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Rather, one of the main properties of PPS 

representation is that it implies a series of neuronal 

computations allowing to keep aligned the coding 

of multisensory stimuli, each originally computed by 

a specific sensory-modality dependent system of 

reference, into a unique frame of reference 

centered to a specific body part. For instance, 

Graziano et al. (1997) showed that the visual 

receptive fields of PPS neurons in vPMc are 

anchored to the tactile receptive field on the arm, 

so that if the monkey’s arm is moved, the neuron’s 

responsiveness to 

visual stimuli coherently shifts (see Graziano and 

Cooke, 2006). At the same time, the response of 

such neurons is independent from eye and head 

direction (Fogassi et al., 1996). These response 

properties indicate that these neurons underlie an 

upper-limb centred multisensory representation 

of space. 

 

Multisensory receptive fields of the face  their 

multisensory receptive fields are kept aligned in 

head-centred reference frame 
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Bimodal neurons with a 
tactile response on the arm, 

the visual receptive field 
moved when the arm was 

moved 
 
 
 

Visual receptive fields in 
vPMc are anchored to the 

tactile receptive field on the 
arm 

 
 
 

Upper-limb centred 
multisensory representation 

of space 
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These neurons respond to 
and integrate only when 

information (visual or 
auditory) is located within 

a spatial range from the 
body 
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(PPS) 
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Proprioceptive 
information 

about the arm is 
critical for arm-

centred PPS 
representation 
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Proprioception: position sense 

Re-alignment of tactile and visual receptive fields  
into a unique reference frame 



The motor context, crucial for the development of efficient proprioception, allows the 
construction of an effective multisensory integration to guide successful interactions 

with others and the environment 

Developmental motor experiences 
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Motor deprivation: 
Acquired vs. Congenital 
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Spatial Location (SL): This first component, intended as the 

representation of the bodily-self in space, can be accessed 

The motor context, crucial for the development of efficient proprioception, allows the 
construction of an effective multisensory integration to guide successful interactions 

with others and the environment 

Proprioceptive information: 
• Is it relevant “online” to process multisensory 

stimuli? 
or 

•  is it relevant to “have had” proprioception to 
process multisensory stimuli? 



Spatial Location (SL): This first component, intended as the 

representation of the bodily-self in space, can be accessed 

15 neurologically 
healthy subjs 

9 patients 
with proprioception 

4 patients  
without proprioception 

Proprioception 

Somatosensory 



Spatial Location (SL): This first component, intended as the 

representation of the bodily-self in space, can be accessed 

Passively moved contralesional limb Ipsilesional limb has to match the position 



Starting position 
The limb is passively moved forward 

(near to a LED) 
Starting position 

The limb is passively moved backward 
(far from the LED) 

LED LED 

NEXT TRIAL 



Starting  
position 

Limb passively  
moved  

After each trial 

Near condition  
(to the LED) 

Far condition  
(from the LED) 

Postural 
manipulation 

(for each hand) 



Techniques Populations Stimuli 

VR 



Tactile Visual 

> 
Tactile 

Tactile 

Visual 

> 
Tactile 

Visual 

Multisensory integration  
effect 

Spatial modulation of the  
multisensory integration  

effect 



LED 

NEXT TRIAL 

Reaction time collection Reaction time collection 

LED 

NEXT TRIAL 

Reaction time collection Reaction time collection 

Unimodal trials Bimodal trials 

Visual stimulus is always in the same position.  
It is the hand which is moving toward or not from it! 
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Scenarios 

Condition 

- proprioceptive information only about the position 
of the arm 

- proprioceptive and visual information only about 
the position of the arm 



MSI effect Spatial modulation of MSI 
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MSI effect Bilateral tactile Bilateral  

visuotactile 

Bilateral tactile 

Bilateral visuotactile 
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Whether the position of the arm is visible 
or not, participants show spatial 

modulation of MSI effect 
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Intact side 
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Affected side 



Spatial Location (SL): This first component, intended as the 

representation of the bodily-self in space, can be accessed 

The motor context, crucial for the development of efficient proprioception, allows the 
construction of an effective multisensory integration to guide successful interactions 

with others and the environment 

Proprioceptive information 
• Relevant for the emergence of the classical 
multisensory integration effect (VT > T), even if 

lacking in patients without proprioception 
 

In patients without proprioception: 
• in No View condition, no spatial modulation of MSI 

effect due to the absence of proprioceptive info 
 

• In the View condition, the vision vicariates the lack of 
proprioception 

 
 



Motor deprivation: 
Acquired vs. Congenital                              Congenital 

They may fail to access 
the spatial representation 
of the hand irrespective 

of which channel they use 
(either 

proprioceptive or visual) 
due to the absence of an 

effective coupling 
between multisensory 

signals because of 
congenital motor deficits 
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When proprioception is lost, patients could vicariously exploit visual input to 

localize their own body in space (SLv), as shown by the presence of a spatially 

organized MSI when the affected hand is visible12. The ability to localize the arm 

position by sight has been described in non-human25 and human26,27 primates, with 

key brain regions that are 

modulated by visuo-proprioceptive congruency. 

Graziano, M. S. A., Cooke, D. F. & Taylor, C. S. R. Coding 

the location of the arm by sight. Science 

(80-. ). 290, 1782–1786 (2000). 

26. Fossataro, C. et al. Immersive virtual reality reveals 

that visuo-proprioceptive discrepancy enlarges 

the hand-centred peripersonal space. Neuropsychologia 

146, 107540 (2020). 

27. Limanowski, J. & Blankenburg, F. Integration of visual 

and proprioceptive limb position information 

in human posterior parietal, premotor, and extrastriate 

cortex. J. Neurosci. 36, 2582–2589 (2016). 



For reaching and grasping, as well as for manipulating 

objects, optimal hand motor control arises from the 

integration of multiple sources of sensory information, 

such as proprioception and vision. For this reason, 

proprioceptive deficits often observed in stroke patients 

have a significant impact on the integrity of motor 

functions. The present targeted review attempts to 

reanalyze previous findings about proprioceptive upper-

limb deficits in stroke patients, as well as their ability to 

compensate for these deficits using vision. 

one of the main properties of PPS representation is that 
it implies a series of neuronal computations allowing to keep 
aligned the coding of multisensory stimuli, each originally 
computed by a specific sensory-modality dependent system of 
reference, into a unique frame of reference centered to a 
specific body part. 





The ventral premotor cortex in primates is thought 

to be involved in sensory-motor integration. Many 

of its neurons respond to visual stimuli in the space 

near the arms or face. In this study on the ventral 

premotor cortex of monkeys, an object was 

presented within the visual receptive fields of 

individual neurons, then the lights were turned off 

and the object was silently removed. A subset of 

the neurons continued to respond in the dark as if 

the object were still present and visible. Such cells 

exhibit "object permanence," encoding the 

presence of an object that is no longer visible. 

These cells may underlie the ability to reach toward 

or avoid objects that are no longer directly visible. 

 

Graziano et al., 1997 Science 
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We observed that children with CP, 
compared to typical children, present most 
pronounced impairments in visual, 
vestibular and multisensorial processing. 
These sensory processing impairments 
seem to be related to an abnormal 
mechanism in the sensoriomotor network 
of children with CP, as a possible result of 
diminished thalamocortical projections 
(Papadelis et al., 2014). These structural 
deficits may compromise the processing of 
tactile and somatosensory information in 
children with CP (Reid et al., 2013) 


