5/MT, LOC and IPS during stereoscopic
viewing underscores the potential of VR-fMRI integration for investi-
gating depth perception and spatial processing. These findings have
significant implications for clinical cognitive science and neuroimaging
methodology, suggesting that VR can enhance the ecological validity of
fMRI experiments while maintaining full experimental control of the
task.

Future neuroimaging studies could build on this approach by
implementing more immersive VR experiences. However, such ad-
vancements may necessitate the exploration of alternative neuro-
imaging methods like functional near-infrared spectroscopy (fNIRS) or
mobile electroencephalography (EEG) to accommodate naturalistic
body movements. Using fNIRS, one could not only overcome the phys-
ical constraints of MRI but also implement interactive paradigms
involving motion-tracking of hands, thereby allowing the investigation
of body-related spatial processing. For instance, Makin et al. (2007)
demonstrated that visual areas exhibit hand-centered representations
when stimuli are presented near the body, indicating visually dominant
perihand encoding. Similarly, Pamplona et al. (2024) showed that
changes in the visual availability of a virtual hand modulate neural
activity in both visual and body-related cortical areas, emphasizing that
the nature of the stimulus, especially its bodily relevance, shapes the
spatial reference frames engaged. Future work could benefit from sys-
tematically contrasting object- versus body-related stimuli, to further
analyze whether observed effects are driven by spatial proximity alone
or by the embodied salience of the stimuli.

Future fNIRS-based setups could also be combined with mixed reality
environments, which allow for the merging of real-world environments
with virtual stimuli to incorporate tactile and proprioceptive inputs,
providing spatial processing under more naturalistic, multisensory
conditions. VR-fMRI integration and potential fNIRS setups could sup-
port the development of more effective VR-based interventions in clin-
ical applications, particularly in rehabilitation (Chen et al., 2018; de
Rooij et al., 2016), Apraxia (Binkofski et al., 2003) and exposure therapy
(Kim and Kim, 2020; Van Loenen et al., 2022; Wechsler et al., 2019).
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