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Abstract
Integration of proprioceptive signals from the various effectors with visual feedback of self-motion from the retina is 
necessary for whole-body movement and locomotion. Here, we tested whether the human visual motion areas involved in 
processing optic flow signals simulating self-motion are also activated by goal-directed movements (as saccades or point-
ing) performed with different effectors (eye, hand, and foot), suggesting a role in visually guiding movements through the 
external environment. To achieve this aim, we used a combined approach of task-evoked activity and effective connectivity 
(PsychoPhysiological Interaction, PPI) by fMRI. We localized a set of six egomotion-responsive visual areas through the 
flow field stimulus and distinguished them into visual (pIPS/V3A, V6+ , IPSmot/VIP) and visuomotor (pCi, CSv, PIC) areas 
according to recent literature. We tested their response to a visuomotor task implying spatially directed delayed eye, hand, 
and foot movements. We observed a posterior-to-anterior gradient of preference for eye-to-foot movements, with posterior 
(visual) regions showing a preference for saccades, and anterior (visuomotor) regions showing a preference for foot point-
ing. No region showed a clear preference for hand pointing. Effective connectivity analysis showed that visual areas were 
more connected to each other with respect to the visuomotor areas, particularly during saccades. We suggest that visual and 
visuomotor egomotion regions can play different roles within a network that integrates sensory–motor signals with the aim 
of guiding movements in the external environment.

Keywords  Visuomotor control · Superior parietal lobule · Pointing · Functional magnetic resonance · Optic flow

Introduction

For whole-body movement and locomotion, we need to 
appropriately use sensory and motor inputs to maintain 
balance and to reach (or avoid) specific objects or loca-
tions in space. Specifically, when we move and perform 

goal-directed movements (as saccades or pointing), proprio-
ceptive signals from the various effectors (eye, hand, or foot) 
need to be merged with visual feedback of self-motion from 
the retina (known as the optic flow; Gibson 1950) to visu-
ally guide our movements through the external environment. 
Whether this interaction occurs in the same visual cortical 
areas responding to optic flow or in other sensory motor 
cortices is still an open question.

Human neuroimaging studies have revealed multiple cor-
tical areas responding to egomotion-compatible optic flow 
stimuli, located in occipital, temporal, parietal, cingulate, 
and insular cortices (Cardin and Smith 2010; Pitzalis et al. 
2010, 2013a, b, 2019; Serra et al. 2019; Wall and Smith 
2008). Among them, six areas (V3A, V6+ , VIP, pCi, CSv, 
and PIC) can be consistently defined at an individual level 
with egomotion-compatible stimulation like the flow field 
stimulus (Serra et al. 2019).

The visual properties of these regions have been deeply 
investigated in recent years, and a comparison of their 
functional profiles reveals several commonalities but also 
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some differences. Some of these regions respond to chang-
ing heading directions (V6+ , VIP, pCi and CSv: Di Marco, 
et al. 2021a, b; Furlan et al. 2014; PIC: Huang et al. 2015), 
are specialized in distinguishing among different types of 
self-movement (V6+ and VIP: Pitzalis et al. 2013a, b), show 
vestibular responses and appear to integrate visual and ves-
tibular cues to estimate self-motion (VIP and PIC: Billington 
and Smith 2015; Greenlee et al. 2016; Smith et al. 2012, 
2017), contribute to perceptual stability during pursuit eye 
movements (V3A and V6: Fischer et al. 2012; Galletti et al. 
1990; Galletti and Fattori 2003; Nau et al., 2018), and could 
be involved in the “flow parsing” mechanism (Galletti and 
Fattori 2018; Warren and Rushton 2009). Most of them 
process self-motion cues from different sense modalities 
(Greenlee et al. 2016).

Although most of these previous human functional MRI 
(fMRI) studies have focused on the visual role of these 
egomotion-sensitive areas, based on their sensitivity to ego-
motion-compatible optic flow, in recent years, it has been 
gaining ground the idea that some of these areas also play 
a motor role (Smith 2021; Smith et al. 2018). The general 
hypothesis is that these visual regions might respond also 
during motor actions performed when moving in a dynamic 
environment to visually guide our limb movements during 
walking. Notably to this regard, in a recent fMRI study, 
we tested the sensitivity of these areas to a pure motor 
task requiring to actively perform long-range arm and leg 
movements (Serra et al. 2019). We revealed that, while the 
egomotion cortical regions V3A, V6+, and IPSmot do not 
respond to long-range leg movements (visual areas), the ego-
motion areas pCi, CSv, and PIC respond to both optic flow 
and long-range leg movements (visuomotor areas) and are 
also connected to sensorimotor cortices where lower limbs 
are represented.

Within the same framework, it is plausible to hypothesize 
the possible contribution of these visually defined egomo-
tion cortical areas in the control of goal-directed movements. 
Although most of the human studies on the neural bases 
of goal-directed movements, as saccades or hand point-
ing, focus on the Posterior Parietal Cortex (PPC), there are 
also evidence of the involvement in saccades of V3A (e.g., 
Sereno et al. 2001) and V6+ (e.g., Tosoni et al. 2015). A 
few human fMRI studies (Heed et al. 2011, 2016; Leone 
et al. 2014; Medendorp and Heed 2019; Pitzalis et al. 2019) 
tested three effectors, comparing activity during memory 
guided eye, hand, and foot movements. The whole-brain 
maps shown in these studies revealed a wide network of 
cortical areas activated by the three types of pointing move-
ments including not only lateral intraparietal areas, known 
for being involved in saccades or reaching planning, but also 
cingulate, insular, and medial parietal areas where egomo-
tion-related areas responding to optic flow are located. How-
ever, besides the whole-brain maps, these studies did not 

perform a regional analysis on the egomotion regions, leav-
ing open the question of their effector-dependent involve-
ment in goal-directed movements.

In the current study, we examined the response to goal-
directed movements of six egomotion regions defined using 
the Flow Field stimulus by analyzing brain activations from 
a Pointing/Saccade task (previously published in Pitzalis 
et al. (2019) implying spatially directed delayed eye, hand, 
and foot movements. Specifically, we tested whether these 
six egomotion regions exhibit distinct patterns of activity 
with respect to the three effectors used in the Pointing/Sac-
cade task. Based on Serra et al. (2019) showing that the three 
visuomotor regions (pCi, CSv, and PIC) are activated by a 
pure motor task implying long-range leg movements (Serra 
et al. 2019), we hypothesized that pCi, CSv, and PIC are 
activated even when using foot pointing movements directed 
toward different spatial locations in the visual field.

Finally, to verify whether the dynamic interactions 
between these six egomotion regions during the execution of 
pointing movements are effector-dependent, we also exam-
ined the pattern of functional connectivity of the egomotion-
sensitive areas as estimated through a PsychoPhysiological 
Interaction (PPI) approach (Friston et al. 1997). Table 1 lists 
all the acronyms used in the paper to indicate the egomotion 
regions.

Materials and methods

Participants

The present study is based on a reanalysis of BOLD data 
from a sub-sample of subjects (N = 18, 10 females, mean 
age 25.22 years, SD 3.39 years) who participated in a previ-
ous study from our lab (Maltempo et al. 2021; Pitzalis et al. 
2019). One subject of the original sample was excluded, 
because he did not undergo the visual motion task. All par-
ticipants had normal or corrected-to-normal vision and no 
previous history of psychiatric or neurologic disease. Hand 
and foot right-dominance were tested by the Edinburgh 

Table 1   The acronyms (and their meaning) used in the paper to indi-
cate the egomotion regions are provided

Acronym Meaning

V6+  V6 complex
pIPS/V3A Posterior intraparietal sulcus/V3A
PSmot/VIP Intraparietal area motion area/

ventral intraparietal area
pCi Posterior cingulate area
CSv Cingulate sulcus area
PIC Posterior insular cortex
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handedness inventory (Oldfield 1971). All volunteers had 
given their written informed consent to participate, and the 
original studies had been approved by the research ethics 
committees at Fondazione Santa Lucia in Rome, according 
to the Declaration of Helsinki.

Stimuli and experimental paradigm

Each participant underwent (1) a localizer session, con-
sisting of a visual motion stimulation paradigm hereafter 
called flow fields, designed to map six egomotion regions 
(pIPS/V3A, V6 + , IPSmot/VIP, pCi, CSv, and PIC; Fig. 1A) 
according to Serra et al. (2019) and (2) a visuomotor task 
(delayed saccades and hand/foot pointing; Fig. 1B) designed 
to reveal the responsiveness of the six egomotion regions to 
spatially directed pointing movements and to isolate effec-
tor-preference representations in the parietal cortex.

1.	 Localizer for the six egomotion ROIs (Flow Fields 
scans). A description of this stimulus is provided in 
detail elsewhere (e.g., Pitzalis et al. 2010; Serra et al. 
2019; see also Fig. 1A). Participants passively observed 
eight 16-s blocks of coherently moving dot fields (dila-
tions, contractions, spirals, and rotations), interleaved 
with eight 16-s blocks of randomly moving dot fields, 
while maintaining central fixation. A new field of white 
dots was generated every 500 ms (dot size 0.4 × 0.4 
deg2) and the stimulus was presented in full view. Dots 
immediately began to move along a trajectory to gener-
ate a coherent movement on a plane. The motion pat-
tern was chosen randomly for that 500 ms period from 
a continuum ranging from dilation to outward spiral, 
rotation, inward spiral, and contraction. The center of 
the movement was jittered from flow to flow, and the dot 
speed was logarithmically scaled with eccentricity (aver-
age speed: 25°/s; range of speed variance: 17–33°/s). 
During the scrambled OFF period, dots and their move-
ment vectors were generated as during the coherent ON 
periods except that each dot trajectory was rotated by a 

random angle around the pattern center before execu-
tion. This scrambled the coherency of movement (at 
a given point, dots moved in different directions) but 
preserved the speed gradient (central dots still moved 
slower than peripheral dots).

2.	 Pointing/Saccade task. Participants performed a visu-
omotor task implying spatially directed delayed eye, 
hand, and foot movements toward different spatial loca-
tions within the visual field. A detailed description of 
this task is provided in Pitzalis et al. (2019); see also 
Fig. 1B. Each trial began with observers maintaining 
central fixation while holding a button down with their 
right index and a foot pedal down with their right foot. 
Each block started with a written instruction (“Fix”, 
“Eye”, “Hand”, and “Foot”) appearing for 400 ms in 
the center of a screen to inform the subject about the 
task to be performed, followed by four trials (Fig. 1B). 
On each trial, a peripheral target (a white dot of diameter 
0.9 deg in size) indicating the location for the upcoming 
movement appeared for 300 ms in one of eight differ-
ent angular positions (30, 60, 120, 150, 210, 240, 300, 
and 330 deg) at an eccentricity of 4 deg of visual angle. 
Targets were distributed along a circle whose center cor-
responded to the center of the screen (i.e., the fixation 
point) and arranged as in a clock. During each block, 
target locations appeared in a random order. After a 
variable delay (1.5, 2.5, 3.5 or 4.5 s), the fixation point 
turned green (go signal) for 300 ms and participants 
either moved the eyes while continuing to hold button 
and pedal (eye blocks) or released the button/pedal and 
rotated their wrist/ankle (without moving the shoulder/
leg) to point toward the remembered target location 
with their right index/toe while keeping central fixation 
(hand/foot pointing blocks). Subjects were instructed to 
immediately return to the resting position after move-
ment execution. Visual stimuli were back projected onto 
a screen positioned behind the subjects’ head and vis-
ible through a mirror above the head coil. In this way, 
targets appeared as if they were positioned in front of the 

Fig. 1   Experimental tasks. A Visual motion task. Blocks of coher-
ently moving dot fields (flow fields) were interleaved with blocks of 
randomly moving dot fields. B Pointing/Saccade task. Subjects alter-

nated blocks of memory delayed saccadic and hand/foot pointing 
movements to peripheral visual targets with passive fixation blocks
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subjects, just above their heads. To allow participants 
to rotate the limb in the direction cued by the target, we 
placed a cylindric cushion to support their wrist/ankle, 
so as they could rotate their right index/toe toward all the 
possible ‘remembered’ target locations. Before starting 
the experiment, participants performed a short warm-up 
within the scanner to familiarize themselves with the 
task and the movement directions. Note that we asked 
participants to perform very short-range pointing move-
ments and they reported being able to rotate their joints 
to point toward the spatial locations previously indicated 
by the target. Although we could not track movements 
during the scanning session, we did not expect any effect 
related to the direction of movement into the ipsilateral 
or contralateral visual field in our regions of interest. 
Indeed, in a previous fMRI study based on the same 
pool of data (Maltempo et al. 2021), we did not find any 
difference, at the whole-brain level, between activations 
elicited by ipsilateral and contralateral targets.

3.	 Each scan included four saccades, four hand pointing 
and four foot pointing blocks lasting 18 s each, arranged 
in a pseudo-random sequence and interleaved with 11 
fixation periods of variable duration (12, 14, or 16 s).

Apparatus and procedure

Functional images were acquired using a 3T Siemens 
Allegra MR System (Siemens Medical systems, Erlangen, 
Germany) equipped for echo-planar imaging with a standard 
head coil and operating at the Neuroimaging Laboratory, 
Foundation Santa Lucia. Visual stimuli were presented by 
a control computer located outside the MR room, running 
in-house software (Galati et al. 2008) implemented in MAT-
LAB (The MathWorks Inc., Natick, MA, USA). We used an 
LCD video projector with a customized lens to project visual 
stimuli to a projection screen positioned at the back of the 
MR tube. The timing of presentation of each stimulus was 
controlled and triggered by the acquisition of fMRI images.

We used blood-oxygenation level-dependent imaging 
(Kwong et al. 1992) to acquire echo-planar functional MR 
images (TR = 2 s, TE = 30 ms, flip angle = 70°, 64 × 64 image 
matrix, 3 × 3 mm in-plane resolution, 30 slices, 2.5 mm slice 
thickness with no gap, and ascending excitation order) in 
the AC–PC plane. Images were acquired starting from the 
superior convexity and extended ventrally so as to include 
the whole cerebral cortex, excluding only the ventral portion 
of the cerebellum. For each participant, we also acquired a 
three-dimensional high-resolution anatomical image (Sie-
mens MPRAGE sequence, TR = 2 s, TE = 4.38 ms, flip 
angle = 8°, 512 × 512 image matrix, 0.5 × 0.5 mm in-plane 
resolution, and 176 contiguous 1 mm-thick sagittal slices). 
For each scan, we discarded the first four volumes to achieve 

steady state, and the experimental task was initiated at the 
beginning of the fifth volume.

In separate days, each subject completed two 256 s-long 
visual motion scans and two or three 402 s-long scans of the 
Pointing/Saccade task and one anatomical scan. During the 
Pointing/Saccade task, subjects’ movements were supported 
by a dedicated MRI-compatible setup allowing subjects to 
perform controlled leg/foot movements (see Pitzalis et al. 
2019 for a detailed description). To minimize movements 
during the scans, subjects’ head was stabilized with foam 
padding and with a chin rest mounted inside the head coil.

Image processing and analysis

Images were pre-processed and analyzed using SPM12 
(Wellcome Department of Cognitive Neurology, London, 
UK) and FreeSurfer 5.1 (http://​surfer.​nmr.​mgh.​harva​rd.​
edu/).

We first analyzed structural images following the “recon-
all” fully automated processing pipeline implemented in 
FreeSurfer 5.1. This procedure allows us to obtain a surface 
representation of each individual cortical hemisphere in a 
standard space after performing intensity correction, trans-
formation to Talairach space, normalization, skull-stripping, 
subcortical and white-matter segmentation, surface tessel-
lation, surface refinement, surface inflation, sulcus-based 
nonlinear morphing to a cross-subject spherical coordinate 
system, and cortical parcellation (Dale et al. 1999; Desi-
kan et al. 2006; Fischl et al. 1999a, b. The resulting surface 
reconstructions were transformed to the symmetrical FS-LR 
space (Van Essen et al. 2012) using tools in the Connectome 
Workbench software (https://​www.​human​conne​ctome.​org/​
softw​are/​get-​conne​ctome-​workb​ench), resulting in surface 
meshes with approximately 74 K nodes per hemisphere.

Functional images were realigned within and across scans 
to correct for head movement and coregistered with struc-
tural MPRAGE scans using SPM12 (Wellcome Department 
of Cognitive Neurology, London, UK). The functional data 
were then resampled to the individual cortical surface using 
ribbon-constrained resampling as implemented in Connec-
tome Workbench (Glasser et al. 2013), and finally smoothed 
along the surface with an iterative procedure emulating a 
Gaussian kernel with a 6 mm Full Width at Half-Maximum 
(FWHM).

Functional images were then analyzed for each partici-
pant separately on a vertex-by-vertex basis, according to 
the General Linear Model (GLM). Separate regressors were 
included for each combination of effector (eye, hand, and 
foot), yielding parameter estimates for the average hemo-
dynamic response evoked by each trial type. We modeled 
the whole-time interval from the target presentation to the 
end of the trial. We did not explicitly model blocks of fixa-
tion as GLM regressors, which were rather treated as part 

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
https://www.humanconnectome.org/software/get-connectome-workbench
https://www.humanconnectome.org/software/get-connectome-workbench
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of the residual variance. To reduce motion-induced noise, 
Framewise Displacement values (FD, Power et al. 2012), 
indicating the amount (in mm) of head movement relative 
to the previous time point, were also included in the model 
as nuisance regressors.

The analyses were conducted on six independently 
defined, theoretically motivated, Regions of Interest (ROIs; 
see below). These ROIs were defined only on the left hemi-
sphere to account for the fact that participants used their 
right limb effector during the main experiment (Pointing/
Saccade task). For each participant and region, we computed 
a regional estimate of the amplitude of the hemodynamic 
response, obtained by entering a spatial average (weighted 
for the most activated nodes within the region) of the pre-
processed time series into the individual GLMs. Regional 
hemodynamic responses were thus analyzed through a 
series of one-sample t tests, assessing for each condition 
the presence of a reliable activation. This step was essential 
to establish which effector(s) the region was sensitive to. We 
applied a Bonferroni correction for multiple comparisons 
(p = 0.05/N = 3, i.e., the number of conditions). As a sec-
ond step, to highlight any possible difference among condi-
tions, we analyzed the BOLD signal change as a function of 
the experimental conditions by means of repeated-measure 
ANOVAs. The Shapiro–Wilk test indicated that all these 
variables were normally distributed (p > 0.05). For these 
analyses, post hoc comparisons were computed after find-
ing significant main effects and/or interactions, as paired T 
tests with Bonferroni correction for multiple comparisons.

Gradient sensitivity ratio

In the six ROIs, the specificity of the BOLD responses to 
each of the three effectors was quantified by computing a 
sensitivity ratio between the BOLD signal for one effec-
tor and the sum of the BOLD signals for the three effec-
tors (eye, hand, and foot). For example, the gradient sen-
sitivity ratio of the eye condition was calculated as “eye/
(eye + hand + foot)”. Results on the gradient sensitivity ratio 
computed in each ROI for each effector are visualized by 
coloring the parts of a ring shown on the flattened maps in 
Fig. 2A.

To complement the regional analysis, we assessed the 
effective connectivity among the above-mentioned regions 
using PPI analysis. This approach was used to examine how 
brain regions interact in a task-dependent manner (McLaren 
et al. 2012) by modeling BOLD responses in one target brain 
region in terms of the interaction between a psychological 
process and the neural signal from a source region. In other 
words, PPI allows testing whether experimental conditions 
(i.e., saccades, hand-, and foot pointing) modulate the func-
tional connectivity between a source and a target region. 
For each participant and for all possible source-to-target 

combinations, we modeled the BOLD signal in the target 
region as a combination of (a) the effects of the experimen-
tal conditions (saccades, hand pointing, and foot pointing), 
modeled through canonical hemodynamic functions, (b) a 
regressor containing the BOLD time course of the source 
region, which modeled the intrinsic functional connectiv-
ity between the source and the target region, and (c) two 
additional regressors expressing the interaction between 
trial-induced activation in each of the three conditions and 
the neural signal in the source region (PPI terms). PPI terms 
were built according to McLaren et al. (2012). Notice that 
PPIs effects modeling effective connectivity are built so as 
to be orthogonal to regressors modeling task-related activ-
ity. The resulting parameter estimates are expressed as per-
cent signal changes in BOLD signal in the target region as 
a function of percent signal change in the seed region. We 
explored connectivity, separately for eye, hand, and foot tri-
als, for all possible combinations of target and seed regions, 
by means of one-sample t tests, applying Bonferroni correc-
tion for multiple comparisons (p = 0.05/N = 30, i.e., number 
of sources regions x number of target regions).

Regions of interest (ROIs)

We focused our analyses on six egomotion regions (pIPS/
V3A, V6+ , IPSmot/VIP, pCi, CSv, and PIC) defined using 
the visual motion task. To localize areas preferentially 
responsive to coherent optic flow, we compared the BOLD 
response to coherently versus randomly moving dots. As 
originally described in Serra et al. (2019) and later also 
in other more recent papers from our lab (Di Marco, et al. 
2021a, b; Sulpizio et al. 2020), this stimulus allows to define 
six distinct cortical regions strongly and bilaterally respon-
sive to egomotion-compatible stimuli. As detailed in Serra 
et al. (2019), the six regions were anatomically located as 
follows (Fig. 2A): (1) the ventral portion of the posterior 
IntraParietal Sulcus (pIPS), mainly including the dorsal 
portion of the retinotopically defined V3A (Pitzalis et al. 
2010; Sereno et al. 2001), that we call pIPS/V3A; (2) the V6 
complex (or V6 +) in the dorsal part of the Parieto-Occipital 
Sulcus (POS), including areas V6 and, anteriorly, V6Av, 
which was found to respond to this visual motion task, as 
well (Pitzalis, et al. 2013a, b; Tosoni et al. 2015); (3) the 
intraparietal motion area, known as IPSmot (Pitzalis et al. 
2013a, b), in the horizontal segment of the IntraParietal 
Sulcus (IPS), likely corresponding to the human VIP (see 
Huang and Sereno, 2018) for a recent review), that we call 
IPSmot/VIP; (4) the posterior Cingulate sulcus area (pCi), 
within the posterior dorsal tip of the cingulate sulcus (Serra 
et al. 2019), corresponding to the precuneus motion area (Pc) 
originally described by Cardin and Smith (2010); (5) the 
Cingulate Sulcus visual area (CSv), in the depth of the pos-
terior part of the cingulate sulcus, anterior to the posterior 
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ascending portion of the cingulate sulcus, corresponding 
to the original motion area described by Wall and Smith 
(2008); (6) the Posterior Insular Cortex (PIC), at the junc-
tion between the posterior insula and the PPC (see Greenlee 
et al. 2016 for a review). As observed in a previous study 
(Serra et al. 2019), the Flow Field stimulus also activates 
the lateral occipitotemporal MT complex (MT+), although 
less consistently. Nevertheless, this region, and in particular 
area MST, is considered one of the most prominent motion-
sensitive regions in the macaque literature (for a review, see 
Orban 2008). However, in the lack of a functional localizer 
able to individually map this region in a consistent way, we 
cannot test this motion selective region. Future studies are 
required to establish the involvement of area MST in goal-
directed movements.

In the results section, these six egomotion areas will 
be grouped into visual (pIPS/V3A, V6+ , IPSmot/VIP) 

and visuomotor (pCi, CSv, PIC) areas. The rationale 
for this choice is based on recent results from our lab. 
Serra et al. (2019) observed that among the visual motion 
regions which are sensitive to egomotion-compatible vis-
ual stimuli, three areas (CSv, pCi, and PIC) responded 
also to long-range leg movements, whereas three areas 
(V6+ , V3A, and IPSmot/VIP) do not. The authors hypoth-
esized that whereas V6+ , V3A, and IPSmot/VIP are likely 
involved only in the visual analysis of the optic flow (‘vis-
ual role’ and thus called ‘visual areas’), CSv, pCi, and PIC 
perform the visual analysis of egomotion-like signals to 
provide sensory information to the motor system with the 
aim of guiding locomotion (‘motor role’ and thus called 
‘visuomotor areas’).

All the above-mentioned ROIs were defined on the sur-
face cortical reconstruction as automatically obtained by 
FreeSurfer software package.

Fig. 2   Region sensitivity to saccadic and hand/foot pointing move-
ments. A Group overlap of the six individually defined egomotion-
related ROIs rendered on the flattened and inflated (dorsomedial, 
medial, and lateral views) representation of the left hemisphere of 
the Conte69 surface-based atlas. Each yellow patch represents the 
weighted average location of individual ROIs. The color bar shows 
the level of saturation, where solid yellow represents the maximum 
overlap across 90% of total subjects. In the flat map, each colored 
ring visualizes the distribution of regional hemodynamic responses 
for the eye (red), hand (green), and foot (blue) conditions in the 
respective ROI. In inset of Fig. 2A, raw sketches describe the effec-
tor used and an example of the movement trajectory. Note that target 

positions in the raw sketches were shown for display purpose only, 
since movements were performed only during the ‘go phase’ with 
respect to a ‘remembered’ target location not present anymore on 
the screen (see Fig. 1B). On the right, the plot shows the average of 
BOLD signal changes (± SE) in each ROI considered B visual and 
C visuomotor areas for eye, hand, and foot conditions relative to the 
fixation baseline. Asterisks above the columns refer to the t test ver-
sus zero. *p < .017, Bonferroni correction; **p < .01; ***p < .005; 
****p < .001. Asterisks above square brackets refer to paired com-
parisons used to explore effector-related differences. **p < .01; 
****p < .001
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Results

Effector sensitivity of egomotion‑related regions

As a first step, we used the visual motion task to define 
six egomotion-related visual areas (pIPS/V3A, V6+ , 
IPSmot/VIP, pCi, CSv, and PIC) as recently described in 
Serra et al. (2019). Figure 2A shows the average location 
of these six regions, projected onto an inflated and a flat-
tened representation of a standard brain. The same inflated 
hemisphere is shown in multiple views (lateral, medial, 
and dorsomedial). Only the left hemisphere of each brain 
is shown, since participants used their right limb as effec-
tor during the Pointing/Saccade task.

We then studied the functional response profile of the six 
areas during the Pointing/Saccade task to explore their sen-
sitivity to goal-directed pointing movements performed by 
different effectors. The mean percent signal change observed 
in each of these regions for the three effectors (eye, hand, 
and foot) is plotted in the column histograms of Fig. 2B, 
C. Based on Serra et al. (2019); see method for details, 
results are separately rendered and described for the visual 
(Fig. 2B) and visuomotor (Fig. 2C) sets of ROIs. To reveal 
regions with a significant positive response to any saccade/
pointing movements, we used one-sample t tests versus zero.

As to the visual regions, plots in Fig. 2B reveal that 
all three areas responded to eye condition (pIPS/V3A, 
t13 = 6.26, p = 1.47 × 10–5; V6+ , t15 = 2.93, p = 5.16 × 10–3; 
IPSmot/VIP, t15 = 6.67, p = 3.73 × 10–6). However, while 
V6+ showed no significant or negative responses to the 
other effectors (hand pointing, t15 = 2.42, p = 0.014; foot 
pointing, t15 = 0.87, p = 0.198), pIPS/V3A responded also 
to hand pointing (t13 = 2.55, p = 0.012) but not to foot 
pointing (t13 = 0.79, p = 0.221), and IPSmot/VIP responded 
also to the other two effectors (hand pointing, t15 = 4.41, 
p = 2.54 × 10–4; foot pointing, t15 = 3.10, p = 3.66 × 10–3).

As to the visuomotor regions, plots in Fig. 2C reveal 
that all the three areas showed a significant positive 
response to foot pointing (pCi, t13 = 5.76, p = 3.28 × 10–5; 
CSv, t14 = 2.47, p = 0.013; PIC, t14 = 5.11, p = 7.93 × 10–5). 
Only PIC responded to hand pointing (t14 = 3.40, 
p = 2.18 × 10–3), while the other two regions did not (pCi, 
t13 = 1.14, p = 0.137; CSv, t14 = 1.90, p = 0.039). None 
of the three visuomotor areas showed a response to the 
eye condition (pCi, t13 = 0.94, p = 0.182; CSv, t14 = 2.31, 
p = 0.018; PIC, t14 = 0.72, p = 0.242).

To reveal any significant effector-related differences, 
the BOLD percent signal change underwent a one-way 
repeated-measures ANOVA with effector as factor (eye, 
hand, and foot).

As to the visual regions (see plots in Fig.  2B), the 
ANOVA showed a main effect of effector in all the 

three areas. In area V3A, the main effect (F2,26 = 47.49, 
p < 0.001, ηp

2 = 0.785) indicated a stronger response dur-
ing saccade as compared to both hand and foot pointing 
(eye > hand, p < 0.001; eye > foot, p < 0.001) as well as a 
significant difference between hand and foot (hand > foot, 
p = 0.015). In both areas V6+ and IPSmot/VIP, the signifi-
cant main effect of effector (V6 + : F2,30 = 14.85, p < 0.001, 
ηp

2 = 0.498; IPSmot/VIP: F2,30 = 18.92, p < 0.001, 
ηp

2 = 0.558) indicated that the BOLD response was sig-
nificantly higher during saccade with respect to both hand 
and foot pointing (V6+ : eye > hand, p = 0.012; eye > foot, 
p < 0.001; IPSmot/VIP: eye > hand, p = 0.001; eye > foot, 
p < 0.001), which did not differ against each other (V6 + : 
p = 0.732; IPSmot/VIP: p = 0.242).

As to the visuomotor regions (see plots in Fig.  2C), 
the ANOVA showed a main effect of effector in all the 
three areas, except in area CSv. In area pCi, the main 
effect (F2,26 = 15.33, p < 0.001, ηp

2 = 0.541) indicated 
a stronger response in foot with respect to hand and eye 
(foot > hand, p < 0.001; foot > eye, p = 0.007) which did 
not differ against each other (p = 0.999). In area PIC, the 
main effect (F2,28 = 15.83, p < 0.001, ηp

2 = 0.531) indicated 
a stronger response in foot as compared to both hand and 
eye (foot > hand, p = 0.016; foot > eye, p = 0.001) as well as 
a significant difference between hand and eye (hand > eye, 
p = 0.015).

To better visualize the differential effector sensitivity for 
each region, we computed the relative size of the BOLD 
signal for saccades, and hand and foot pointing by weighting 
the activity evoked by each condition with respect to that 
evoked by the sum of all conditions (Fig. 2A), and color 
coded the resulting circles rendered on the flat maps accord-
ing to the effector preference observed in each area. This 
color coding clearly illustrates the different trends observed 
in the two sets of regions. Indeed, as revealed by the gradient 
sensitivity ratio in Fig. 2A, while in the visual regions, the 
BOLD response is mainly driven by the eye condition (red), 
in the visuomotor regions, the BOLD response is mainly 
driven by the foot condition (blue).

To sum up, we observed a postero-anterior gradient of 
preference for eye-to-foot movements. Only the most caudal 
egomotion areas preferred saccades, whereas only the most 
rostral egomotion areas preferred foot pointing. In contrast, 
we did not observe in any area a clear preference for hand 
pointing, which seems more uniformly distributed across the 
six egomotion regions.

Seed‑to‑seed connectivity of egomotion‑related 
regions

To assess whether regions with a different functional profile 
also show a different coupling as a function of the specific 
effector used in the Pointing/Saccade task, we conducted 
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an effective connectivity analysis using a generalized form 
of PsychoPhysiological Interaction analysis (gPPI). This 
analysis could shed some light on the functional differences 
and similarities between regions we found from the previ-
ous analyses.

Tables 2, 3, 4 show all PPIs (namely, effective connectiv-
ity during different experimental conditions) for each pos-
sible pair of source and target regions, separately for each 
condition (eye condition: Table 2, hand condition: Table 3, 
foot condition: Table 4). To assess the presence of significant 
coupling among the six identified egomotion areas during 
eye/hand/foot movements, we used one-sample t test versus 
zero for each pair of ROIs.

The Bonferroni-corrected results of the seed-to-seed 
connectivity analysis are also graphically represented in 

Fig. 3 separately for eye (A, red arrows), hand (B, green 
arrows), and foot (C, blue arrows) conditions. In each panel, 
the color-coded arrows indicate the direction of effective 
connectivity among the two sets of visual (left: pIPS/V3A, 
V6+ and IPSmot/VIP) and visuomotor (right: pCi, CSv and 
PIC) areas.

In the eye saccade condition (Table 2, Fig. 3A), all the 
three visual areas were connected with CSv (pIPS/V3A, 
t11 = 5.22, p = 1.44 × 10–4; V6+ , t14 = 7.90, p = 7.98 × 10–7; 
IPSmot/VIP, t13 = 3.70, p = 1.32 × 10–3). In addition, both 
pIPS/V3A and IPSmot/VIP showed significant connections 
with the other visual areas. More specifically, pIPS/V3A 
was connected with both V6+ (t12 = 5.54, p = 6.35 × 10–5) 
and IPSmot/VIP (t12 = 5.38, p = 8.31 × 10–5), and IPS-
mot/VIP was connected with both pIPS/V3A (t12 = 6.16, 

Table 2   Effective connectivity results for the eye saccade condition

No significant t test versus 0 is coded n.s. Asterisks refer to t test versus zero. + p < .05, Bonferroni uncorrected
p < .0017, Bonferroni correction; **p < .0001; ***p < .00001; ****p < .000001. Significant and Bonferroni-corrected data are shown in bold

Target

Visual areas Visuomotor areas

pIPS/V3A V6 +  IPSmot/VIP pCi CSv PIC

Source
 Visual areas
  pIPS/V3A 6.35 × 10–5*** 8.31 × 10–5*** 1.2 × 10–4** 1.44 × 10–4** +
  V6 +  + + + 7.98 × 10–7**** 3.86 × 10–4**
  IPSmot/VIP 2.44 × 10–5*** 1.09 × 10–3* + 1.32 × 10–3* n.s

 Visuomotor areas
  pCi 7.37 × 10–5*** + + + +
  CSv n.s + + + +
  PIC n.s + n.s n.s +

Table 3   Effective connectivity 
results for the hand pointing 
condition

No significant t test versus 0 is coded n.s. Asterisks refer to t test versus zero. +p < .05, Bonferroni uncor-
rected
*p < .0017, Bonferroni correction; **p < .0001; ***p < .00001. Significant and Bonferroni-corrected data 
are shown in bold

Target

Visual areas Visuomotor areas

pIPS/V3A V6 +  IPSmot/VIP pCi CSv PIC

Source
 Visual areas
  pIPS/V3A 3.13 × 10–4** + 4.92 × 10–4** + 8.59 × 10–4**
  V6+  + n.s + + 2.00 × 10–5***
  IPSmot/VIP 1.21 × 10–4** + + + 2.47 × 10–4**

 Visuomotor areas
  pCi + + n.s 1.54 × 10–3* +
  CSv n.s + + n.s 6.92 × 10–4**
  PIC n.s 7.80 × 10–4** + + +
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p = 2.44 × 10–5) and V6+ (t14 = 3.75, p = 1.09 × 10–3). 
Other connections starting from a visual area and target-
ing a visuomotor area were pIPS/V3A vs. pCi (t10 = 5.56, 
p = 1.20 × 10–4), and V6+ vs. PIC (t13 = 4.36, p = 3.86 × 10–4). 
Finally, area pCi was the only visuomotor area showing 
significant effective connectivity during the eye condition. 
This area indeed showed a significant coupling with pIPS/
V3A (t10 = 5.92, p = 7.37 × 10–5). Reciprocal connections 
were found between pIPS/V3A and IPSmot/VIP as well 
as between pIPS/V3A and pCi. Overall, during the eye 
movements, we observed a total number of ten significant 

connections: nine (9/10; 90%) started from the visual areas 
(4 from pIPS/V3A, 3 from IPSmot/VIP, and 2 from V6 +) 
and only one (1/10; 10%) from the motor areas (1 from pCi).

During the hand pointing condition (Table 3, Fig. 3B), 
all the three visual areas and the visuomotor area CSv were 
connected with PIC (pIPS/V3A, t12 = 4.01, p = 8.59 × 10–4; 
V6+ , t13 = 6.07, p = 2.00 × 10–5; IPSmot/VIP, t13 = 4.60, 
p = 2.47 × 10–4; CSv, t12 = 4.13, p = 6.92 × 10–4). Signifi-
cant couplings were observed between pIPS/V3A and pCi 
(t10 = 4.60, p = 4.92 × 10–4), IPSmot/VIP and pIPS/V3A 
(t12 = 5.15, p = 1.21 × 10–4), and pCi and CSv (t11 = 3.77, 

Table 4   Effective connectivity 
results for the foot pointing 
condition

No significant t test versus 0 is coded n.s. Asterisks refer to t test versus zero. + p < .05, Bonferroni uncor-
rected
*p < .0017, Bonferroni correction; **p < .0001; ***p < .00001. Significant and Bonferroni-corrected data 
are shown in bold

Target

Visual areas Visuomotor areas

pIPS/V3A V6+  IPSmot/VIP pCi CSv PIC

Source
 Visual areas
  pIPS/V3A 8.05 × 10–4** + + + n.s
  V6 +  n.s n.s + + 1.10 × 10–3*
  IPSmot/VIP + n.s + 2.42 × 10–4** +

 Visuomotor areas
  pCi n.s + 6.37 × 10–5*** 4.51 × 10–4** +

  CSv n.s + + + 9.62 × 10–4**
  PIC n.s 8.15 × 10–4** n.s + +

Fig. 3   PPIs seed-to-seed. PPIs showing significant effects are sche-
matically represented by directional arrows. Arrows identify source-
to-target directions for each experimental condition: A eye condition 
with red arrows, B hand condition with green arrows, and C foot con-
dition with blue arrows. In inset, raw sketches describe the effector 
used and an example of the movement trajectory. Different arrow line 
thicknesses represent the statistical significance of each connection. 

For each of these conditions, a group overlap of the three individu-
ally defined visual (left column) and visuomotor (right column) areas 
is rendered on the inflated (left column: posterolateral and medial 
views; right column: medial and lateral views) representation of the 
left hemisphere of the Conte69 surface-based atlas. Each yellow 
patch represents the weighted average location of an individual ROI
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p = 1.54 × 10–3). Area V6 + was the target of signifi-
cant couplings starting from both pIPS/V3A (t12 = 4.59, 
p = 3.13 × 10–4) and PIC (t13 = 3.98, p = 7.80 × 10–4). Recip-
rocal connections were found only between V6+ and PIC. 
Overall, during the hand pointing movements, we observed 
a total number of nine significant connections: six (6/9; 67%) 
started from the visual areas (3 from pIPS/V3A, 2 from IPS-
mot/VIP and 1 from V6+) and three (3/9; 33%) from the 
motor areas (1 from pCi, 1 from CSv and 1 from PIC).

During the foot pointing condition (Table 4, Fig. 3C), 
the only connections starting from the visual areas were: 
pIPS/V3A vs. V6 + (t12 = 4.05, p = 8.05 × 10–4), V6+ vs. 
PIC (t13 = 3.80, p = 1.10 × 10–3), and IPSmot/VIP vs. CSv 
(t13 = 4.61, p = 2.42 × 10–4). pCi was the only area showing 
at least two significant connections, targeting both IPS-
mot/VIP (t12 = 5.54, p = 6.37 × 10–5) and CSv (t11 = 4.50, 
p = 4.51 × 10–4). The remaining visuomotor areas, CSv and 
PIC, were connected, respectively, with PIC (t12 = 3.95, 
p = 9.62 × 10–4) and V6+ (t13 = 3.96, p = 8.15 × 10–4). Like 
for hand pointing, reciprocal connections were found only 
between V6+ and PIC. Overall, during the foot pointing 
movements, we observed a total number of seven significant 
connections: four (4/7; 57%) started from the visuomotor 
areas (2 from pCi, 1 from CSv and 1 from PIC) and three 
(3/7; 43%) from the visual areas (1 from pIPS/V3A, 1 from 
V6+ and 1 from IPSmot/VIP).

All the significant Bonferroni-corrected seed-to-seed 
PPIs described above are resumed in Fig. 4A, where the 
connections between regions are combined and color 
coded depending on the effector used. A first observation 
is that the number of connections starting from the visual 
and the visuomotor source regions appeared different as 
a function of the specific effector used in the Pointing/
Saccade task. Specifically, the total number of connec-
tions starting from the visual areas was maximum during 
saccades (9/18; 50%) and progressively decreased dur-
ing hand (6/18; 33%) and foot (3/18; 17%) pointing. In 

contrast, the total number of connections starting from the 
visuomotor areas was maximal during foot pointing (4/8; 
50%), and progressively decreased during hand (3/8; 38%) 
and eye (1/8; 13%) movements.

To substantiate these observations, we performed a for-
mal comparison between the regions and the effectors. Since 
we were interested in revealing different functional connec-
tions between visual and visuomotor egomotion regions, we 
collapsed together results from the visual and the visuomotor 
regions and analyzed their effective connectivity through 
a source (visual, visuomotor) by target (visual, visuomo-
tor) by effector (foot, hand, eye) repeated-measure ANOVA. 
The reported results are corrected for multiple comparisons 
using the Bonferroni method (see the Materials and methods 
section).

The ANOVA showed a significant interaction between 
source and target (F1,16 = 8.23, p = 0.011, ηp

2 = 0.340), 
indicating that the connections received by the visual 
regions originate more from visual than visuomotor regions 
(p = 4.87 × 10–3). This suggests that the visual regions are 
more interconnected with each other with respect to the visu-
omotor regions. We also observed a significant interaction 
between effector and source (F2,32 = 12.48, p = 9.83 × 10–5, 
ηp

2 = 0.588; see Fig. 4B) indicating a greater connectivity 
that originates from the visual regions compared to the visu-
omotor ones, in particular during both eye (p = 3.85 × 10–4) 
and hand (p = 0.042) movements. No significant effect of 
the source regions was instead observed during foot point-
ing movements. Although the trend is reversed with slightly 
larger connections starting from the visuomotor rather than 
visual regions, this difference did not reach statistical sig-
nificance (p = 1.00). Overall, the main results of the PPI 
analyses can be summarized as follows. First, the visual 
regions are more interconnected to each other with respect 
to the visuomotor regions. Second, the connections starting 
from the visual and the visuomotor sources regions were 
different in terms of numerosity and greatness as a function 

Fig. 4   A The table resumes 
significant seed-to-seed PPIs. 
• = Eye saccade; • = Hand 
pointing; • = Foot pointing. B 
The plot shows the average of 
BOLD signal changes (± SE) as 
a function of effector (eye, hand, 
and foot) and source (visual and 
visuomotor). In inset of Fig. 4B, 
raw sketches describe the effec-
tor used and an example of the 
movement trajectory. Asterisks 
above square brackets refer to 
Bonferroni-corrected post hoc 
tests. *p < .05; ****p < .001
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of the specific effectors used in the Pointing/Saccade task, 
particularly during eye and hand movements.

A second observation from Fig. 4A is that, beyond the 
presence of some specific regions showing a connectivity 
pattern reflecting some degree of effector specificity, we 
also observed that the effective connectivity of other regions 
was effector independent. Indeed, both connections starting 
from pIPS/V3A and targeting V6+ , and those starting from 
V6+ and targeting PIC, were present in all three conditions 
(and are the only ones marked in Fig. 4A with three dots).

Discussion

In the present study, we used a combined approach of task-
evoked activity and effective connectivity (PPI) analysis to 
reveal whether visual (pIPS/V3A, V6+ , IPSmot/VIP) and 
visuomotor (pCi, CSv, PIC) cortical areas involved in pro-
cessing optic flow signals are also differentially sensitive to 
goal-directed pointing movements performed with different 
effectors (eyes, hand, and foot). This allowed us to suggest 
the possible differential functional roles played by visual and 
visuomotor regions in self-motion signal processing.

Hereafter, regions will be grouped by their different func-
tional profiles and discussed considering previous evidence 
from macaque and human brain studies. We will use the 
terms selectivity and preference to refer, respectively, to cor-
tical regions responding only to one effector or to more than 
one effector with a preference for one of them, respectively. 
However, it should be noted that the concept of selectivity 
has here a limited validity as it is based on the comparison 
of just three task settings.

Effector preference in visual (pIPS/V3A, V6 + , 
IPSmot/VIP) and visuomotor (pCi, CSv, PIC) 
egomotion regions

A first result of this study is that we found a clear preference 
for saccades in all three visual egomotion areas, pIPS/V3A, 
V6+ , and IPSmot/VIP.

The three visual egomotion areas exhibited different 
functional profiles with respect to the other two effectors. 
Area V6+ was the only one showing no significant responses 
to hand and foot pointing movements, and thus, it can be 
considered selective for the eye movements. The response 
to goal-directed pointing movements in area V6+ was 
also tested in a few previous studies, where we observed 
an almost null or weak response to hand pointing (Pitzalis 
et al. 2013a, b), as found in the present study, and greater 
BOLD responses to the execution of eye movements rela-
tive to pointing movements (Tosoni et al. 2015). Area IPS-
mot/VIP was the only one of the three visual egomotion 
areas showing significant responses also to the other two 

effectors besides the eye, with comparable BOLD signals 
in hand and foot pointing (although weaker with respect to 
saccades). This implies that area IPSmot/VIP is activated 
by the pointing action regardless of the limb used (upper 
or lower). This result is in line with the historical failure to 
find effector specificity in the PPC. Indeed, previous studies 
(Heed et al. 2011; Leone et al. 2014; Pitzalis et al. 2019) 
revealed a shared neural substrate in the PPC for hand and 
foot pointing, possibly confirming a functional—rather than 
an effector—specificity within the posterior intraparietal sul-
cus. We can conclude that in these visual areas, we found a 
null response to foot pointing or, if any, comparable to that 
observed for hand pointing.

A second result of this study is that, unlike the visual 
areas, the visuomotor regions pCi and PIC showed a prefer-
ence for foot pointing movements as compared to the other 
effectors, and area CSv showed a reliable activation only 
during foot pointing movements.

While several neurophysiological and neuroimaging 
studies have compared eye and hand movements to dem-
onstrate that distinct neural circuits are preferentially active 
for movements involving different body parts (Andersen and 
Cui, 2009; Caminiti et al. 2010; Galati et al. 2011; Graziano 
and Gross 1998; Tosoni et al. 2015), only a few fMRI stud-
ies (Heed et al. 2011, 2016; Leone et al. 2014; Maltempo 
et al. 2021; Medendorp and Heed 2019; Pitzalis et al. 2019) 
have tested also movements involving the lower limbs, 
comparing activity during memory guided eye, hand, and 
foot movements. The whole-brain maps showed in the early 
studies revealed a lateral-to-medial hand-foot organization 
(Heed et al. 2011; Huang et al. 2012; Leone et al. 2014; 
Pitzalis et al. 2019). Indeed, the network of areas involved 
in foot pointing control was found mainly located on the 
medial wall, including the medial portion of M-I and S-I, 
and extending posteriorly up to the cingulate sulcus. How-
ever, these studies revealed that this foot pointing network 
does not include only medial regions (including the three 
leg-related sensorimotor regions hPEc, hPE, and S-I), but it 
is more distributed throughout the brain including also por-
tion of the lateral wall. In Pitzalis et al. (2019), we further 
characterized the activation on the lateral wall, since foot-
related activation was also found in the posterior portion 
of the insular cortex (where PIC is located). Area PIC in 
the Sylvian fissure is a motion region responding to visual 
and vestibular motion stimulation, presumably supporting 
the integration of motion information from visual and ves-
tibular senses for the perception of self-motion (Frank et al. 
2016a, b; Frank et al. 2016a, b; Frank and Greenlee 2018). 
While the optic flow sensitivity in this region is known in 
both human (Cardin and Smith 2010; Serra et al. 2019) and 
macaque brain (Cottereau et al. 2017; Pitzalis et al. 2021), 
the response to both foot and hand pointing observed here 
in area PIC is a new result and is in line with the suggested 
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involvement of this region in whole-body actions requiring 
both upper and lower limb movements. It has recently been 
suggested that area PIC plays a crucial role in somatosensory 
discrimination during active touch and haptic exploration, 
demonstrating a greater sensitivity of this area to touch dur-
ing self-generated movement compared to that induced by 
functional electrical stimulation (Limanowski et al. 2019). 
In agreement with previous studies (Heed et al. 2011; Leone 
et al. 2014), we found that a true limb (hand/foot) preference 
does not involve posterior medial and lateral parietal and 
occipital regions (where the three visual egomotion regions 
pIPS/V3A, V6+ and IPSmot/VIP are located).

Overall, we observed a differentiated functional profile 
among the six egomotion areas, namely a postero-anterior 
gradient of preference for eye-to-foot movements. Only the 
most caudal visual areas were preferentially activated during 
saccades, whereas only the most rostral visuomotor areas 
responded preferentially to foot pointing. In contrast, none 
of the tested regions showed a preference for hand pointing 
movements. The lack of a gradient of preference for hand 
pointing is not completely surprising. Previous studies (Fili-
mon et al. 2009; Hagler et al. 2007), indeed, have provided 
similar results, leading to the hypothesis that hand point-
ing movements, being short-range limb actions, are likely 
not able to maximally activate the somatomotor cells of the 
dorsal parietal regions (where the arm is represented) and 
to activate reach-related areas more than saccades (Filimon 
2010). Note, however, that beside the lack of a cortical 
area with a specific preference for the hand condition, we 
observed a statistically significant response for hand pointing 
in three areas (pIPS/V3A, IPSmot/VIP, PIC). This means 
that these areas have a hand representation, although not 
preferred with respect to other effectors. This result is in line 
with the more general concept that during self-motion, we 
typically have to visually guide whole-body actions which 
involve movements performed by upper and lower limbs.

It is worth saying that whole-brain mapping analyses 
previously reported some degrees of effector preference in 
a wide network of cortical areas, including medial parietal 
areas where egomotion-related areas responding to optic 
flow are located (e.g., Heed et al. 2011). However, these 
analyses described such activations in terms of whole-brain 
neural circuits, not ascribed to specific brain regions. Using 
a regional approach, we aimed at testing and comparing, in 
a more direct way, the effector sensitivity of cortical regions 
responding to egomotion-compatible stimulation. Note also 
that while the response in occipito-parietal visual areas 
(pIPS/V3A, V6+ , and IPSmot/VIP) to saccades and hand 
pointing was already partially documented, their response 
to foot pointing movements has never been tested before. 
By simultaneously testing the response of the three "visual" 
areas to the three effectors enables us to reveal that beside 
the preference to eye movements, there are visual areas, like 

VIP, that respond to all the effectors while areas, like V6, 
that respond only to one effector. This is another novel piece 
of evidence that could not be predicted based on previous 
literature.

Effective connectivity between visual (pIPS/V3A, 
V6 + , IPSmot/VIP) and visuomotor (pCi, CSv, PIC) 
egomotion regions

We also performed an effective connectivity analysis to 
verify whether regions with a different functional profile 
also show a different coupling as a function of the specific 
effector used in the Pointing/Saccade task.

The pattern of functional cortical connections of pIPS/
V3A, V6+, and IPSmot/VIP appears consistent with the 
saccade preference observed in the task-evoked analysis. 
Indeed, we found greater connectivity that originates from 
the visual regions compared to the visuomotor ones, espe-
cially during saccades and, to a lesser extent, also during 
hand pointing movements. Moreover, only during saccades, 
we found reciprocal connections between pIPS/V3A and 
IPSmot/VIP as well as between pIPS/V3A and pCi. Among 
these connections, only the former (VIP-V3A) was also con-
firmed by a previous resting-state functional connectivity 
study (fcMRI) (Serra et al. 2019), while the latter (pIPS/
V3A-pCi) did not. Differences between present and previous 
results can be explained considering the different connectiv-
ity analyses used, and suggest that some connections are not 
evident at rest but emerge only when subjects are engaged in 
a pointing task using the preferred effector (eye).

The pattern of functional cortical connections of pCi, 
CSv, and PIC revealed that the visuomotor regions are 
less interconnected to each other with respect to the visual 
regions. Moreover, the connections starting from the visuo-
motor regions were uniformly distributed between visual 
and visuomotor regions. Interestingly, we found connections 
between pCi and CSv, as well as between CSv and PIC dur-
ing both hand and foot pointing, but not during saccades. 
This implies that the connections between the visuomotor 
regions were captured better by movements performed by 
the lower and upper limbs, which are typically used to act 
on objects in the surrounding space, than by eye movements, 
which are instead typically used to explore the visual field. 
However, the pattern of functional cortical connections of 
pCi, CSv, and PIC revealed a less clear-cut profile in terms 
of effector preference. Indeed, although the number of con-
nections originating from the visuomotor areas was the high-
est during foot pointing and gradually decreased during hand 
pointing to be almost absent during saccades, there were 
no significant statistical differences in the pattern of effec-
tive connectivity originating from all the visuomotor areas 
among the three conditions (see Fig. 4B).
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Besides the presence of an effector-dependent pattern of 
connectivity among some of the studied regions, we also 
found evidence of effective connectivity which was effec-
tor independent in some other regions, such as pIPS/V3A 
vs V6+ as well as V6+ vs PIC. These connections were 
observed in all three conditions, and thus independently of 
the effector (eye, hand, or foot) used during the pointing 
movements. The presence of task-unrelated connections 
between these regions is in line with results from previ-
ous human fcMRI studies (Serra et al. 2019; Tosoni et al. 
2015) where the connections between V6+ and the retino-
topic V3A as well as the vestibular PIC were found also 
at rest (i.e., with no experimenter-imposed task and closed 
eyes). Previous and present results suggest that the connec-
tions between these regions are solid and consistently found 
independently of the effector and task performed. Although 
caution is needed in the interpretation of the functional con-
nectivity data (Buckner et al. 2013; Smith et al. 2018), the 
connections of area V6+ with the dorsal visual area V3A 
found here strictly mirror the pattern of anatomical connec-
tions of the macaque area V6 (Galletti et al. 2001).

Overall, while the connectivity originating from the vis-
ual regions compared to the visuomotor ones was greater 
during saccades (supporting the eye preference observed in 
the task-evoked analysis) and, at lower extent, also during 
hand pointing movements, the connections observed in the 
visuomotor areas were not strong enough to support a clear 
foot pointing preference. The PPI analysis also revealed 
signs of either effector-dependent or effector-unrelated (or 
independent) functional cortical connections between the 
six egomotion regions.

Differential functional role of the visual 
and visuomotor egomotion areas

Taken together, the above-described task-evoked and con-
nectivity results suggest that visual (pIPS/V3A, V6+ , 
IPSmot/VIP) and visuomotor (pCi, CSv, PIC) egomotion 
regions process self-motion signals for different purposes.

V3A, V6+ , and VIP are retinotopically organized (Huang 
and Sereno 2007; Pitzalis et al. 2006; Tootell et al. 1997), 
respond to flow fields in both humans (Serra et al. 2019; 
Sulpizio et al. 2020) and macaques (Pitzalis et al. 2021), 
and to self-motion compatible visual stimulation (Cardin 
and Smith 2010; Pitzalis et al. 2020; Wall and Smith 2008). 
In addition, previous fMRI studies have shown that areas 
V3A, V6, and VIP respond to visual motion stimuli simulat-
ing continuous heading changes (Furlan et al. 2014; Huang 
et al. 2015) and steering (Di Marco et al. 2021a, b). These 
regions, however, do not respond to leg movements and are 
not directly connected to medial sensory and motor corti-
ces where lower limbs are represented (Serra et al. 2019). 
As we have already pointed out, the three visual egomotion 

regions (pIPS/V3A, V6+ , IPSmot/VIP) have properties that 
constitute important prerequisites for a visual analysis of the 
retinal signals due to self-motion (Di Marco et al. 2021a, b; 
Serra et al. 2019; see for review Cheng and Gu 2018). In 
particular, we and others have proposed that these regions 
are involved in a visual process, known as flow parsing, that 
consists of the capability to subtract self-motion components 
from retinal motion signals with the aim of extracting object 
motion information (Field et al. 2020; Galletti and Fattori 
2003, 2018; Pitzalis et al. 2015, 2020). The preference for 
saccades found here supports the involvement of these 
regions in ‘visual’ aspects of self-motion processing. Indeed, 
during self-motion, the upper and lower limbs are typically 
used to manipulate and interact with the environment, while 
the eyes are used to visually explore the environment by 
aligning the fovea with surrounding elements of interest to 
capture their visual features (size, shape, color, etc.). Thus, 
given the ‘visual’ role played by the eyes during self-motion, 
it is reasonable to assume that saccadic movements recruit 
cerebral regions that are located early in the visual cortical 
pathways and are retinotopically organized (Pitzalis et al. 
2006; Sereno and Huang 2006; Tootell et al. 1997).

In recent years, we have witnessed a change in perspec-
tive and views on the three visuomotor egomotion regions 
(pCi, CSv, and PIC). At the beginning, many fMRI studies 
revealed that they share several visual properties with the 
visual egomotion areas pIPS/V3A, V6+, and IPSmot/VIP. 
Indeed, they respond to flow field visual stimulation (Aedo-
Jury et al. 2020; Serra et al. 2019; Sulpizio et al. 2020), to 
self-motion compatible visual stimulation (Cardin and Smith 
2010; Huang et al. 2015; Pitzalis et al. 2020), and to head-
ing changes and self-motion direction estimation, especially 
during locomotion (Di Marco et al. 2021a, b). Note that a 
preference for optic flow was also found in the correspond-
ing macaque regions, called in monkey, respectively, pmCSv 
(putative macaque CSv; Cottereau et al. 2017: but see Pit-
zalis et al. 2021) and VPS (Visual Posterior Sylvian region 
putatively homologue to the human PIC; Cottereau et al. 
2017; Pitzalis et al. 2021).

Recently, it has been widely documented that the three 
visuomotor egomotion regions also play a motor role. pCi, 
CSv, and PIC not only respond to optic flow, but also to 
long-range leg movements (Serra et al. 2019) and are func-
tionally connected with the medial part of somatosensory 
and motor areas (where legs and feet are represented). 
Recent evidence supports the hypothesis that some of 
these visuomotor regions play a role in multimodal self-
motion integration (e.g., Di Marco et al. 2021a, b; Schin-
dler and Bartels 2018). In a recent study (Di Marco et al. 
2021a, b), in particular, we tested the responses of these 
three visuomotor egomotion regions in a multisensory 
integration experiment combining visual and somato-
motor signals relevant to locomotion in congruent and 
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incongruent trials. Results revealed that pCi and PIC (but 
not CSv) showed sensitivity to congruency, suggesting 
that these two regions are able to integrate congruent vis-
ual and somatomotor signals relevant to locomotion. The 
preference for foot pointing movements observed in pCi 
and PIC is a new and significant result of the present study 
that further strengthens the possible involvement of these 
areas in the motor control of lower limb movements. Here, 
we found a selectivity foot pointing movement in the cin-
gulate visuomotor areas pCi and CSv, and a preference for 
foot pointing in PIC which responds also to hand pointing 
movement. The selectivity/preference we observed here 
for foot pointing movements, combined with previous evi-
dence of a multimodal integration of somatomotor signals 
and visual motion information in pCi and PIC (Di Marco 
et al. 2021a, b), supports the hypothesis that these regions 
are directly engaged in visually guided locomotion control 
by sending visual and somatomotor signals to the motor 
system. We suggest that PIC is likely activated also during 
walking in a dynamic environment to visually guide our 
lower and upper limb movements. These regions might be 
key interfaces between the sensory and motor systems in 
the context of the control of locomotion (see also Smith 
2021 for a similar interpretation of area CSv).

Overall, the present results from both task-evoked and 
effective connectivity analyses, combined with previous 
results achieved in these areas over the years, support the 
hypothesis that visual and visuomotor egomotion regions 
likely perform different roles within a network aimed at 
subserving sensory–motor integration during our move-
ment in the external environment. The most posterior 
regions, pIPS/V3A, V6+ , and IPSmot/VIP, seem mainly 
involved in the visual analysis of the egomotion retinal 
components (and in the flow parsing mechanism) essen-
tial to coordinate eye and arm movements during explora-
tion in a complex and dynamic environment. Conversely, 
the most anterior regions, pCi, CSv, and PIC, likely play 
a motor role in the processing of the egomotion signal, 
combining visual and somatomotor cues coming from 
the lower limbs, to allow a visually guided control of 
locomotion.
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