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“Multisensory integration refers to the process by which inputs from two or more senses are combined to form a 

product that is distinct from, and thus cannot be easily 'deconstructed' to reconstitute the components from 

which it is created.” (Stein et al., 2014)
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“These considerations highlight the extraordinary benefits that we gain from collaborative interactions across all our 

senses, combining their complementary strengths and mitigating their individual limitations. Multisensory integration 

is one of the brain’s key strategies to reduce its uncertainty and resolve ambiguities about the current state of the 

world. It is thus critical for effective interactions with our environment in everyday life.” (Noppeney, 2020)

“While all of our senses continuously provide the brain with uncertain 

information about our environment, they are specialized for different sorts of 

information and environmental conditions. For instance, vision provides us with 

precise spatial information under optimal lighting conditions, but it is impaired 

in darkness and blind to sources behind us. Conversely, audition tends to be 

inferior to vision in its spatial precision during the daytime, yet it can exceed 

vision in darkness and provide spatial information about sources outside our 

current field of view.”
https://www.ru.nl/en/people/noppeney-u 

Uta Noppeney
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https://www.ru.nl/en/people/noppeney-u


Combining inputs

seeing the animal’s tail &

hearing the rustling of foliage 

=> faster and more accurate to 

detect a potential threat

Increasing robustness and precision

back turned => no visual input,

but hearing to sources (i.e. source localization) 

outside of field of view is more precise 
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Human echolocation

https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005670 

https://www.youtube.com/watch?v=xATIyq3uZM4 
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6394550/ 

Abstract
Peripersonal space (PPS) is created by a multisensory interaction between different sensory 
modalities and can be modified by experience. In this article, we investigated whether an 
auditory training, inside the peripersonal space area, can modify the PPS around the head in 
sighted participants. The auditory training was based on echolocation. We measured the 
participant’s reaction times to a tactile stimulation on the neck, while task-irrelevant looming 
auditory stimuli were presented. Sounds more strongly affect tactile processing when located 
within a limited distance from the body. We measured spatially dependent audio-tactile interaction 
as a proxy of PPS representation before and after an echolocation training. We found a significant 
speeding effect on tactile RTs after echolocation, specifically when sounds where around the 
location where the echolocation task was performed. This effect could not be attributed to a task 
repetition effect nor to a shift of spatial attention, as no changes of PPS were found in two control 
groups of participants, who performed the PPS task after either a break or a temporal auditory task 
(with stimuli located at the same position of echolocation task). These findings show that echolocation 
affects multisensory processing inside PPS representation, likely to better represent the space where 
external stimuli have to be localized. 

Lee et al., (2016)
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“An important property of PPS representation is that it dynamically modifies through experience, i.e., by short 

and long-term tool-use, social interaction and potential movements.”

“In this study, we investigated whether a novel form of exploring and interacting with the environment through 

sounds (echolocation) shapes PPS representation. Echolocation is based on the ability to measure the time delay 

between a sound and any echoes reflected by the environment. Specifically, using self-generated sounds, expert 

echolocators are able to navigate and detect an object present in the environment. Therefore, echolocation can 

be conceived as a form of tool-use able to modify the PPS. Echolocation can be used to “reach” sectors of space 

which are normally out of reach without visual information, thanks to the interpretation of the echoes produced 

by sound reflections on the objects.” 

“To this aim, we evaluated the PPS around the head before and after an echolocation detection task.”

Theoretical background

Tonelli et al., (2019)
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“All participants started the experiment blindfolded. First, we evaluated the PPS for all participants (Fig. 1a), to 

assess the location of their PPS boundary before any training. Then participants were divided into three groups: 

ECHO, TIME, and REST group.” 

Tonelli et al., (2019)

Procedure: determining individual PPS

“To quantify the PPS […] participants had to respond as fast as possible to a tactile stimulus applied to their body, 

while task-irrelevant sounds were presented, giving the impression of a looming sound. Previous results showed that 

sounds speeded up the detection of tactile stimuli specifically when presented at a certain distance from the participants 

(and not farther from them). Such distance can be measured as a proxy of the extent of the participant’s PPS.
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“The first group—ECHO group—(N = 14; 7 females) performed an echolocation detection task after the evaluation of 

the PPS. […] Participants had no knowledge of echolocation technique, therefore, before the beginning of the task, they 

received instructions on how to produce the echolocation signals with their mouth […]. The echolocation sound was 

naturally produced, using no external device. While the experimenter moved the target, participants wore headphone 

played mixed music. Once the experimenter placed the target, the participant received a patch on the shoulder as a 

signal to remove the headphones and start the trial.

Participants had to judge whether the bar was in front of them or not, producing mouth clicks and estimating their 

echoes (Fig. 1b).”

“A rectangular bar made of poly-methyl methacrylate (40 × 30 cm) was used as a target stimulus for the echolocation 

training. The bar was located in front of the participant at the head level.”

Procedure: the echolocation detection task

Tonelli et al., (2019)
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Fig 1. Experimental set-ups. 

a The set-up for the PPS task is shown. There were seven speakers 

generating sound sources at a different distance from the body. 

The first sound source was placed 17 cm apart from the left side 

of the head of each participant. The sound moved across the speakers 

as approaching the participant’s head (grey arrow). The vibro-tactile 

device was placed on the left side of the neck. The tactile stimulus was 

delivered when the sound was placed at one of the seven possible 

depicted distances 17, 34, 51, 68, 85, 102, 119). 

b The set-up for the echolocation detection task is shown. We used a 

bar located at 34 cm ahead the participant. The black and the red 

arrows represent, respectively, the path of the self-generated click and 

the echo reflected by the bar. 

c The set-up of the temporal bisection task is shown.

Tonelli et al., (2019)

Procedure: overview
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Results

The averaged bimodal RTs (normalized for the unimodal RTs) 

for each group is shown as a function of the seven distances 

sampled during the PPS task. Data for the ECHO group before 

(in blue) and after (in red) the echolocation training. Data for 

the TIME group before (in green) and after (in orange) the 

time bisection task. Data for the REST group before 

(in magenta) and after (in cyan) 15 min of break. 

*Significant difference with p < 0.05. 

***Significant difference with p < 0.001. 

The error bars represent the standard error.

“In the present study, we showed that performing echolocation training with stimuli in the near space, affected 

multisensory interaction within the PPS.”

Conclusion

Tonelli et al., (2019)
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The superior colliculus
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Multisensory integration is not predetermined => experience-driven.

“[…] multisensory development does not require that each individual sense reaches its maturational 

end point […]. Rather, multisensory development and unisensory development are interconnected but 

parallel processes.” (Stein et al., 2014)
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The developmental chronology of sensory and multisensory 

responses in anterior ectosylvian sulcus (AES) cortex. 

A, Schematic drawing of the lateral surface of the cat cortex 

showing the location of the AES in the adult. Inset shows the 

modality distributions of neurons within the three major 

subdivisions of AES: somatosensory division (SIV), presumptive 

auditory (FAES), and presumptive visual (AEV). Colored circles 

represent penetrations in which only unisensory neurons […] 

were found. […] Pie graph shows the modality distributions in 

the adult and is pooled for the three animals. 

B, Emergence of sensory-responsive neuron types as a function 

of postnatal age. […] 

C, Modality distributions in AES at the sampled ages. […]

multisensory neurons

neurons that respond to stimuli from more 

than one sensory modality

Wallace et al. (2006); https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6674880/ 
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unisensory:     red, somatosensory; green, auditory; blue, visual
multisensory: light blue, auditory–somatosensory (AS); yellow, visual–auditory (VA); orange, visual–somatosensory (VS); brown, visual–auditory–somatosensory (VAS)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6674880/


https://www.britannica.com/science/midbrain#ref1114747 

- receives visual information from the retina via 

the optic nerve and tract;

- receives auditory input from the inferior 

colliculus to coordinate a movement response;

-  receives inputs from the prefrontal cortex 

involved in the regulation of attention 

and distractibility;

- responds to tactile stimuli;

- projects to the oculomotor, trochlear, and abducens nuclei => controls the six extraocular muscles;

- stimulates the contralateral deep neck muscles during a gaze shift; these muscles are ipsilateral to the visual field being 

stimulated and function to turn the head and eyes towards the stimulus.
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https://anatomyzone.com/neuroanatomy/structure-of-the-nervous-system/basic-parts-of-the-brain/ 

3D visualization of midbrain structures
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https://anatomyzone.com/neuroanatomy/structure-of-the-nervous-system/basic-parts-of-the-brain/


Liu et al., (2022), https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9723059/ 19
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Multisensory integration and neuroplasticity
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https://pubmed.ncbi.nlm.nih.gov/20371810/ 

neuroplasticity

the ability of the nervous system to 

change its activity in response to intrinsic 

or extrinsic stimuli by reorganizing its 

structure, functions, or connections

Clinically, it is the process of brain changes 

after injury, such as a stroke or traumatic 

brain injury (TBI). These changes can either 

be beneficial (restoration of function after 

injury), neutral (no change), or negative 

(can have pathological consequences).

(for more please see: http://tinyurl.com/3h67t5vt) 
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Gordon et al., (2023)

https://pubmed.ncbi.nlm.nih.gov/10804228/ 

dorsal rhizotomy = severing of all the nerve fibers carrying sensory information from one arm into the spinal cord

The “homunculus” is plastic

Over ten years later => stimulating the denervated hand elicited no activity in the “hand” area, but it did in the monkey’s “face” area.

“The implications of this finding are astonishing: It means that you can change the map; you can alter the brain

circuitry of an adult animal, and connections can be modified over distances spanning a centimeter or more.”

Ramachandran & Blakeslee, (1999), p. 26 22

https://pubmed.ncbi.nlm.nih.gov/10804228/


Ramachandran & Blakeslee, (1999), pp. 21 - 33

“[…] Tom lost his left arm just above the elbow. […] Tom could still feel its ghostly presence 

below the elbow. He could wiggle each "finger," "reach out" and "grab" objects that were 

within arm's reach. […] Since Tom had been left−handed, his phantom would reach for the 

receiver whenever the telephone rang.”

“[…] I placed a blindfold over his eyes because I didn’t want him to see where I was touching 

him. Then I took an ordinary Q−tip and started stroking various parts of his body surface, 

asking him to tell me where he felt the sensations.” 

I swabbed his cheek. "What do you feel?"

"You are touching my cheek."

"Anything else?"

"Hey, you know it's funny," said Tom. "You're touching my missing thumb, my phantom thumb."

I moved the Q−tip to his upper lip. "How about here?"

"You're touching my index finger. And my upper lip."

Phantom limb

23



Phantom limb

“I soon found a complete map of Tom's phantom hand—on his face! I realized that what I 

was seeing was perhaps a direct perceptual correlate of the remapping that Tim Pons had 

seen in his monkeys. For there is no other way of explaining why touching an area so far away 

from the stump—namely, the face—should generate sensations in the phantom hand; the 

secret lies in the peculiar mapping of body parts in the brain, with the face lying right beside 

the hand.”

“But I also found a second, beautifully laid out "map" of his missing hand— tucked onto his 

left upper arm a few inches above the line of amputation.”

“Why were there two maps instead of just one? If you look again at the Penfield map, 

you'll see that the hand area in the brain is flanked below by the face area and above by 

the upper arm and shoulder area.”

Ramachandran & Blakeslee, (1999), pp. 21 - 33 24



Figure 2. Points on the face of a patient that elicit precisely 

localized, modality-specific referral in the phantom limb 4 

weeks after  amputation of the left arm below the elbow. 

Sensations were felt simultaneously on the face and 

phantom limb.

“We tested 18 patients with either arm amputation or brachial avulsion, 

and found that 8 patients systematically referred sensation from the face 

to the phantom limb. In many of them, there was a topographically 

organized map of the hand on the lower face region (Figure 2) and the 

referred sensations were modality specific. For example, hot, cold, 

vibration, rubbing, metal, or massage are felt as hot, cold, vibration, 

rubbing, metal, and massage at precisely localized points on the phantom limb.”

A brachial plexus avulsion occurs when the root of the nerve is completely separated from the spinal cord. This injury is usually caused by trauma, such as a car 

or motorcycle accident. More severe than ruptures, avulsions often cause severe pain. Because it is difficult and usually impossible to reattach the root to the 

spinal cord, avulsions can lead to permanent weakness, paralysis and loss of feeling. (http://tinyurl.com/3vm2rvb2) 

https://jamanetwork.com/journals/jamaneurology/fullarticle/776122 
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Phantom limb pain and mirror box therapy

Vilayanur Subramanian Ramachandran https://www.youtube.com/watch?v=gc3CmS8_vUI 
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Risso et al., (2022), https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8980810/ 

Explanation of the procedures and results by the authors

Phantom limb and virtual reality therapy
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“It has been reported that topographical referred 

phantom sensations occur in only a small percentage 

of amputees, whereas phantom limb pain is common; 

this suggests that referred phantom sensation and 

phantom pain might be related to different 

central processes. […] Imaging studies have reported 

that upper extremity amputees actually show a shift of 

the mouth into the hand representation in the SI cortex.

[…] The larger the shift of the mouth representation into 

the zone that formerly represented the arm, the more pronounced the phantom limb pain. ” 

https://www.nature.com/articles/nrn1991 

Functional MRI data from seven patients with phantom limb pain, seven 

amputees without pain and seven healthy controls during a lip pursing task. 

Activation in primary somatosensory and motor cortices is unaltered in amputees 

without pain and is similar to that of healthy controls. In the amputees with 

phantom limb pain the cortical representation of the mouth extends into the 

region of the hand and arm. 

(Based on Lotze et al., (2001), https://pubmed.ncbi.nlm.nih.gov/11673327/) 
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Phantom limb illusion in non-amputees

https://pubmed.ncbi.nlm.nih.gov/23574539/ 

https://www.youtube.com/watch?v=98JEwfc4pto 
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Synesthesia
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https://www.youtube.com/watch?v=lBm4fvCwcGM 

synesthesia 

the ability to perceive an internally 

generated sensation in one sensory 

modality triggered by a stimulus coming 

from another sensory modality

Grapheme-color synesthesia 

=> most widely studied;

=> perceiving written and heard letters in 

different colors.

Synesthetic experience is idiosyncratic 

=> the same inducer always triggers the 

same concurrent for one synesthete.
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https://pubmed.ncbi.nlm.nih.gov/23279836/ 

https://www.youtube.com/watch?v=2k8fHR9jKVM 
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Further resources
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2023: A Review of the Year in Neuroscience

https://medium.com/the-spike/2023-a-review-of-the-year-in-neuroscience-ece56b1dcc89 

https://medium.com/the-spike/2023-a-review-of-the-year-in-neuroscience-ece56b1dcc89


Further reading

34

https://pubmed.ncbi.nlm.nih.gov/21741550/ 
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