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a b s t r a c t 

During real-world locomotion, in order to be able to move along a path or avoid an obstacle, continuous changes 

in self-motion direction ( i.e. heading) are needed. Control of heading changes during locomotion requires the 

integration of multiple signals ( i.e. , visual, somatomotor, vestibular). Recent fMRI studies have shown that both 

somatomotor areas (human PEc [hPEc], human PE [hPE], primary somatosensory cortex [S-I]) and egomotion 

visual regions (cingulate sulcus visual area [CSv], posterior cingulate area [pCi], posterior insular cortex [PIC]) 

respond to either leg movements and egomotion-compatible visual stimulations, suggesting a role in the analysis 

of both visual attributes of egomotion and somatomotor signals with the aim of guiding locomotion. However, 

whether these regions are able to integrate egomotion-related visual signals with somatomotor inputs coming 

from leg movements during heading changes remains an open question. Here we used a combined approach of 

individual functional localizers and task-evoked activity by fMRI. In thirty subjects we first localized three ego- 

motion areas (CSv, pCi, PIC) and three somatomotor regions (S-I, hPE, hPEc). Then, we tested their responses 

in a multisensory integration experiment combining visual and somatomotor signals relevant to locomotion in 

congruent or incongruent trials. We used an fMR-adaptation paradigm to explore the sensitivity to the repeated 

presentation of these bimodal stimuli in the six regions of interest. Results revealed that hPE, S-I and CSv showed 

an adaptation effect regardless of congruency, while PIC, pCi and hPEc showed sensitivity to congruency. PIC 

exhibited a preference for congruent trials compared to incongruent trials. Areas pCi and hPEc exhibited an 

adaptation effect only for congruent and incongruent trials, respectively. PIC, pCi and hPEc sensitivity to the 

congruency relationship between visual (locomotion-compatible) cues and (leg-related) somatomotor inputs sug- 

gests that these regions are involved in multisensory integration processes, likely in order to guide/adjust leg 

movements during heading changes. 
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. Introduction 

Egomotion (or self-motion) perception relies on the integration of

ensory information arising from different modalities, including vi-

ual, vestibular, somatosensory and motor signals (for a review, see

reenlee et al. 2016 ). In turn, these integrated signals are recursively
Abbreviations: CSv, cingulate sulcus visual area; hPE and hPEc, human PE and hum

E and PEc, P stands for Parietal, E stands for the specific parietal area ‘E’ based 

Ci, posterior cingulate area; PIC, posterior insular cortex; ROIs, regions of interest; 

osterior sylvian area. 
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sed for controlling egomotion itself. Continuous changes in heading di-

ection ( i.e. , direction of self-motion) are needed for spatial exploration

nd navigation through the surrounding environment. Optic flow gener-

ted on the retina as a visual feedback of self-motion provides important

isual information, such as instantaneous heading and path curvature

 Li and Cheng, 2011 ; Crowell and Banks, 1993 ; Cutting et al., 1997 ).
an PEc; MST, medial superior temporal area; PBA, parietal body area; macaque 

on the von Economo and Koskinas classification (1925), c stands for caudal; 

S-I, primary somatosensory cortex; VIP, ventral intraparietal area; VPS, visual 
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uring natural locomotion, there are also somatomotor signals which

re sent from the lower limbs and are taken into account for guid-

ng subsequent movements. Importantly, such visual and somatomo-

or sensory signals need to be merged with the aim of controlling self-

otion during locomotion. Lower limb movements are likely planned

ccording to the expected visual feedback. However, little is known

bout which cortical areas are responsible for such visuo-somatomotor

ntegration. 

In monkeys, area PEc is a somatomotor region located in the pos-

erior parietal cortex which has been shown to contain unimodal so-

atosensory cells responding to passive joint manipulation of both arm

nd leg ( Breveglieri et al., 2006 ; Gamberini et al., 2018 ) and unimodal

isual cells responding to radial optic flow and the direction of heading

n the visual field ( Battaglia-Mayer et al., 2001 ; Raffi et al., 2002 , 2010 ,

011 , 2014 ). Macaque PEc also hosts bimodal visual-somatosensory

eurons responding to passive limb manipulation and complex visual

timuli rapidly changing in size and shape ( Breveglieri et al., 2008 ;

amberini et al., 2018 ). Based on this evidence, it has been suggested

hat PEc is able to integrate visual and somatomotor information for

hole-body interaction with the visual environment, including locomo-

ion ( Breveglieri et al., 2008 ; Gamberini et al., 2018 ), even though bi-

odal visual-somatosensory cells have never been tested with optic flow

timuli. This is further supported by a study showing that macaque PEc

s strongly connected with the dorsomedial portion of the somatomotor

ortex, representing lower limbs, and the cingulate motor regions and

estibular areas ( Bakola et al., 2010 ). 

On the other hand, monkey multisensory regions known to be sen-

itive to visual motion, namely areas MST, VIP and VPS, are also im-

licated in multimodal estimate of heading by combining visual and

estibular cues to self-motion direction ( Duffy, 1998 ; Bremmer et al.,

999 ; Schlack et al., 2002 ; Gu et al., 2006 , 2008 ; Chen et al., 2011a ,

011 b , 2013 ) . 

In humans, the homologue of macaque PEc (hPEc) has been recently

dentified based on its response to active movements of both arm and

eg ( Pitzalis et al., 2019 ). In line with macaque data, human PEc also

hows visual sensitivity to egomotion-compatible coherent visual mo-

ion ( i.e. flow fields stimulus, Pitzalis et al. 2019 ). Anterior to hPEc,

ositive BOLD responses to leg movements were detected also in areas

PE and S-I ( Pitzalis et al., 2019 ). hPE likely corresponds to the leg rep-

esentation of macaque area PE ( Gamberini et al., 2020 ) and its anatom-

cal position fits well with the medialmost portion of area PBA (Parietal

ody Area; Huang et al., 2012 ), the multisensory parietal homunculus

ontaining overlapping somatotopic and retinotopic maps ( Huang et al.,

012 ). Consistent with human evidence about visual responses in the

ortical territory occupied by hPE, this region (differently from S-I)

hows a marginally significant response to the egomotion-compatible

ow field stimulus ( Pitzalis et al., 2019 ). Since in that paper we defined

hese areas by using a somatomotor task hereafter we refer to hPEc, hPE

nd S-I as three leg-related somatomotor regions. 

Among the well-known egomotion-related visual regions, areas CSv,

Ci, and PIC, but not V6 + , V3A, and VIP, respond to both the flow field

timulus and active leg movements, suggesting a role in the control of

isually-guided locomotion ( Serra et al., 2019 ). In addition, in a very

ecent paper of our lab ( Di Marco et al., 2021 ), we found that hPEc,

PE, S-I, CSv and pCi show a preference for an optic flow stimulus that

imulates a locomotion-compatible curved path, suggesting that these

egions are involved in encoding heading changes and in the estimation

f path curvature. This is needed for recovering the future direction of

elf-motion and for controlling steering actions and locomotor stability

uring heading changes. CSv and pCi prefer forward visual motion (as

ompared to backward visual motion), suggesting their involvement in

 fine visual analysis of the external world toward which one is moving

uring locomotion. 

Taken together, these findings strengthen the idea that these multi-

ensory regions are implicated in the analysis of both visual attributes of

gomotion and somatomotor signals related to the legs with the likely
2 
im of guiding locomotion ( Pitzalis et al., 2019 ; Serra et al., 2019 ;

i Marco et al., 2021 ). Since cortical sensitivity to multisensory in-

ormation does not necessarily entail multisensory integration of such

nformation, here we are interested in verifying whether the above-

entioned cortical regions are able to integrate egomotion-like visual

nformation with somatomotor signals from the lower limbs for the con-

rol of visually-guided locomotion during heading changes remains an

pen question. 

To address this matter, we used a combined approach of in-

ividual surface-based analysis and task-evoked paradigms by fMRI

imed at revealing integration mechanisms in key cortical ar-

as for locomotion control, providing simultaneously locomotion-

elevant visual and somatomotor stimuli in congruent and incongruent

ombinations. 

We mapped on the individual surface of each subject two sets of

ultisensory regions of interest (ROIs) using dedicated functional lo-

alizers. First, we defined three leg-related somatomotor regions (hPEc,

PE and S-I) by a modified version of the somatomotor task recently

mployed in Pitzalis et al. (2019) , and three egomotion-related visual

egions, which are known to respond also to leg movements (visuomotor

reas; Serra et al. 2019 ), by using a visual motion task ( Pitzalis et al.,

010 ). Afterwards, to find any multisensory integration evidence, we

ested the response of all these independently defined ROIs in the main

MRI ‘Visuo-Somatomotor Multisensory Integration’ experiment. Sub-

ects were asked to execute a leg movement simulating a footstep to-

ards right or left while presented with a simultaneous optic flow stimu-

us simulating a changing heading towards right or left. In such a way we

anipulated the spatial congruency between visual and somatomotor

timuli ( i.e. , congruent and incongruent combinations) by which only bi-

odal neurons, which are responsible for multisensory integration, are

ffected ( van Atteveldt et al., 2010 ). Hence, a region which is sensitive to

uch congruency relationship by showing a preference for congruent or

ncongruent combinations should be involved in multisensory integra-

ion. We opted for an fMR-adaptation paradigm ( i.e. , showing a reduc-

ion of the neural response to repeated trials compared to non-repeated

rials as evidence of sensitivity to the repeated feature) where a region

mplicated in multisensory integration might either adapt stronger for

ongruent as compared to incongruent pairs or show the opposite pat-

ern. Finding such adaptation effect related to congruent/incongruent

anipulation in a cortical region might suggest that the region is able

o integrate multimodal sensory cues, possibly with the aim of guiding

ocomotion, a functional role that has been hypothesized based on sen-

itivity to both leg movements and radial optic flow tested separately

 Pitzalis et al., 2019 ; Serra et al., 2019 ; Di Marco et al., 2021 ). 

. Materials and methods 

.1. Subjects 

Thirty right-handed and right-footed healthy adults (mean age: 25,

D = 3, 18 males) participated in this study. The sample size was de-

ermined based on previous similar fMRI studies ( Frank et al., 2014 ;

chindler and Bartels, 2018a , 2018b ). All subjects completed in differ-

nt days two functional magnetic resonance imaging (fMRI) sessions.

n the first session they performed the main event-related fMRI Visuo-

omatomotor Integration experiment. In the second session they partic-

pated in two localizer scans to define three somatomotor areas (hPEc,

PE and S-I) and three egomotion regions (CSv, PIC and pCi), respec-

ively. All subjects had normal or corrected-to-normal visual acuity

nd no history of psychiatric or neurological disease. Hand and foot

ight-dominance were tested by the Edinburgh handedness inventory

 Oldfield, 1971 ). These inclusion criteria were established prior to data

ollection and analyses. All participants gave written informed consent

nd all procedures were approved by the Ethics Committee of Fon-

azione Santa Lucia, Rome, Italy. 



S. Di Marco, V. Sulpizio, M. Bellagamba et al. NeuroImage 244 (2021) 118581 

Fig. 1. Visuo-somatomotor integration experiment and set-up. (A) Representation of a congruent trial with both visual and somatomotor stimuli showing a changing 

heading toward right. 3D manikins indicate the sequence and kinematic of leg movements and the coupling with the visual stimulation, specifically: 1 s “leg flexion 

phase ” matched with 1 s “forward-linear phase ”; 1 s “rotation phase ” and 1 s “extension phase ” matched with 2 s “forward-curve phase ”; 1 s “return phase ” matched 

with 1 s “forward-linear phase ”. (B) The in-house MRI-compatible set-up for leg movements. On the left panel, a close-up of the cardan joint (see Methods for details). 
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.2. Visuo ‐Somatomotor integration experiment 

An event-related main fMRI experiment, hereafter called Integration

xperiment , was used to explore cortical sensitivity to multisensory in-

egration of signals relevant for locomotion, such as visual motion cues

nd somatomotor signals coming from leg movements. For this purpose,

wo simultaneous conditions were employed: a visual-motion condition

roviding unimodal visual input and a pure somatomotor condition pro-

iding unimodal somatomotor input (see Fig. 1 A). For sake of clarity, al-

hough in this study we used only bimodal conditions ( i.e. , visual-motion

nd somatomotor conditions are always simultaneously presented), the

wo unimodal conditions are separately described below. 

The visual motion condition consisted of passive viewing of a virtual

D environment with blue sky filling the upper visual field and a black

round plane filling the lower visual field. The general layout of the vi-

ual stimulation is identical to that used in a recent paper from our lab

 Di Marco et al., 2021 ). A white central fixation cross was placed slightly

bove the horizon. The black ground plane was filled with white dots

oving in a coherent manner to simulate egomotion-compatible visual

eedback. Dots were randomly generated online at each trial and their

ize and local speed were radially scaled with distance from the ob-

erver. Dots traveled at an average speed of 2°/s to give participants the

mpression they were simulating a footstep. In each trial, dots moved

ccording with two phases: (1) a 1 s “forward-linear phase ” simulating

orward linear motion, (2) a 2 s “forward-curve phase ” simulating for-

ard curve motion toward right or left, so as to reproduce locomotion-

ompatible heading changing from linear path to rightward or leftward

urve path. Finally, 1 s forward linear motion equal to the initial 1 s

forward-linear phase ” was presented. 

In the somatomotor condition subjects were asked to perform a long-

ange leg movement simulating a footstep toward right or left using the

eg-set-up ( Fig. 1 B; see Experimental set-up for details). They initially

aintained both legs laid down on the scanner bed. Each trial started

ith a visual cue signal appearing for 400 ms at the right or left side

f the fixation cross to inform the subject on the direction in which the

ootstep had to be executed. After a 1 s interval for movement prepa-
3 
ation, the fixation cross turned green (go signal) for 4 s and subjects

tarted to execute a sequence of lower limb movements reproducing a

ootstep toward right or left as instructed. Specifically, the lower limb

ovement consisted of four phases: (1) a 1 s “flexion phase ” of flexion

f the right leg with gradual dorsi-flexion of the right foot, (2) a 1 s

rotation phase ” of rightward or leftward rotation of the right leg, (3)

 1 s “extension phase ” of extension of the right leg with gradual dorsi-

xtension of the right foot to simulate a complete footstep; (4) finally,

 s return movement back to the starting position was performed. 

Outside the scanner, subjects underwent an extensive training (last-

ng about 30 min) to execute the leg movement according to the re-

uired sequence and timing in order to perform it synchronized with

hanges in the visual motion stimulus. Fig. 1 A shows the kinematic of

he leg movements and the coupling with the visual motion stimulation.

n particular, 1 s “leg flexion phase ” matched with 1 s “forward-linear

hase ” corresponding to the phase when the foot lifts off the ground

nd the body moves forward on a linear path, while 1 s “rotation phase ”

nd 1 s “extension phase ” matched with 2 s “forward-curve phase ” cor-

esponding to the phase when the body rotates while keeping moving

orward thus travelling on a curve path and the foot prepares for land-

ng. Finally, 1 s “return phase ” matched with 1 s “forward-linear phase ”

orresponding to the phase when the body keeps going forward on a

inear path. Due to the scanner limitations, the leg movement speed

as kept low to avoid excessive head and body motion. Thus, a low

elocity was used for the visual motion stimulation in order to approxi-

ately match the visually-induced self-motion velocity with that of the

eg movement. The preparation interval of constant length (1 s) after the

ue signal ensured that the trained subjects started their leg movement

t the go signal so that each phase of the leg movement matched with the

orresponding phase of the visual motion stimulus. More importantly,

he green fixation cross lasting 4 s gave participants visual feedback on

he temporal window for executing the entire sequence of movements.

pecifically, subjects were instructed to start performing the movement

hen the fixation cross turned green and to complete the sequence of

ovements coming back to the starting position when the cross turned

hite. 
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Fig. 2. 2 by 2 factorial design Congruency x Repetition: bimodal combinations of rightward or leftward visual and somatomotor unimodal stimuli (forward-curve 

visual motion and footstep) resulted in congruent and incongruent trials which were classified as repeated or non-repeated based on the previous trial accordingly 

with the fMR-adaptation paradigm. Bimodal combinations of right (R) or left (L) direction independently manipulated in the visual component, i.e. , simulating 

forward linear motion changing to forward curve motion toward right (V R ) or left (V L ) and in the somatomotor component, i.e. , a footstep executed toward right 

(M R ) or left (M L ), resulted in two congruent combinations (V R M R , V L M L ) and two incongruent combinations (V R M L , V L M R ). 
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Bimodal combinations of right (R) or left (L) direction independently

anipulated in the visual component, i.e. , simulating forward linear mo-

ion changing to forward curve motion toward right (V R ) or left (V L )

nd in the somatomotor component, i.e. , a footstep executed toward

ight (M R ) or left (M L ), resulted in two congruent combinations (V R M R ,

 L M L ) and two incongruent combinations (V R M L , V L M R ) ( Fig. 2 ). 

Subjects were instructed to fixate throughout the experiment the cen-

ral cross informing about the timing of the somatomotor task. Addition-

lly, the central cross simulated observer gaze direction so that fixation

nsured that subjects received a visual stimulation that properly sim-

lated their motion in both linear and curve phases. In other words,

eeping central fixation, participants’ gaze direction was aligned with

he linear trajectory of dots flow during the linear phase and tangential

o the direction of the curving trajectory of dots flow during the curve

hase (for further details see Di Marco et al. 2021 ). 

Accordingly with the fMR-adaptation paradigm, all the above-

entioned bimodal (congruent or incongruent) combinations were ar-

anged so that each bimodal combination was classified as repeated or

on-repeated based on the previous trial (see Fig. 2 ). This gave a 2 by 2

actorial design Congruency x Repetition resulting in four experimental

onditions: (1) Repeated Congruent condition in which V R M R was pre-

eded by V R M R, and V L M L was preceded by V L M L; (2) Non-Repeated

ongruent condition in which V R M R was preceded by V L M L and vice

ersa; (3) Repeated Incongruent condition in which V R M L was preceded

y V R M L and V L M R was preceded by V L M R; (4) Non-Repeated Incongru-

nt condition in which V R M L was preceded by V L M R and vice versa. 

Note that, since we were interested in studying multisensory integra-

ion processes by comparing congruent and incongruent combinations,

nly the bimodal stimulus per se was repeated, meaning that there were

o trials in which only one unimodal component was repeated. This led

o the following scenario: in the repeated condition, the direction of

ach unimodal component was identical to that of the previous trial,

hereas in the non-repeated condition, the direction of each unimodal

omponent was opposite to that of the previous trial. As a consequence,
4 
ongruent and incongruent trials were separated in different blocks. Im-

ortantly, each unimodal stimulus was presented for the same number

f times in congruent and incongruent blocks, in order to balance across

ongruent and incongruent conditions the adaptation of unimodal neu-

ons for the repetition of the unimodal stimulus in their preferred sen-

ory modality ( i.e. , unimodal neurons adapt equally stronger in both

ongruent and incongruent conditions). This ensures that any difference

n the adaptation effect between congruent and incongruent blocks can

e ascribed only to bimodal neurons. Indeed, only bimodal neurons are

ensitive to the congruency relationship between unimodal stimuli. Con-

ersely, unimodal neurons are insensitive to such a congruency relation-

hip, thus can only be responsible for an adaptation effect independent

rom congruency. Congruent and incongruent blocks were equally dis-

ributed throughout each run. Experimental blocks were randomly inter-

eaved with 13.2 s fixation periods (rest), in which only the visual stimu-

us with no dots moving along the ground plane was presented. Fixation

eriods represented the baseline in this experiment. Each bimodal con-

ruent and incongruent condition, categorized based on fMR-adaptation

aradigm (repeated or non-repeated), was presented 12 times per run.

ach subject completed 4 runs. This gave a total of 48 repetitions per

ondition. 

To encourage good fixation, subjects were instructed to perform a

linking detection task at fixation. They were asked to detect a blink

f the fixation cross, lasting 50 ms and occurring a variable number of

imes, from 4 to 6, in each run. At the end of each scan participants ver-

ally reported the number of times in which the fixation cross blinked.

ehavioral responses were recorded, and subjects received feedback on

heir ability to maintain a steady fixation. As for the somatomotor task,

aintaining gaze on the central cross allowed participants to follow ex-

eriment instructions which were provided at fixation besides ensuring

hat no confounding signal associated with eye movements was added.

he percentage of accuracy for the visual task averaged across sub-

ects was 90% (SD = 9.75), indicating a good capability of the par-

icipants to maintain a constant attentional state throughout all the
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isuo-somatomotor integration experiment . Experimenters were engaged

hroughout the experiment in the visual inspection of the task perfor-

ance for each trial, verifying whether the correct sequence of move-

ents was executed and checking the direction of the performed foot-

tep (right or left) in order to assess accuracy in following cue instruction

right or left). Indeed, spatial congruency relationship between visual

nd somatomotor inputs in each trial strictly depended on the direction

f the executed footstep. Again, the percentage of accuracy for the so-

atomotor task averaged across subjects was equal to 99% (SD = 1.36),

ndicating that participants in most of the trials correctly performed the

ootstep in the instructed direction. Note that the sequence of move-

ents was always executed correctly, indicating that the pre-scanning

raining was effective. 

.3. Localizer scans 

In a second set of fMRI experiments, several localizer scans were con-

ucted to define three leg-related regions (hPEc, hPE and S-I) similar to

he somatomotor task used in Pitzalis et al. (2019) and three egomo-

ion regions (CSv, pCi and PIC) based on the visual motion task used

n Serra et al. (2019) . The specific procedures are described in detail

elow. 

Localizer for hPEc, hPE and S-I ROIs ( leg movement scans ). Subjects

ere asked to perform a modified version of the somatomotor task used

n Pitzalis et al. (2019) requiring to execute the same long-range leg

ovement simulating a footstep as the visuo-somatomotor integration

xperiment, in order to maximally stimulate limbs joints and activate

omatomotor neurons (see above for a detailed description of the move-

ent sequence). Each scan consisted of 4 consecutive trials for each

lock for a total of fourteen leg movement blocks lasting 20.5 s each, in-

erleaved with 14 fixation periods of variable duration (12, 14 or 16 s).

uring fixation blocks, subjects were asked only to maintain fixation

hroughout the block. In experimental blocks, the white fixation cross

urned red for 300 ms (warning signal for the movement preparation)

nd, after a variable delay (750, 1000, 1250, 1500 ms), turned green

go signal) for 4 s, instructing participants to execute a 4 s sequence of

imb movement while keeping central fixation. 

Localizer for CSv, pCi and PIC ROIs ( flow fields scans ). Briefly, par-

icipants were instructed to maintain central fixation while presented

ith four 16-s blocks of coherently moving dot fields interleaved with

our 16-s blocks of randomly moving dot fields (flow fields stimulus). A

ew field of white dots was generated every 500 ms. During blocks of

oherent motion, a new field of white dots was generated every 500 ms

howing randomly a different motion pattern ranging from dilations,

ontractions, spirals and rotations. The center of the movement was jit-

ered from flow to flow, and the dot speed was logarithmically scaled

ith eccentricity (average speed: 25°/s; range of speed variance: 17°/s

33°/s; see Pitzalis et al., 2010 for a detailed description). 

.4. Experimental set ‐up 

In both the Integration experiment and the localizer for the three

eg-related somatomotor regions, we used an in-house MRI-compatible

et-up allowing subjects to perform controlled and fluid leg movements.

his leg-movement set-up was recently developed by our group and it is

escribed in detail elsewhere ( e.g. , Serra et al. 2019 , Pitzalis et al. 2019 ).

riefly, it consisted of an aluminum track fixed via Velcro straps on a

ooden table which perfectly fitted the scanner bed ( Fig. 1 B). Subjects

aid down on the wooden table, with their right leg extended along an

luminum-track (1) and with their right foot comfortably fixed with

lastic straps to an aluminum support (2) which sliding along the track

llowed subjects to perform fluid and controlled long-range leg flexion

nd extension. Velcro straps for immobilizing hip (3), tight (4), knee

5) ankle (6) of the left leg controlled for whole-body movements. Im-

ortantly, for the present study a cardan joint (close-up in Fig. 1 B) was

dded to the aluminum foot support, allowing movement adjustments
5 
n each direction in order to ensure wide and smooth rotations of ev-

ry right leg joint both rightward and leftward and free and smooth

nkle flexions and extensions during the footstep execution. Smooth

eg and ankle movements were important for providing somatomotor

nput that was as natural as possible during both the integration ex-

eriment and the leg movement scans. This methodological refinement

epresents a crucial difference with respect to what done in the past.

ndeed, likely due to technical limits preventing the use of complete

ong-range movements in the MR environment, the few previous stud-

es focusing on lower limbs used simple leg or foot movements mainly

ncluding ankle rotation ( Heed et al., 2011 , 2016 ; Leoné et al., 2014 ;

ood and Sereno, 2016 ) or ankle dorsiflexion ( Sahyoun et al., 2004 ;

hristensen et al., 2007 ; Kapreli et al., 2008 ; Rocca and Filippi, 2010 ;

orey et al., 2014 ; Dalla Volta et al., 2015 ; Sacheli et al., 2017 ), but

eglecting the hip joint, which has a fundamental role in guiding lo-

omotion. A second training was shortly performed also in the scanner

ith subject’s leg secured to the set-up for executing leg movements

s smooth and naturally as possible without moving head and other

ody parts. After training, participants were able to automatically exe-

ute the entire sequence of lower limb movements in a smooth way as

f they were actually performing a footstep. Notably, the possible de-

rees of freedom of individual leg movements were reduced by several

onstraints. First, the aluminum support where subject’s foot was se-

ured, sliding along the aluminum track, ensured standardized leg flex-

on and extensions. Additionally, the set-up was provided with a plastic

od which was used to stop the sliding of the foot support at an individ-

al level of leg flexion accordingly with the execution of 1 s movement

ithout moving the rest of the body. Second, participants had to per-

orm a specific sequence of movements in a specific temporal window.

his increased the level of uniformity of the performed footstep across

ubjects and, more importantly, across trials assuring that somatomotor

nputs were as similar as possible between the repeated trials. Whereas,

erforming the footstep in the opposite direction, assured that somato-

otor inputs (related to the footstep direction) were opposite between

he non-repeated trails. Overall, all these constraints together with the

ntensive training and the instruction of performing a meaningful move-

ent like a footstep are important factors that standardized the move-

ent kinematics. 

In all experiments, in order to minimize head movements a chin-neck

est was used during the scans. The chin-neck rest was constituted by a

oft cervical collar, made of soft foam, supporting the subject’s neck and

hin. The cervical collar rested on the subjects’ chest, greatly reducing

ead movements along the pitch axis ( Pitzalis et al., 2019 ). The subjects’

ead was stabilized with foam padding, and additional foam pads were

laced under their back and inion in order to reduce the level of dis-

omfort. In all tasks, visual stimuli were presented on a monitor placed

t the end of the scanner bore and viewed by participants via a mirror

ounted on the head coil. In the integration experiment, visual motion

timulus (subtending 23° (H) x 13° (V) in visual angle) was generated

y using a combination of MATLAB (The MathWorks Inc., Natick, MA,

SA), Psychtoolbox-3 ( Brainard, 1997 ; Pelli, 1997 ) and OpenGL. 

.5. Apparatus and procedure 

Functional T2 ∗ -weighted images were collected using a gradient

cho EPI sequence using blood-oxygenation level-dependent imaging

 Kwong et al., 1992 ). Functional images were acquired using a 3T

hilips Achieva MR scanner equipped for echo-planar imaging with a

tandard head coil and operating at the Neuroimaging Laboratory, Foun-

ation Santa Lucia. 

We used blood-oxygenation level-dependent imaging ( Kwong et al.,

992 ) to acquire echo-planar functional MR images (TR = 2 s,

E = 30 ms, flip angle = 77°, 72 × 69 image matrix, 2.5 × 2.5 mm in-

lane resolution, 38 slices, 3.6 mm slice thickness with 0.4 mm gap,

scending excitation order) in the AC–PC plane. Images were acquired

tarting from the superior convexity and extended ventrally so that to
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nclude the whole cerebral cortex, except for the ventral portion of the

erebellum. For each participant we also acquired a three-dimensional

igh-resolution anatomical image using a turbo field echo sequence

TFE): TR = 13 ms, TE = 5.7 ms, flip angle = 8°, 256 × 228 image ma-

rix, 0.5 × 0.5 mm in-plane resolution, 342 contiguous 0.5 mm thick

agittal slices). For each scan, we discarded the first four volumes in or-

er to achieve steady-state, and the experimental task was initiated at

he beginning of the fifth volume. 

We scanned participants during a single fMRI acquisition session

ncluding four 480-s long scans for the main experiment (also called

visuo-somatomotor integration experiment ”) and one anatomical scan.

ach participant also completed two “localizer ” experiments including

wo 256-s long flow field scans and one 526-s long leg movement scan.

ata from these localizer scans were used to identify egomotion regions

nd somatomotor regions (see below). 

.6. Image processing and analysis 

Images were preprocessed and analyzed using SPM12 (Wellcome

epartment of Cognitive Neurology, London, UK) and FreeSurfer 5.1

 http://surfer.nmr.mgh.harvard.edu/ ). 

We first analyzed structural images following the “recon-all ”

ully automated processing pipeline implemented in FreeSurfer 5.1.

his procedure allows us to obtain a surface representation of

ach individual cortical hemisphere in a standard space after per-

orming intensity correction, transformation to Talairach space, nor-

alization, skull-stripping, subcortical and white-matter segmenta-

ion, surface tessellation, surface refinement, surface inflation, sulcus-

ased nonlinear morphing to a cross-subject spherical coordinate

ystem, and cortical parcellation ( Dale et al., 1999 ; Fischl et al.,

999a , 1999b ; Desikan et al., 2006 ). The resulting surface reconstruc-

ions were transformed to the symmetrical FS-LR space ( Van Es-

en et al., 2012 ) using tools in the Connectome Workbench soft-

are ( https://www.humanconnectome.org/software/get-connectome-

orkbench ), resulting in surface meshes with approximately 74 K nodes

er hemisphere. 

Functional images were realigned within and across scans to cor-

ect for head movement and coregistered with structural scans using

PM12 (Wellcome Department of Cognitive Neurology, London, UK).

unctional data were then resampled to the individual cortical surface

sing ribbon-constrained resampling as implemented in Connectome

orkbench ( Glasser et al., 2013 ). Images were then spatially smoothed

sing a 6-mm full-width at half-maximum (FWHM) isotropic Gaussian

ernel for the main experiment and a 4-mm FWHM isotropic Gaus-

ian kernel for the localizer images. In order to reduce the impact of

ead movements on signal quality, the framewise displacement index

FD, Power et al., 2012 ) was quantified at each time point as an esti-

ate in mm of head movement with respect to the previous time point

nd computed as the sum of the absolute values of the differentiated

ealignment estimates. FD values and six additional head movement-

elated regressors parameters (rotation and translation along the three

xes x-y-z) were used as nuisance regressors in all the BOLD analyses.

dditionally, to rule out any possible confounding effect induced by leg-

ovements over the head motion-related parameters, we analyzed FD

s a function of the 2 by 2 (congruency by repetition) factorial design.

his repeated-measures ANOVA revealed that there are no differences

mong factor levels. More specifically, we did not find either the congru-

ncy (F 1, 29 = 1.140; p = 0.294; 𝜂p 
2 = 0.038) or repetition main effects

F 1, 29 = 0.239; p = 0.628; 𝜂p 
2 = 0.001) or a significant congruency by

epetition interaction (F 1, 29 = 0.452; p = 0.507; 𝜂p 
2 = 0.015). Thus,

mportantly for the interpretation of the BOLD results interpretation,

ead movement cannot explain the different activity profile observed

etween factor levels. Finally, to exclude any possible fatigue effect oc-

urring during the experiment, we analyzed the FD values as a function

f the experimental block (first, second, third, fourth). This one-way

NOVA revealed no significant block effect (F 1, 29 = 1.619; p = 0.191;
6 
p 
2 = 0.053), thus indicating that no fatigue effect arising due to leg

ovements occurred during the experiment. 

The conditions of our ethics approval do not permit public archiving

f the raw MRI data. The preprocessed MRI anonymous data are avail-

ble upon request at the lead author Pitzalis S. Access will be granted

fter completion of a formal data sharing agreement and approval of the

ocal ethics committee, in accordance with ethical procedures govern-

ng the reuse of sensitive data. The experimental stimuli are available

t the following link: https://github.com/valesulpizio/Multisensory-

ntegration-Experiment . 

The analyses were conducted on two types of independently defined,

heoretically motivated, regions of interest (ROIs): egomotion and so-

atomotor regions. These regions were identified by analyzing data

rom the ‘‘localizer’’ scans in which active blocks were modeled as box-

ar functions, convolved with a canonical hemodynamic response func-

ion. 

Flow field scans were used to define three egomotion ROIs as the re-

ions responding stronger to coherently versus randomly moving dots:

1) the posterior cingulate sulcus area (pCi), within the posterior dor-

al tip of the cingulate sulcus. This region was originally labelled Pc (as

recuneus) by Cardin and Smith (2010) , and later re-labelled pCi by

erra et al. (2019) to highlight its location within the cingulate sulcus;

2) the cingulate sulcus visual area (CSv), in the depth of the posterior

art of the cingulate sulcus, anterior to the posterior ascending portion

f the cingulate sulcus, corresponding to the original motion area de-

cribed by Wall and Smith (2008) ; (3) the posterior insular cortex (PIC),

t the junction between the posterior insula and the posterior parietal

ortex (see Greenlee et al. 2016 for a review). Although the flow field

timulus activates six egomotion-related cortical regions (V6 + , V3A,

IP, pCi, CSv and PIC), only the three anterior ones, pCi, CSv, and PIC,

ave been studied in this work because they are also active during leg

ovements, thus indicating their possible role in the control of visually

uided locomotion ( Serra et al., 2019 ). 

Leg movement scans were used to define three somatomotor ROIs as

he regions responding stronger to leg movements relative to fixation:

1) the human homologue of the macaque area PEc (hPEc), recently

efined in the anterior part of the dorsal precuneus ( Pitzalis et al., 2019 );

2) the medial portion of the human homologue of the macaque area PE

 Pitzalis et al., 2019 ), right over the dorsal tip of the cingulate sulcus; (3)

he medial portion of the primary somatosensory cortex (S-I) where the

ower limb is represented ( Di Russo et al., 2006 ; Akselrod et al., 2017 ;

al et al., 2017 ). 

The choice of defining egomotion (CSv, pCi, PIC) and somatomotor

egions (hPEc, hPE, S-I) from separate contrasts of the two independent

ocalizers was motivated by theoretical and technical reasons. Although

unctional ROIs can be created using orthogonal contrasts in a factorial

esign ( Friston et al., 2006 ), as that used in our integration task, a com-

on practice is to define the ROIs through a ‘localizer’ scan that is sepa-

ate from the scan of primary interest, especially when an individually-

ased mapping is required (see Poldrack 2007 ; Saxe et al. 2006 ). Simi-

arly, also a conjunction analysis between somatomotor and visual tasks

ould be potentially useful to identify all these regions. However, there

re two important technical reasons why using these conjunction anal-

ses would be unfeasible. First, the conjunction method is generally

sed to look for shared activation between two contrasts of the same

ask, rather than different contrasts of the separate tasks. Related to this

oint, it should be noted that the selected ROIs respond to somatomotor

nd visual tasks with very different intensities. Second, the watershed

lgorithm (see below) we applied here to segment the activation map

nd define ROIs around the individual activation peaks uses the intrin-

ic spatial gradient of the contrast map, which is partially disrupted by

aking at each point the minimum of two maps as happens when using

onjunction maps. 

Both egomotion and somatomotor ROIs were created by using a

hreshold-free mapping, by selecting single activation peaks and their

eighborhood (for a maximum of 400 cortical nodes) through a water-

http://www.surfer.nmr.mgh.harvard.edu/
https://www.humanconnectome.org/software/get-connectome-workbench
https://www.github.com/valesulpizio/Multisensory-Integration-Experiment
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Table 1 

Regional peaks (MNI coordinates in mm) of somatomotor 

and egomotion ROIs. 

Region MNI coordinates 

Hemisphere X Y Z 

hPEc LH − 9 ± 5 − 56 ± 5 64 ± 5 
hPE LH − 6 ± 2 − 42 ± 3 68 ± 6 
S-I LH − 4 ± 4 − 35 ± 4 69 ± 6 
pCi LH − 12 ± 3 − 41 ± 4 49 ± 5 
PIC LH − 45 ± 5 − 36 ± 5 19 ± 5 
CSv LH − 12 ± 2 − 19 ± 4 40 ± 3 
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hed segmentation algorithm as applied to surface meshes ( Mangan and

hitaker, 1999 ). This method ensures that all ROIs could be defined

n every participant. All these ROIs were defined only in the left hemi-

phere to account for the fact that participants used their right leg dur-

ng the main experiment. Table 1 reported MNI coordinates of regional

eaks. 

For the main experiment ( visuo-somatomotor integration experiment)

nalysis, we modeled each trial as a canonical hemodynamic response

unction time-locked to the trial onset. We defined separate regressors

or each experimental condition, by labeling each trial as a combina-

ion of Congruency (congruent, incongruent) and Repetition (repeated,

on-repeated). The catch trials and the first trial following rest peri-

ds were modelled as separate conditions and were not considered in

he analyses. For each participant and region, we computed a regional

stimate of the amplitude of the hemodynamic response, by entering a

eighted spatial average (across all vertices in the region) of the surface-

ransformed unsmoothed BOLD time series into the individual general

inear models. Within each region, hemodynamic responses were ana-

yzed with a 2 by 2 ANOVA, with Congruency between visual and so-

atomotor stimuli (congruent, incongruent) and Repetition (repeated,

on-repeated) as main factors. For each of these analyses, post-hoc com-

arisons were computed after finding significant main effects and/or

nteractions, as paired T-tests with Bonferroni correction for multiple

omparisons. 

For this analysis, we used a Bonferroni adjustment in order to create

onfidence intervals for all the pairwise differences between the fac-

or levels. This factorial design allowed us to explore integration prop-

rties of ROIs at two different hierarchical levels. As a first step, we

erified whether a difference between congruent and incongruent bi-

odal conditions occurred at the level of the main factor Congruency.

s a second step, we employed an fMR-adaptation paradigm in order

o reveal, if any, more subtle differences in sensitivity to congruency

elationship manipulation. Indeed, it has been argued that unimodal

eurons might saturate the BOLD signal amplitude (ceiling effect), pre-

enting response of bimodal neurons from emerging ( Goebel and van

tteveldt, 2009 ). The fMR-adaptation paradigm was used to reduce the

ontribution of unimodal neurons to the BOLD signal amplitude, provid-

ng extra range where to test bimodal response. Assuming that a signal

eduction observed in repeated trials compared to non-repeated trials

eveals sensitivity to the repeated feature (fMR-adaptation), here we

epeated bimodal congruent and incongruent pairs in order to reveal

ifferential sensitivity to congruent and incongruent combinations. In-

eed, a region which is sensitive to the congruency relationship between

nimodal stimuli, adapting differently across congruent and incongru-

nt conditions, should be involved in multisensory integration. Hence,

he above-mentioned factorial design was also employed to verify, at

he level of the main factor Repetition, whether ROIs showed lower re-

ponses to the Repeated condition compared to the Non-Repeated con-

ition, revealing a general adaptation effect, i.e. a sensitivity to the re-

eated features (direction -right or left- of visual or somatomotor or

ither sensory modalities), regardless of their congruency relationship.

mportantly, at the level of the interaction between the two main fac-

ors, a difference in adaptation effect across congruent and incongruent
7 
onditions would reveal a specific adaptation effect, i.e. , depending on

ongruency. Finally, post-hoc analyses were used to confirm whether

ongruent- or an incongruent-specific adaptation had occurred and thus,

hether a preference for congruent or incongruent cues exists, suggest-

ng an involvement in multisensory integration. 

Before submitting data to the above-mentioned parametric ANOVAs,

he Kolmogorov–Smirnov test was applied to check for normality of the

ata distribution. The test indicated that variables were normally dis-

ributed ( p > 0.244) in all regions, except in area hPE. In this area, we

etected an asymmetric distribution ( p < 0.024), induced by some out-

ier values. After delating these outlier values (2 subjects; z-score > 3),

he Kolmogorov–Smirnov test have revealed that all variables were nor-

ally distributed ( p > 0.07) so that parametric analyses (ANOVAs) were

erformed. 

For completeness, we also conducted a whole-brain analysis. Pa-

ameter estimated images from each participant and condition entered

 group analysis where subjects were treated as a random effect. An

omnibus ” F-contrast comparing any combination of the two conditions

congruency and repetition) with the fixation condition was computed.

he resulting statistical parametric map (shown in Supplementary Fig.

2) was thresholded at p < 0.05 FDR-corrected at the cluster level, with

 cluster-forming threshold of p < 0.001 uncorrected. 

. Results 

The histograms in Fig. 3 A show the BOLD signal change as a function

f Congruency (congruent vs. incongruent) and Repetition (repeated vs.

on-repeated) in the somatomotor regions (hPEc, hPE and S-I) and in

he egomotion regions (pCi, CSv and PIC). See also Supplementary Fig.

1 for a more detailed description about the distribution of individual

ata. 

In order to assess whether all these regions were sensitive to the

ssociative relationship between visual and somatomotor cues, we per-

ormed a neural adaptation analysis assessing whether repeated expo-

ure to congruent/incongruent trials led to different adaptation effects.

e thus analyzed the BOLD signal change as a function of Congruency

congruent vs. incongruent) and Repetition (repeated vs. non-repeated)

y means of a 2 by 2 repeated-measure ANOVA. 

Among the somatomotor regions, we found a main effect of Con-

ruency only in hPEc (F 1, 29 = 5.713; p = 0.024; 𝜂p 
2 = 0.165), indi-

ating a stronger response to incongruent as compared to congruent

rials. No significant main effect of Congruency was observed in areas

PE (F 1, 29 = 0.153; p = 0.698; 𝜂p 
2 = 0.005) and S-I (F 1, 29 = 0.021;

 = 0.885; 𝜂p 
2 = 0.001). The main effect of Repetition, which reflects

he fMR-adaptation effect, i.e. , the reduction in neural activity follow-

ng stimulus repetition (non-repeated > repeated), was found in all the

omatomotor regions, i.e. , hPEc (F 1, 29 = 5.655; p = 0.024; 𝜂p 
2 = 0.163),

PE (F 1, 27 = 4.699; p = 0.039; 𝜂p 
2 = 0.148) and S-I (F 1, 29 = 6.440;

 = 0.017; 𝜂p 
2 = 0.182). However, while the most anterior hPE and S-

 showed a general sensitivity to the repeated presentation of bimodal

timuli, regardless of their spatial congruency, fMR-adaptation in area

PEc was also modulated by congruency. Indeed, the area showed a sig-

ificant Congruency by Repetition interaction (F 1, 29 = 5.080; p = 0.032;

p 
2 = 0.149), indicating the presence of adaptation effects only for in-

ongruent trials ( p = 0.005). We found no significant interaction in ar-

as hPE (F 1, 29 = 0.061; p = 0.807; 𝜂p 
2 = 0.002) and S-I (F 1, 29 = 0.026;

 = 0.873; 𝜂p 
2 = 0.001). 

Among the egomotion regions, we found a main effect of Con-

ruency only in PIC (F 1, 29 = 4.262; p = 0.048; 𝜂p 
2 = 0.128), in-

icating a stronger response to congruent as compared to incongru-

nt trials. No significant effect of Congruency was observed in areas

Sv (F 1, 29 = 0.717; p = 0.404; 𝜂p 
2 = 0.024) and pCi (F 1, 29 = 0.001;

 = 0.985; 𝜂p 
2 = 0.001). Repetition yielded significant fMR-adaptation

n area CSv (F 1, 29 = 10.366; p = 0.003; 𝜂p 
2 = 0.263), but not in areas

IC (F 1, 29 = 0.034; p = 0.856; 𝜂p 
2 = 0.001) and pCi (F 1, 29 = 2.408;

 = 0.132; 𝜂p 
2 = 0.077, indicating that only CSv was sensitive to the
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Fig. 3. ROIs sensitivity to the visuo-somatomotor integration experiment. (A) Column histograms plot the mean percentage of signal changes + SE of the mean across 

subjects in the tested regions. The upper part of the panel A shows regions which exhibited an integration effect (hPEc, pCi and PIC), while the lower part shows regions 

which did not exhibit an integration effect (hPE, S-I and CSv). ROIs responses are plotted as a function of Congruency (congruent vs. incongruent) and Repetition 

(repeated vs. non-repeated). Horizontal squared brackets denote averages between conditions. Horizontal curly brackets indicate statistical comparisons. Asterisks 

mark significant effects. ∗ p < 0.05; ∗ ∗ p < 0.005. (B) Overlap of the six individually defined ROIs rendered on the inflated representation of the left hemisphere of 

Conte69 surface-based atlas. ROIs colors indicate in blue regions not showing integration effects (CSv, hPE and S-I), in green regions showing a congruent-specific 

integration effect (pCi and PIC) and in red the region (hPEc) showing an incongruent-specific integration effect. pCi: posterior cingulate sulcus area; CSv: cingulate 

visual area; PIC: posterior insular cortex; hPEc: human homologue of macaque area PEc; hPE: human homologue of macaque area PE; S-I: primary somatosensory 

cortex. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article). 
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epeated exposure to identical trials. A significant Congruency by Rep-

tition interaction was found only in pCi (F 1, 29 = 4.690; p = 0.039;

p 
2 = 0.139) and indicated the presence of adaptation effect only for

ongruent trials ( p = 0.027). We found no significant interaction in area

Sv (F 1, 29 = 1.284; p = 0.266; 𝜂p 
2 = 0.042) and a marginal significant

nteraction in area PIC (F 1, 29 = 4.100; p = 0.052; 𝜂p 
2 = 0.124). 

In Fig. 3 B each ROI is color-coded based on its response profile to

he visuo-somatomotor integration experiment. To sum up, we found that

omatomotor hPEc and egomotion regions pCi and PIC showed multi-

ensory integration ( Fig. 3 A, upper panel), although in different ways.

PEc was the only region that showed a significant adaptation effect

nly for incongruent trials (red region in Fig. 3 B). pCi and PIC showed a

ignificantly increased response to the congruent combination of visual

nd somatomotor signals (green regions in Fig. 3 B). In particular, pCi

xhibited an fMR-adaptation effect only for congruent trials, while PIC

esponded stronger to congruent than incongruent trials. On the other

ide, somatomotor regions hPE and S-I, and egomotion area CSv did

ot show any evidence of integration between visual and somatomotor

ignals ( Fig. 3 A, lower panel). These regions indeed exhibited only fMR-

daptation effects, independently of the spatial congruency relationship

etween visual motion and leg movement (blue regions in Fig. 3 B). 

Finally, we also conducted a whole-brain analysis to corroborate the

egional results. The “omnibus ” F-contrast comparing any combination

f the two conditions (Congruency and Repetition) with the fixation

ondition revealed that all the selected regions of interest are activated

see Supplementary Fig. S2). 

. Discussion 

In the present work, we were interested in studying the integration

roperties of a set of multisensory regions (somatomotor regions hPEc,
8 
PE, S-I and egomotion areas CSv, PIC, pCi), all showing both visual

otion and somatomotor responses ( Pitzalis et al., 2019 ; Serra et al.,

019 ; Di Marco et al., 2021 ). To this aim, we used an integration fMRI

aradigm combining visual and somatomotor signals in a way that the

irection of visual self-motion could be either compatible (congruent

rials) or not (incongruent trials) with that of leg movements. 

.1. Multisensory integration in hPEc 

The main finding in the present paper concerns the newly defined

ultisensory area hPEc. Here we found that this area is sensitive to the

patial congruency between visual and somatomotor stimuli suggesting

hat it is involved in multisensory integration processes. This result is

ew and significant in that it demonstrates what was previously only

ypothesized first in macaque and then in humans. 

Macaque PEc is indeed known to contain not only unimodal vi-

ual and unimodal somatosensory neurons, but also bimodal visuo-

omatosensory neurons, and this led several authors to speculate that

his region could be the ideal candidate for multisensory integration

etween the two sensory modalities ( Breveglieri et al., 2006 , 2008 ;

amberini et al., 2018 , 2020 ). However, differently from unimodal vi-

ual neurons ( Battaglia-Mayer et al., 2001 ; Raffi et al., 2002 , 2010 ,

011 , 2014 ), bimodal neurons have never been tested with an optic

ow stimulus. Similarly, there are no monkey studies where the animal

erforms a limb movement while simultaneously receiving a visual stim-

lation to test the possible integrative properties of the bimodal neurons.

evertheless, based on responses observed in this region to complex vi-

ual stimuli, particularly in the lower visual field, and a somatosensory

epresentation of limbs, including the lower limbs, it has been suggested

hat PEc is involved in the control of locomotion ( Breveglieri et al., 2006 ,

008 ; Gamberini et al., 2018 ). 
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In humans, we have recently defined the human homologue of

acaque PEc using a pure motor task and an innovative set-up for

erforming controlled leg movements. Like macaque PEc, we observed

hat hPEc is a multisensory region showing somatosensory, visuomo-

or, and visual properties. Indeed, this area responds to both arm

nd long-range leg movements, to both hand and foot pointing move-

ents ( Pitzalis et al., 2019 ) with a preference for the lower visual field

 Maltempo et al., 2021 ), and to grasping movements ( Sulpizio et al.,

020a ), suggesting that this cortical region is involved in sensorimo-

or integration aimed at performing the action. In addition, we found

hat the sensorimotor hPEc is also implicated in processing egomotion-

ompatible visual motion, since it is sensitive to flow field ( Pitzalis et al.,

019 ) and to self-motion compatible visual stimulation ( Pitzalis et al.,

020 ). Additionally, in another recent study, we found that hPEc prefers

 locomotion-compatible visual motion stimulus simulating changing di-

ection of self-motion in the environment ( i.e. , curved paths compared

o linear paths), suggesting a role in encoding heading changes in the

nvironment and path curvature, likely in order to estimate the future

irection of self-motion and to control locomotor stability during steer-

ng ( Di Marco et al., 2021 ). Based on this collective evidence, we orig-

nally speculated that hPEc is involved in the integration of visual and

omatomotor cues, even though leg movements and optic flow were al-

ays tested separately ( Pitzalis et al., 2019 ; Serra et al., 2019 ; Di Marco

t al., 2021 ). Here, we substantiated this hypothesis by combining to-

ether visual and somatomotor cues in an integration fMRI experiment

nd showing for the first time that hPEc is implicated in multisensory in-

egration of visual cues and somatomotor inputs coming from leg move-

ents. Notably, here we found that area hPEc is able to differentiate be-

ween congruent and incongruent conditions ( Fig. 3 B, red-coded) since

t adapted only for the incongruent condition. This suggests that hPEc is

nvolved in signaling a mismatch between the multisensory signals with

he aim of promoting adjustments of lower limb movements during lo-

omotion and steering. 

As mentioned above, macaque PEc contains bimodal visual-

omatosensory neurons which have been suggested to be involved in

ontrolling whole-body movements for interacting with the environ-

ent during visually-guided locomotion ( Breveglieri et al., 2008 ). In

hese bimodal neurons, visual and somatosensory receptive are not spa-

ially in register. Many bimodal neurons have a somatosensory receptive

eld near the shoulder and the visual receptive field distributed all over

he visual field, in either central, peripheral, contralateral or ipsilateral

isual space. Notice that while visual and somatosensory receptive fields

n register could be useful in reaching and grasping an object, where the

wo types of information need to be coordinated, registered organiza-

ion of visual and somatic information is less compelling for a more

lobal interaction of the entire body with the flow of visual informa-

ion coming from the entire visual environment during locomotion. As

eminded above, in most bimodal cells of macaque PEc the somatosen-

ory receptive field was located on the shoulder, which is presumably

he joint most used by monkeys to control changing direction of move-

ent during locomotion. Interestingly, due to upright position, humans

se the hip to control changes in direction of movement as it happened

n locomotion-compatible leg movements required in the present exper-

ment. Notably, the activation of hPEc for concurrent hip stimulation

nd coherent visual motion we found here together with the preference

or leg movements compared to arm movements ( Pitzalis et al., 2019 )

upports the involvement of this region in controlling locomotion also

n humans. 

In some macaque regions, such as MSTd ( Gu et al., 2006 ), VIP

 Chen et al., 2011a ) and VPS ( Chen et al., 2011b ), it has been de-

cribed the presence of opposite neurons preferring opposite directions

f self-motion (visual and vestibular cues). However, it is still unknown

hether macaque PEc, among its bimodal neurons, hosts also opposite

eurons ( i.e. , cells preferring incongruent directions of visual and so-

atomotor cues to self-motion). Even if the functional role of opposite

eurons is not clear, it has been hypothesized that these cells are re-
9 
ponsible for discounting irrelevant visual motion information from the

isual field ( e.g. , Kim et al. 2016 , Sasaki et al. 2017 ). It is possible that

he preference for incongruent (opposite) cues in human PEc found here

s underlain by such a mechanism, promoting a discounting of any kind

f visual motion inputs ( e.g. , locomotion irrelevant self-motion signals)

hich are incongruent with somatomotor inputs coming from leg move-

ents during locomotion (see Billington and Smith 2015 for a similar

nterpretation). 

The preference for incongruent cues found in hPEc is consistent with

he involvement of the posterior parietal cortex (PPC) in the process-

ng of incongruent stimuli. Indeed, in both macaques and humans PPC

as been observed implicated in tasks where additional processing time

as required for conflicting stimuli. For example, brain imaging human

tudies revealed an increased neural signal in the PPC following incon-

ruent stimuli using a Stroop task ( Adleman et al., 2002 ; Taylor et al.,

997 ; Carter et al., 1995 ; Bench et al., 1993 ). Also on macaque mon-

ey, when PPC cells were tested using a task-switching task, it was

ound that the neuronal latencies to encode response related informa-

ion were faster on congruent compared to incongruent trial (coherently

ith the longer behavioral reaction times associated with the incongru-

nt stimuli; Stoet and Snyder, 2007 ). However, in these studies the mis-

atch condition is more related to a stimulus–response conflict, which

eeds to be resolved with a re-mapping of the motor response ( e.g. ,

ardo et al. 1990 , Everling and Munoz 2000 , Nakamura et al. 2005 ).

onversely, in the present study in the incongruent condition, conflict-

ng stimuli were simultaneously presented and subjects did not have to

e-map their motor response since this was based exclusively on an in-

truction (the visual cue indicating the leg movement direction) which

as independent from the visual motion stimulation. 

Overall, our result about the preference for incongruent cues found

n hPEc provides evidence for the presence of opposite neurons in this

egion and demonstrates that hPEc is implicated in discounting irrele-

ant self-motion signals which are incongruent with somatomotor inputs

risen from leg movements for a stable perception of self-motion, likely

romoting on-line adjustments of locomotion. 

.2. Multisensory integration in pCi and PIC 

Another important result of this study is that we found positive ev-

dence of multisensory integration in the cingulate and insular cortices

n correspondence of the egomotion-related areas pCi and PIC. Unlike

PEc, areas pCi and PIC showed a congruent-specific integration effect

 Fig. 3 B, green-coded), with pCi exhibiting an adaptation effect only

or congruent condition and PIC showing a preference for congruent as

ompared to incongruent condition. These findings suggest that pCi and

IC are involved in multisensory integration of visual and somatomotor

ues to self-motion. 

Since their discovery as motion areas, pCi and PIC were frequently

ssociated to the egomotion network in that they respond to egomotion-

ompatible visual stimuli ( Cardin and Smith, 2010 , 2011 ; Huang et al.,

015 ; Pitzalis et al., 2020 ) and to flowfields ( Serra et al., 2019 ;

ulpizio et al., 2020b ). Area PIC is known as a multisensory region

esponding not only to visual ( Frank et al., 2014 , 2016a ) but also to

estibular ( Fasold et al., 2002 ; Smith et al., 2012 ) motion. Interestingly,

acaque VPS ( Chen et al., 2011b ), which is thought to be the monkey

ounterpart of human PIC, contains bimodal neurons which are able to

ntegrate visual and vestibular cues. These pieces of evidence led several

uthors to speculate that also in humans this region presumably supports

he integration of visual and vestibular senses for the perception of self-

otion ( Frank et al., 2016a , 2016b ). Thus, so far this region has only

een tested for multisensory integration of visual and vestibular signals

 Billington and Smith, 2015 ; Frank et al., 2014 ; 2016a , 2016b ). Results

howed that PIC is able to distinguish between congruent and incongru-

nt combinations of visual cues and vestibular inputs coming from gal-

anic vestibular stimulation in MVPA analysis, although no differences

ad been observed in BOLD response ( Billington and Smith, 2015 ). 
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Beside visual and vestibular properties, we have recently found ev-

dence supporting the presence of motor response in both pCi and PIC.

ndeed, in Serra et al. (2019) we found these regions were activated in

 pure motor task where subjects were requested to perform long-range

eg movements, suggesting a role of these regions in the motor control

f lower limb movements. 

In the present study, we proved that both pCi and PIC prefer congru-

nt visual signals and somatomotor cues coming from leg movements

uggesting that these areas are involved in multisensory integration.

resent findings are in good agreement with previous literature. Indeed,

he anterior portion of PIC and a region in proximity of the anatomical

ocation of area pCi have been recently described as more activated by

ongruent as compared to incongruent combinations of visual and head

otion signals, indicating a role in multimodal self-motion integration

 Schindler and Bartels, 2018a ). 

All together, these findings indicate that pCi and PIC are able to in-

egrate somatomotor inputs from both leg and head movements with

ongruent visual motion cues, likely being involved in controlling dif-

erent body parts during self-motion. In particular, we suggest that these

egions contain bimodal neurons integrating visual motion information

nd somatomotor signals from the lower limbs in order to guide heading

hanges during locomotion. 

.3. General adaptation in hPE, S ‐I and CSv 

hPE, S-I and CSv did not show evidence for multisensory integration

 Fig. 3 B, blue-coded), but exhibited a general adaptation effect, indicat-

ng that these regions are sensitive to rightward and leftward direction

f one (visual or somatomotor) or both sensory modalities ( i.e. , the re-

eated unimodal feature in the bimodal stimulus). This general adap-

ation effect lends itself to various interpretations since all these three

egions have visual as well as somatomotor responses. 

PE and S-I are traditionally considered two low-level somatosensory

egions and it is plausible that their human counterpart might be in-

olved in encoding for rightward and leftward direction, at least in

he somatomotor domain ( i.e. , rightward and leftward rotation of the

eg), rather than in high-level integration processes. However, note that

ome recent fMRI studies revealed that PE and S-I sensitivity can also be

odulated by visual input ( e.g. , Kuehn et al. 2018 , Pitzalis et al. 2019 ,

i Marco et al. 2021 , Maltempo et al. 2021 ). These findings have consid-

rably challenged our understanding of the functions performed by the

rimary somatosensory cortices which would not only reflect processes

f somatomotor stimuli but could actually be involved in the response

o stimuli from other modalities. Importantly for the present paper, in

i Marco et al. (2021) we showed that both hPE and S-I prefer curve

isual motion compared to linear visual motion, indicating their involve-

ent in the analysis of visual motion related to changing direction of

elf-motion in the environment. These findings support the interpreta-

ion of the present results suggesting that hPE and S-I might be sensi-

ive to rightward and leftward directions also in the visual domain ( i.e. ,

ightward and leftward changing heading in forward visual motion).

n alternative explanation is that heading changes during natural lo-

omotion typically produce strong stimulation of leg joints (especially

ip rotation) in order to turn the body. Thus, visual motion information

rovided during heading changes may be naturally associated with such

 stimulation of leg joints so that the visual stimulation itself leads to a

esonance effect evoking a pure somatomotor response in both hPE and

-I (see Di Marco et al. 2021 for similar data interpretation). Further

tudies are needed to verify these possibilities. 

A similar reasoning can also be made for CSv, since it is an

gomotion-related visual region showing high preference for coher-

nt visual motion ( Wall and Smith, 2008 ; Cardin and Smith, 2010 ;

erra et al., 2019 ; Pitzalis et al., 2020 ) and changes in direction of

elf-motion in the environment ( Furlan et al., 2014 ; Di Marco et al.,

021 ), but it also exhibits vestibular ( Smith et al., 2012 ) and somatomo-

or ( Serra et al., 2019 ) responses. The absence of multisensory integra-
10 
ion in CSv in our data is consistent with previous work ( Billington and

mith, 2015 ) showing that this region does not exhibit differences be-

ween congruent and incongruent combinations of visual and vestibu-

ar cues either at the level of BOLD signal amplitude and by MVPA. In

ontrast, recent work studying multimodal integration between visual

otion and signals provided by physical head movement in the scan-

er ( Schindler and Bartels, 2018a ) observed that CSv prefers congruent

ombinations compared to incongruent combinations, indicating that

his region is able to integrate congruent signals. However, in line with

he present results, it has been hypothesized that in CSv sensory signals

bout self-motion are merely collected to be separately sent to the motor

ystem (with which this region is directly connected; Smith et al., 2018 ;

erra et al., 2019 ), rather than to be integrated ( Smith et al., 2017 ). In-

eed, the presence of multimodal sensory responses in a region does not

ecessarily imply that integration occurs ( Huang and Sereno, 2018 ). 

Overall, since in hPE, S-I and CSv we observed only a general adap-

ation effect, we can only speculate on the possible presence of an adap-

ation effect along the visual and/or the somatomotor dimension. 

.4. Functional considerations 

The study of multisensory integration raises some methodological

roblems in both monkeys and humans. At the level of the single neu-

on, integration mechanisms have been extensively investigated in dif-

erent multimodal domains. Multisensory integration can take different

orms ranging from sub-additive to additive to super-additive effects

see Stein and Stanford 2008 for a review). Moreover, together with bi-

odal congruent neurons responding to multiple cues with congruent

irection, also bimodal opposite neurons responding to multiple cues

ith incongruent direction were found (for a review see DeAngelis et al.,

012 ; see also Smith et al. 2017 ). 

In humans, the issue of multisensory integration has been ap-

roached by employing different analysis strategies. In particular, re-

ent fMRI studies have addressed this issue by comparing BOLD re-

ponse between congruent and incongruent combinations of bimodal

timuli ( Frank et al., 2014 ; Billington and Smith, 2015 ; Schindler and

artels, 2018a , 2018b ). Among them, two studies ( Schindler and Bar-

els, 2018a , 2018b ) found in some regions higher BOLD response for

ongruent combinations as compared to incongruent combinations,

laiming that these areas integrate multimodal inputs. When univariate

nalysis failed to find a difference between congruent and incongruent

onditions, some of these studies employed complementary multivariate

attern analysis (MVPA) ( Billington and Smith, 2015 ; Schindler and Bar-

els, 2018b ). Here, we opted for the fMRI-adaptation paradigm, which

s considered more effective than standard fMRI approaches for study-

ng multisensory integration, since it allows to reveal a difference in

he adaptation effect between congruent and incongruent combinations

hich does not emerge at the level of the main effect of the congru-

ncy factor. Indeed, it has been argued that the limited dynamic range

f BOLD amplitude might lead to saturation due to unimodal neu-

onal response, preventing bimodal neuronal response from emerging

 Goebel and van Atteveldt, 2009 ). Also the MVPA allows to reveal in spe-

ific regions a difference between congruent and incongruent combina-

ions. However, differently from MVPA, the fMRI-adaptation paradigm

s informative about the direction of this difference, i.e. , which combi-

ation is preferred in a given region. This is an important point because,

ince neurons having either congruent or incongruent preferences have

een observed in monkeys, we had no prior hypotheses about the sign

f the difference between congruent and incongruent combinations. In-

eed, by directly comparing adaptation effects between congruent and

ncongruent combinations, we revealed that among the three areas im-

licated in multisensory integration, one region exhibited a preference

or congruent cues (pCi), whereas one region (hPEc) showed a pref-

rence for incongruent cues. Overall, the fMR-adaptation paradigm is

onfirmed as a successful strategy for studying multisensory integration

rocesses ( Goebel and van Atteveldt, 2009 ; van Atteveldt et al., 2010 ). 
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Lastly, a note on the type of leg movement the subjects were asked

o perform here. As in our previous fMRI studies ( Pitzalis et al., 2019 ;

erra et al., 2019 ; Di Marco et al., 2021 ), we used long-range leg move-

ents in the scanner, but here for the first time subjects moved their

eg simulating a footstep, with all the limits imposed by an fMRI study

for a behavioral study see Di Marco et al. 2019 ). Our paradigm was

imed at studying integration processes of coupled visual and somato-

otor signals in a way as ecological as possible by providing a natural

equence of somatomotor inputs from the leg (as the ones we receive

hen we execute a footstep while walking), with particular importance

f those evoked by the hip rotation which are specifically linked to head-

ng changes during locomotion. Although to this aim, we used a modi-

ed version of the original set-up ( Pitzalis et al., 2019 ; Serra et al., 2019 ;

i Marco et al., 2021 ) which ensures a wide and fluid rotation of every

eg joint (see Methods for details), the movements were still executed

nly by one leg, an aspect that reduces the similarity to natural context.

t should be noted that in a task as that used in the present study, we

bviously expect similar effects also in the right hemisphere for left leg

ovements. However, future fMRI studies (with subjects moving both

ight and left limbs) are needed to determine whether the use of both

egs might change the present results. We believe that even more intrigu-

ng would be using a completely different task, where the movements

f the two legs are not only alternated but coordinated (like during real

alking or cycling). We expect that a region, like hPEc (hosting neu-

ons responding to both arm and leg; Breveglieri et al., 2008 ), would be

uch triggered by tasks like these, especially if also the subject’s arms

re engaged in performing the task. For the intrinsic difficulty in study-

ng such a type of movement in the MR scanner, the few fMRI studies

n this topic preferred presentation of videos showing human actions

 e.g. , locomotion and climbing). For example, an interesting study by

bdollahi et al. (2013) revealed that the observation of climbing evoked

ctivity in dorsal superior parietal lobule (SPL), in a region clearly in-

luding hPEc. Although we are aware of the scanner limitations, we

cknowledge that future studies should investigate the neural bases of

ocomotion by using more ecologic setups requiring coordinated left and

ight leg movements which are closer to natural context. 

. Conclusions 

In the present study, a differentiated response profile emerges among

ested ROIs for multisensory integration of visual signals and somato-

otor inputs from lower limbs associated with heading changes. While

PE, S-I and CSv do not show any integration effect but only a gen-

ral adaptation effect, simply indicating a sensitivity to visual and/or

omatomotor signals, PIC, pCi and hPEc, even if in different ways, show

 multisensory integration effect. It is possible that hPEc, pCi and PIC

re directly engaged in visually-guided locomotion control by sending

isual and somatomotor signals to the motor system, likely in order to

uide lower limb movements for steering actions during locomotion. In-

erestingly, hPEc shows a unique response profile with a preference for

ncongruent cues, suggesting that this region plays a pivotal role in more

omplex situations when mismatching inputs are present. It is possible

hat hPEc signals a mismatch between visual and somatomotor inputs,

ikely discounting visual signals which are incongruent with somatomo-

or inputs for a stable perception of self-motion and allowing the motor

ystem for on-line adjustments during locomotion. 
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