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ABSTRACT 

  
Studies in perceptual psychology and neuroscience have investigated multisensory 

integration and have come to differing conclusions regarding the mechanisms behind the 

phenomenon.  Though this stark difference exists, many of the rules regarding cue presentation, 

development and beneficial outcomes are the same.  I suggest that this is due to the two 

approaches ultimately describing the same mechanism.  A barrier to fully asserting this idea is the 

different experimental paradigms used by each approach to study integration.  The experiment 

described aims at bridging the gap between these experimental designs by testing an idea from 

the psychological literature in a paradigm utilizing a cat behavior model from the neuroscience 

studies. 
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INTRODUCTION 

 An observer attempting to navigate their environment must be able to localize important 

events. Sensory signals derived from environmental cues, arising from events, are subject to 

corruption by a multitude of environmental and biological factors. Single modality signals, such 

as vision or audition alone, may not be sufficiently reliable to localize sensory events in all 

circumstances (e.g., vision in the dark). Fortunately, animals have multiple senses, each tuned to a 

different type of energy; thus, not all are corrupted by the same factors. In addition, animals 

receive multiple, independent samples of the event through their multiple senses. These signals 

can be combined, or integrated, to create a stronger perceptual representation of the event. 

Integration of multisensory cues enhances the ability of the observer to accurately detect, localize 

and identify the source of cues.  

The natural environment is complex and multiple environmental events occur 

simultaneously. The brain must infer which cues are arising from the same event (so they can be 

integrated), and which belong to different events (so they can be segregated). Although the 

present context is multisensory, this basic problem parallels one identified for the integration of 

multiple visual cues (modality specific cues) in cognitive psychology called the “binding 

problem”. The literature suggests that spatial and temporal concordance have strong influence 

over the determination of which cues are bound together. (Kording et al 2007, Wallace et al 

2004b, Meredith and Stein 1986b, Wallace et al 1996). This is logical, given that multiple signals 

arising from a single event are concordant in time and space.  

While there is an agreement that spatial and temporal concordance is a powerful 

determinant in cue integration and segregation, the underlying mechanism for this process is a 

matter of dispute. Perceptual Psychology and Neuroscience have both developed theories 

regarding the mechanism of cue integration. Perceptual Psychology has proposed a framework 

which describes sensory processing as an inference. Deemed Causal Inference (CI), this 

framework describes how complex processing rules regarding time and space are used to make a 
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determination of which cues are bound. Further, it takes into account ambiguity in sensory 

signals, considering both cue reliability and (importantly) prior experience in making an 

integration determination (Stocker and Simoncelli 2006, Rohe and Noppeney 2015c). This has 

been extended most recently to multisensory contexts. Alongside these ideas are theories and 

observations made within a more neuroscientific, or physiological, tradition that have revealed 

the multisensory processing rules instantiated in different brain circuits, most notably the superior 

colliculus (SC) (See Stein and Stanford 2008 for review). The SC integrates information across 

visual, auditory, and somatosensory modalities in order to facilitate the detection, localization, 

and orientation to salient events. The identified principles by which it does so are sensitive to 

space and time, and are dependent on to prior experience with cross-modal cues (Wallace and 

Stein 2007, Wallace et al 2004a, Yu et al 2013b, Xu et al 2012). 

The two perspectives share many agreements such as the sensitivity to spatial and 

temporal alignment, the behavioral benefits of integration, the enhanced nature of cue 

combination, and the reliance on experience. They appear to differ in their proposal of how 

integration is achieved mechanistically. CI focuses on probabilistic decision making, weighing 

cue reliabilities and comparing this to prior experience to make a determination of integration or 

segregation. The physiological studies of multisensory integration in the SC rely on a simple 

concept: if the cues both fall within the receptive field of an SC neuron and are temporally 

concordant they will be integrated and enhanced. But do these different perspectives really 

represent different ideas about how integration is achieved, or are they really the same idea, 

merely expressed using a different language or at a different level of abstraction? My thesis is the 

latter: that applying the framework of CI to understanding multisensory integration represents a 

re-casting of the more traditional, physiologically-based theories of the mechanisms of integration 

into a different language of probability and inference. In other words, any differences identified 

between these perspectives are more apparent than real. 
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Part I: The Theory of Causal Inference in Perception 

Corruption and Ambiguity in Cues and Signals 

The basis of CI is the idea that perceptions are inference. This is due to the corrupted and 

ambiguous nature of environmental cues. Each component of the physical world reflects or emits 

cues, or clues, of its existence. For example, an object will influence the path of photons in a 

manner specific to its physical attributes (Hatfield 1990). As this cue travels through space it is 

corrupted by other environmental components or factors. A visual cue may be dampened in the 

presence of fog, reducing the contrast of the object from the background. An auditory cue may be 

weakened in the presence of other background noises. Somatosensory discrimination is more 

difficult if distinguishing characteristics are blemished or corroded. The corruption affects the 

reliability of the cue as it reaches the sensory organs, which in turn affects the nature of the 

sensory signal. This, then, decreases the ability of the observer to accurately determine the true 

nature of the cue’s source. Multiple studies have demonstrated that visual corruption affects how 

accurately an observer perceives a visual cue (Stocker and Simoncelli 2006, Thompson 1982, 

Weiss et al 2002, Stone and Thompson 1992). Ambiguity in signal has a physiological 

consequence: In Fig. 1, a low contrast visual scene (high corruption) elicits very little response 

from a visual neuron. As contrast increases (decreasing visual corruption) firing is seen to 

increase (Tolhurst et al 1983). 

Figure 1: Mean Firing and Variability. As the contrast of a visual stimulus increases so 
does the mean firing of the neuron (circles) as well as the variance in firing (stars). From 
Tolhurst et al 1983. 
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 Compounding environmental corruptions, as sensory cues are transformed into signals 

they are further distorted in the biological system (Faisal et al 2008). For example, visually-

responsive neurons are active even in the absence of stimuli (Tolhurst et al 1983) or when 

exposed to darkness (Kuffler et al 1957). This firing, apparently unrelated to visual stimuli, could 

reflect the influence of inputs whose activity also explains the stochastic nature of neuronal firing 

to identical stimuli (Tomoko and Crapper 1974), as seen in Fig. 2. Illustrated in Fig. 3, this 

unrelated firing is present in the nervous system in nearly every component of transmission: in 

the resting membrane potential of neurons (Verveen et al 1967, Derksen and Verveen 1966, 

Figure 2: Variable Firing to Identical Stimulus. Spike response from a single neuron for six 
presentations of an identical stimulus. Below in grey is the mean firing over 50 trials. 
Stimulus timing shown above. From Faisal et al 2008. 

Figure 3: Sources of Corruption in Signals. Corruption in sensory signals (and resulting motor 
plans) may occur at a variety of locations in the nervous pathway. From Faisel et al 2008. 
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Calvin and Stevens 1968), in spike timing (Mainen and Sejnowski 1995, Calvin and Stevens 

1968), in channel function (White et al 2000, Schmid et al 2003, Faisal et al 2005) as well as in 

the synapse (Calvin and Stevens 1968, Katz and Miledi 1970). The eventual signal, once it 

reaches the target areas for processing, is corrupted and inconsistent. 

Beyond corruptions, observers navigate a three-dimensional world and rely on additional 

cues to infer depth. The image featured in Fig.4 demonstrates ambiguity due to an incomplete 

array of cues. The curved lines of the image indicate depth, but the image can be considered both 

convex and concave as presented. The lack of shadow leaves the structure to be ambiguous and 

more information is needed to determine the actual nature of the object (Kersten et al 2004). 

However, even with the addition of shadow, the physical attributes of an object may continue to 

Figure 4: Ambiguous Visual Information. The simplicity in the cues from the inset image 
leads to an ambiguous figure that could be interpreted as either convex or concave. More 
information, such as shading, is needed to determine the actual orientation of the figure. 
From Kersten et al 2004. 

Figure 5: Ambiguous Cues Depend on Light Source Position. The shading on the circle to the 
right implies a sense of depth. This visual cue could result from two different physical situations 
– a concave shape with a light source from the right and above, or a convex shape with a light 
source from the left and above. From Langer and Bulthoff 2001. 
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be ambiguous as demonstrated in Fig. 5. The resolution of this problem now depends on the 

location of the light source providing the observed shadow. If the light source is positioned above 

and to the right the image is perceived as convex, whereas if the light source is above and to the 

left the image is perceived as concave (Langer and Bulthoff 2001).  

 There is an array of distortions that occur when objects are viewed at a distance. Objects 

far off appear smaller than their actual size, appear bluer in color, more blurry and less clear than 

objects in the foreground. Objects in the distance may be occluded by components closer in space 

to the observer, creating a fragmented visual cue and perception (Howe and Purves 2005).   

Key to CI, observers are still able to create accurate perceptions of the objects in their 

environments in spite of these challenges. Fig. 6 demonstrates object constancy despite occlusion. 

Though a honey bear sits in front of it, an observer is still able to accurately identify the coffee 

mug. This recognition is possible even though the object is presented as having been segmented 

into two parts. Clearly the environmental cues coming from the object are not the same as when 

the observer is viewing the mug unobstructed. Yet the mug is not interpreted as a different object, 

or as two distinct objects. Though the signal is corrupted, the observer is able to infer its cause 

(Hatfield 1990, Hochberg 1981). The two visual images presented in Fig. 7 demonstrate this 

concept as well. One figure has been rotated and, in one panel, its overall shape has been dilated. 

Yet an observer is able to differentiate between the two different figures shown, and can identify 

Figure 6: Object Constancy: Occlusion. An observer can identify the mug even though it is 
partially hidden, and even though the sensory signals reaching the brain are an incomplete 
representation. From Hsiao and Hebert 2012. 
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which appears multiple times at different angles (Williams 2002). Again, the environmental cues 

for the images in Fig.7A and Fig.7F arriving at the retina are obviously different. But the observer 

is able to infer that these two images represent the same object and are different from that shown 

in Fig.7B.  

Corruption and ambiguity in visual scenes would seem to cause a significant problem for 

observers. Two views of the same object are never identical. To complicate the matter further, as 

illustrated in Fig. 8, different physical structures may yield similar environmental cues. 

According to CI, stable perception is only possible because the physical world is governed by 

consistent laws (Helmholtz 1878, Barlow 1990). This consistency allows an observer to learn 

from each sensory experience. The observer is able to refer back to those experiences and their 

outcome each time they encounter a sensory scene. In this way, observers create representations 

Figure 7: Object Constancy: Perspective. An observer can identify that these images 
(barring ‘B’) represent the same object. This is possible even though this is most likely a 
novel object to the observer and despite the multiple views in which it is being 
presented. This demonstrates that the same object may cause different sensory signals 
yet still be accurately identified as the same. From Williams 2002. 

Figure 8: Multiple Spatial Orientations Produce the Same Retinal Projection. In viewing a 
complex naturalistic scene the visual system is bombarded with ambiguous cues various 
sources. Cue features may indicate height or depth. From Howe and Purves 2005. 



14 
 

of the sensory environment based on previous experiences. These representations serve as the 

foundation for inferences that the observer must make when environmental cues are too corrupted 

or ambiguous to rely on for accurate perceptions.  

 Anecdotally, Stratton’s inverted glasses experiment demonstrates how strongly sensory 

experience influences an observer’s ability to navigate their environment. Initial inversion results 

in an inability to perform normal motor tasks. Reaching for an object, for example, results in a 

mis-localization of the object and the arm reaches in the wrong direction. Repeated exposure to 

the new sensory scene, however, quickly resolves the issue and the observer is able to complete 

tasks with accuracy. The same is also seen when the observer is returning to the normal visual 

scene, as they often need time to readjust their motor movements (Stratton 1896, 1897, Degenaar 

2014, Miyauchi et al 2004). 

Common Experiences Explain Visual Illusions 

Observers apply this learning to visual scenes without the realization that they are doing 

so. At times they have become so commonplace that observers can be ‘tricked’ by visual 

illusions. Consider the checkerboard and cylinder in Fig. 9. The cylinder appears three 

dimensional given lighting cues along with the presence of a shadow across the checkerboard. 

Observers generally interpret tile B to appear lighter in shade when compared to tile A, (see Fig. 

Figure 9: Shadow Affects Perception. Due to shading cues on the cylinder observers 
perceive it as a three dimensional shape casting a shadow on the checkerboard. This 
contrast effect causes an observer to misjudge the color of tile ‘B’; it is the same 
shade of grey as tile ‘A’. Adelson copyright 1995. 
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9A) yet the two tiles are the same shade of grey (see Fig. 9B). This illusion is driven by the 

experience observers have had with contrast, illumination and shading (Ma and Osher 2010, 

Adelson 1993). The perception of the observer is due to inference: if tile B is in shadow from the 

cylinder it would appear darker than its ‘true’ color. Because it is the same shade grey as tile A, 

the brain infers that tile B is lighter in shade.  

Simple geometric illusions have their basis in the same principle. The observer learns 

through experience to infer depth from certain cues. Basic illustrations using lines, angles and 

circles produce false judgments of length or size. A commonly studied illusion is the vertical-

horizontal in which a horizontal bar is met by a perpendicular bar. In Fig.10, the vertical-

horizontal illusion causes observers to perceive the red vertical line as being greater in length than 

the black horizontal line. This is incorrect, however, as both lines are the same length. The effect 

Figure 10: The Vertical-Horizontal. Here the red vertical bar appears longer than the 
horizontal bar, though they are both the same size. From Howe and Purves 2005. 

 

Figure 11: The Vertical-Horizontal as a Function of Inclination. As the angle between the two 
lines of the vertical-horizontal illusion increase so do the errors in length judgment between the 
two lines. From Pollock and Chapanis 1952. 
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is not present when both lines are parallel to each other. As displayed in Fig. 11, errors in length 

judgment become apparent as the angle between the lines increases (Pollock and Chapanis 1952).  

Similar to the checkerboard illusion, the vertical-horizontal can be explained by the 

experience an observer has with natural scenes. The illusion is due to the greater physical 

restrictions for vertical lines occurring in nature. Gravity and other physical forces limit the 

length of vertical growth while there is no such limit on horizontal lines in nature. Therefore, 

when the two lines are the same length, the brain relies on previous experience and infers the 

vertical line as longer (Howe and Purves 2002, 2005). In a natural complex scene, the line would 

be longer as its position would imply depth. These ideas have been supported by analyses of 

complex, natural scenes. Using laser scanners, natural visual scenes can be analyzed for depth, 

line length, angle, shape, and size. Fig. 12 shows images from scene analysis studies which 

identify naturally occurring lines, angles, shape and color contrast. It has been found that the 

geometrical illusions, when viewed in natural scenes, are indications of depth and size proportion 

(Howe and Purves 2002). These scene analyses have been useful in determining the basis of 

simple geometrical illusions. Similar findings have been found for the detection of edges (Geisler 

et al 2001) and contours (Elder and Goldberg 2002).  

 

 

Figure 12: Geometrical Characteristics of Natural Scenes. By analyzing natural scenes for lines, 
angles and depth it’s possible to determine their probability distributions. From Howe and 
Purves 2002. 
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Priors Resolve Ambiguity 

 This repeated experience with sensory events is fittingly referred to as a prior, as it 

represents the prior knowledge that the observer has compiled. This prior is not simply used as a 

means of estimating depth or size. As mentioned, the prior is important in the theory of CI in 

creating perceptual representations for corrupted or ambiguous cues. By asking participants to 

judge ambiguous cues researchers have determined that priors are consistent among observers. 

When shown a moving visual cue with a high contrast background (low visual corruption) 

observers are able to estimate the velocity of the cue with accuracy. When presented with a low 

contrast background (high visual corruption) observers tend to judge the velocity of the cue as 

slower (Stocker and Simoncelli 2006, Thompson 1982, Weiss et al 2002, Stone and Thompson 

1992). Participants may also be shown an ambiguous figure, as shown in Fig. 13, and asked to 

judge the concavity of the object. When there is heavy shading at the ‘bottom’ of the image 

(shown top left, Fig. 13), the participant is more likely to judge the object as convex. Participants 

judge the object as concave when the opposite is true (Langer and Bulthoff 2001). Responses 

demonstrate that observers hold a light-from-above prior (Adams et al 2004). This is consistent 

with daily experience as most light sources come from above an observer.   

Given these priors are environmentally learned, the priors held by observers tend to be 

stable as long as long as the rules operating in the environment are stable (Beierholm et al 2009). 

Figure 13: The 'Light From Above' Prior. When judging the three dimensional properties of 
these images observes utilize a prior dictating that the light source causing the shadow 
comes from above. Therefore, images with top white edges and heavy bottom shading are 
reported as being convex while the opposite shading pattern are reported as concave. After 
participants were given tactile experience in conjunction with different light source positions 
the ‘light from above’ prior was seen to change. From Adams et al 2004. 
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When the rules change, the priors become malleable. This is demonstrated in the light-from-

above prior, Fig. 13. When participants are allowed tactile experience that contradicts their 

preliminary judgments of concavity, their predictions are shown to change (Adams et al 2004). 

This supports the idea that priors are relied upon for ambiguous figures, but that perceptual 

judgments change as more information becomes available, reducing the ambiguity.  

Complex Visual Scenes Require Inference 

The visual identification of an object in a scene relies on a combination of relevant cues 

as well as the segregation of irrelevant cues. According to the theory of CI, an observer makes 

this determination by considering what individual sensory signals are conveying and considering 

how likely it is, based on prior experience, that the cues are related to a common cause (Shams 

and Beierholm 2010). In doing so, the observer is attempting to resolve the causal structure of the 

cues. Depending on the nature of the cues and the determination to be made, there are multiple 

causal structures that could be considered, shown in Fig. 14. These considerations are dependent 

on a statistical probability based on the previous experience with the object in given 

Figure 14: Inference Structures for Causation. A. One cause (s) is giving rise to multiple 
sensory cues (x

1
 and x

2
). This type of causal structure could represent the material 

composition of an object (s) giving rise to properties of both reflectance (x
1
) and texture 

(x
2
). It does not determine that s is the cause of x

1 
and x

2
, it only describes s. B. A causal 

structure in which there are two sources (s
1 

and s
2
) contributing to a sensory cue (x). This 

type of causal structure could represent the position of a light source (s
1
) and the convexity 

of the object (s
2
) giving rise to a particular shading (x). Again, it does not indicate that x is 

caused by s
1 

and s
2
, it indicates the influence that s

1 
and s

2 
have over the perception of x. C. 

The causal inference model determines when multiple signals should be combined to 
represent a singular event. Consider x to be a dark area on a surface. This could be caused 
by an occlusion of light (s

1
) or by the low reflectance of the object (s

2
). This model calculates 

the probability of either possibility, predicting the cause (c). From Shams and Beierholm 
2010.  
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environmental contexts – light source direction, distance, occlusions. Further, the probability of 

common cue causality could be calculated if all prior outcomes were considered as a distribution, 

and the current cue information compared against it. This mathematical framework is called 

Bayesian Inference, named after Thomas Bayes who structured it as a means of calculating 

conditional probabilities (Jaynes 1985). Bayesian frameworks are frequently employed in order to 

generate testable empirical predictions for the theories of CI. 

Bayesian Inference and Sensory Processing 

The three components of Bayesian Inference are illustrated in Fig. 15. For a sensory 

event there are parameters (x), or possible outcomes. The prior, p(x), represents a frequency 

distribution for sensory event parameters. Some parameters are common and therefore have a 

higher frequency; the probability of these parameters are, therefore, higher for a specific sensory 

event. The largest parameter probability is represented as the mean, with other high-probability 

parameters on either side. Lower probability parameters lie along the tails of the distribution. A 

likelihood, p(o|x), is calculated including each possible parameter along the prior (Kording and 

Wolpert 2006). It determines how likely it is that the cue and resulting signal from the sensory 

event is accurate, as well as how likely it is that the signal is corrupted. This component has 

Figure 15: Underlying Concepts in Bayesian Statistics. As an observer gains experience of 
the world they develop a prior – a Gaussian distribution of all possible representations of 
an object. Current sensory information, corrupted and distorted, also represents a 
Gaussian distribution – the ‘tail’s representing the possible errors. This is referred to as the 
likelihood. The actual perception takes into account both the likelihood as well as the 
prior. This is referred to as the posterior. In the example above the posterior is more 
influenced by the prior than it is the likelihood and thus the perception is shifted to the 
left. From Kording and Wolpert 2006. 
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plasticity, as it changes with each experience the observer has with the sensory event (Beierholm 

et al 2009).  A joint distribution takes both the prior and the likelihood into account in order to 

determine the joint probability of the cue and the event, p(x,o) = p(x)p(o|x). This joint distribution 

is then divided by the prior of the cue, calculated by summing along the event dimension of the 

joint distribution, to derive the posterior distribution of the event given the cue: 

p(x|o)=
𝑝(𝑥)𝑝(𝑜|𝑥)

𝛴(𝑝(𝑜)𝑝(𝑜|𝑥))
 . The event with the highest posterior probability is the perceptual outcome.  

Figure 16: Two Factors Determine Visual Stimulus. In this scenario the resulting visual stimulus 
depends on two factors: the illumination of the light source as well as the reflectance of the 
object’s surface. From Howe et al 2006. 

Figure 17: Bayesian Statistics in Visual Processing. A. The key to a Bayesian framework is the prior which 
incoming information will be compared against. Here a distribution is shown representing both 
reflectance and illumination values for surfaces in, perhaps, an outlined environment. Each possible 
combination of reflectance and illumination represents a possible outcome. B. The posterior is 
constructed by comparing both the likelihood, the incoming sensory information, and the posterior. If 
there is corruption in the environment or the system the posterior would be a ‘thin’ range of potential 
causes indicated by the red dashed line. C. Because sensory information is usually noisy, the resulting 
posterior is actually a distribution representing common and likely sources as well as uncommon and less 
likely sources. Here the probabilities are represented by color, red being the most likely cause and dark 
blue representing the less likely cause. From Howe et al 2006. 



21 
 

An example of this process is demonstrated below, highlighting the sensory event shown 

in Fig. 16. In this scenario, the cue arising from the object depends on both the quality of the 

illumination from a light source as well as the reflectance property of the object.  The prior is a 

probability distribution (here, Gaussian-shaped), taking both illumination and reflectance into 

account, Fig 17A. The mode represents the most common event quality independent of the 

sensory estimates (Brainard and Freeman 1997, Stocker and Simoncelli 2006). There is another 

prior describing the probability of encountering different sensory signals independent of the 

events that produce them. When a stimulating event is encountered, the incoming sensory 

information, the likelihood, is also treated as a probability distribution – a conditional distribution 

of the sensory signal given the event’s qualities, shown in Fig. 17B as a dashed red line. In order 

to make a decision about the new information the model combines the likelihood and prior 

distributions as shown in Fig. 17C. The posterior is then evaluated simultaneously with other 

relevant criteria (e.g., a cost-benefit analysis) in selecting an appropriate behavioral response to a 

cue. Fig.18 illustrates this constant cycle of interaction between the observer and the 

environment.  

Figure 18: Causal Inference as Modeled with a Bayesian Framework. Sensory signals arrive 
from the environment for processing by each relevant sensory modality. This, combined with 
prior knowledge and following a Bayesian model, develops the posterior. The posterior 
represents the current perception given all previous processing and judgments. This is 
considered along with a gain / loss function which disregards nonessential information. The 
result is a motor decision to act. The result of this processes is then experienced in the 
environment and, though not directly shown here, added to the prior for future use. From Ernst 
and Bultholff 2004. 



22 
 

Generally, in determining the answer, the mode or mean of the posterior is regarded as 

representing the best possible estimation (Stocker and Simoncelli 2006). The degree to which the 

posterior reflects the shape of the likelihood distribution versus the prior is dependent on their 

relative shapes (i.e., their selectivity or reliability). Consistent with how humans handle 

ambiguous sensory information, the model will consider the prior with more weight if the 

incoming cues are unreliable (Stocker and Simoncelli 2006, Rohe and Noppeney 2015c). Fig.19 

shows how the resulting posterior shifts as a result of this. Fig.19A illustrates that the posterior 

resembles and lies closer to the likelihood during high contrast, or low corruption, conditions. 

Fig.19B shows that the posterior is driven more towards the prior during low contrast, or high 

corruption, conditions. When the incoming sensory cues are less ambiguous, the model places 

more weight with the likelihood – the incoming sensory information – to develop the posterior.  

Bayesian Frameworks Predict Human Performance in Visual Processing 

Application of Bayesian frameworks to human performance studies indicates that the 

model appropriately predicts responses for a variety of ambiguous tasks (Knill and Pouget 2004). 

Human rate of motion prediction is well modeled by Bayesian statistics (Stocker and Simoncelli 

2006, Weiss et al 2002). Bayesian modeling fits well for human performance in depth perception 

(Howe and Purves 2002, Jacobs 1999), convexity (Langer and Bulthoff 2010), brightness 

judgments (Adelson 1993), shape (Blake et al 1993), surface slant (Knill 1998), light source 

Figure 19: Signal Reliability Influences Calculation of the Posterior. A. When sensory 
signals are reliable, Bayesian models rely on the likelihood to make the perceptual 
estimation. If signals are reliable there is, presumably, little error or corruption. B. When 
sensory signals are unreliable, Bayesian models rely on the prior to make the perceptual 
estimation. Corruption distorts the incoming signals and the brain must, therefore, rely on 
previous experience to finalize the perceptual interpretation. From Stocker and Simoncelli 
2006. 
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judgments (Adams et al 2004), edges (Yuille and Kernsten 2006) and color constancy (Yuille and 

Kersten 2006, Brainard and Freeman 1992). Color constancy, for example, is the idea that the 

same object may appear to have a different color under different luminescence conditions. The 

observer must then determine whether or not the difference in color represents a new object – and 

they do this using causal inference, as demonstrated by comparing a Bayesian framework to their 

performance. There is an incongruence between what the observer is currently viewing and what 

they have experienced previously. The brain resolves the discrepancy between the actual signal 

and the expectation by altering the perception. Often this results in an optical illusion, where the 

object is perceived as retaining its normal color even though the object is not presented as such.  

It has also been demonstrated that, unsurprisingly, the availability to integrate more than 

one visual cue to perform a judgment task aids the observer in decreasing the variability of 

response and increased accuracy. Presumably, combining information about the object in 

question would decrease the amount of corruption and uncertainty in the signals. In an 

experiment, participants were asked to judge the orientation of an object and were given visual 

information about texture, shading or both (Fig. 20). When both sets of information were 

Figure 20: Visual Cue Combinations Increase Estimation Accuracy. Participants were 
asked to estimate the orientation of an object. When given both shading and texture 
cues the participants were more accurately able to estimate orientation as compared to 
texture or shading cues presented individually. From Yuille and Bulthoff 1996 
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available to the participants responses were more accurate than when the texture or shading was 

given singularly (Yuille and Bulthoff 1996). Similarly, when participants were asked to judge the 

depth of a cylinder their performance was more consistent and accurate when both motion and 

texture information was available, as compared to performance with just one cue. (Fig. 21) The 

performance to the 

integrated task was shown, also, to correlate strongly with expected responses given a Bayesian 

model (Jacobs 1999).  

Causal Inference in Multisensory Perception: The Ventriloquist Effect 

  Howard and Templeton (1966) described the Ventriloquist Effect as a multisensory 

illusion where an auditory cue is mis-localized in the presence of a spatially (or temporally) 

disparate visual cue. When an auditory and a visual cue are presented together in time and space 

an observer will correctly report that they occurred at the same location and are likely to report 

they have the same cause. One would expect that if there was a gap in space between the two cues 

– a spatial disparity – observers would no longer report that they come from the same location or 

the same source. The same would presumably be true for a gap in time – a temporal disparity. If 

there was a delay between the cues one would assume that the observer would report that they 

Figure 21: Visual Cue Combination is Near-Bayes Optimal. Participants were asked to 
judge the depth of a cylinder given, for this figure, both texture and motion information. 
Their performance correlated with predicted responses from a Bayesian model. Each 
graph represents performance of an individual participant. Dashed line represents a 
perfect correlation with predictions behavioral responses from a Bayesian model. From 
Jacob 1999.  
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come from the same location, but that they have different underlying causes. However, this is not 

the case.  

Fig. 22 illustrates an apparatus typically used to study this phenomenon. Light emitting 

diodes and speakers are aligned and dispersed at equal intervals along the azimuth. This allows 

for the singular presentation of an audio or visual cue, or a dual presentation of both. It further 

allows for the cues to be presented in the same spatial and or temporal register, or with a 

discrepancy in either domain. Typically, observers mis-localize the auditory cue towards the 

Figure 22: A Perception Apparatus Used To Study the Ventriloquist Effect. Light emitting diodes 
(LEDs) and speakers are aligned in space and distributed along an azimuth at equal 
discrepancies. This allows for the presentation of a single modality cue or the presentation of a 
cross modal cue, utilizing both audio and visual cues. Cross-modal cues may be aligned in time 
and space, or they may be presented at either (or both) a temporal or spatial disparity. From 
Wallace et al 2004b. 

Figure 23: Visual Cues Effect the Reported Location of an Audio Cue. Participants were asked to report 
the location of an audio cue. A visual cue was shown at the same time, but in different locations along 
the azimuth. No disparity between the audio and visual cue (yellow line) result in better localization 
ability than the auditory cue presented singularly (grey line). Small temporal disparities of 5 degrees on 
either side (orange and green lines) show a displacement of the auditory cue towards the visual cue. This 
is shown from the peak in the line under those locations. Even larger disparities of 10 degrees on either 
side (red and blue lines) show the mis-localization effect. This is shown to the left, where the participant 
is reporting the audio cue one position closer to the visual cue than is accurate. In the graph, it should be 
noted that the peaks at the outlying locations only exist when the visual cue appears at that location – 
there is no peak at the 10 degree location when the visual cue is shown at the 5 degree location, and the 
line is higher at the 10 degree location when the visual cue appears there than when the visual cue is 
presented at the 5 degree location. From Kording et al 2007. 
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location of the visual cue (“translocation”) when there are small spatial discrepancies, as shown 

in Fig. 23. Additionally, observers in these circumstances often report that the cues not only come 

from the same location but that they also have the same underlying cause – and the translocation 

of the auditory cue is linked to whether they perceived one or two events (Wallace et al 2004b, 

Kording et al 2007, Beierholm et al 2009.) This has also been demonstrated for visual-

somatotopic tasks (Samad and Shams 2016). At large spatial disparities, it is less likely that 

subjects will report the perception of a common cause, and less likely that they will translocate 

the auditory cue, although the window of interaction can be substantial, see Fig. 24 (Slutsky and 

Recanzone 2001, Fendrich and Corballis 2001, Thurlow and Jack 1973, Wallace 2004b, 

Beierholm et al 2009, Kording et al 2007, Hairston et al 2003, Lewald and Guski 2003). 

This is obviously in keeping with theories of CI. Cues coming from the same location, or with a 

small disparity, are statistically most likely to be from the same sensory event – this is known 

from the observer’s prior experience. Disparate cues represent a conflict that the brain must 

resolve. If the decision is that the cues refer to the same event, the auditory cue signal (having 

poorer spatial fidelity) is merged with the visual signal to produce a fused estimate of cue location 

that is somewhere between the two actual locations. If they are regarded as separate events, the 

perceived auditory cue location is not translocated.  

Figure 24: Effects of Spatial and Temporal Disparity on Reports of Unity. Temporal 
disparity (time delay) is shown on the x-axis while ‘mean score’ (reports of unity) is 
shown on the y-axis. With small spatial disparity (location gap, show in the key) reports 
of unity are high but decrease with temporal disparity. Large spatial disparities 
significantly decrease reports of unity and further drop with temporal disparity. From 
Slutsky and Recanzone 2001. 
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This phenomenon highlights a crucial component of CI theory. In a circumstance with 

two cross-modal signals, they will either be integrated, or not integrated, according to some 

probability. If this probability is zero the cues are never integrated (“forced segregation”), if the 

probability is one they are always integrated (“forced fusion”), and if it is something in-between, 

integration may or may not occur on different trials. It should be noted that these processing 

dynamics are sometimes viewed as three discrete (and exclusive) models for how two cues might 

be integrated or not as shown in Fig. 25 (Shams 2012). However, it is more efficient to view these 

different dynamics as arising from the same basic architecture in which parametric variation of 

the probability of “binding” (as a component of a prior distribution) yields an operating schematic 

consistent with “forced fusion”, or non-integration, or something in-between. Variation in this 

parameter can be observed in different task contexts and altered by experience. 

In spatial localization, sensory events may be truly overlapping (Fig. 25A, leftmost), their 

position may be perceived as an intermediate location between the two (Fig. 25A, middle) or one 

cue may ‘capture’ the other, driving the unified perception towards its location (Fig.25A, 

rightmost). Forced segregation occurs when the sensory cues have large spatial disparity. Again, 

Figure 25: Perceptual Outcomes of Multisensory Causal Inference. A. When there is little 
spatial and or temporal disparity between cues causal inference dictates that the cues should 
be ‘fused’. This occurs when there is no disparity (left), with small disparity and an averaging 
of position (middle) or with small disparity and ‘capture’ of a cue (right). B. When there is 
conflict, or intermediate discrepancy, the perceptual outcome may reflect a partial integration 
where the cues are perceived as closer to each other than is really occurring. C. When there is 
large spatial disparity between cues the resulting perception is of segregation. From Shams 
2012. 
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there is no uncertainty that they belong to separate events, shown in Fig. 25C. Partial integration 

occurs when there is an ‘intermediate’ discrepancy between the cues. This ambiguity drives a 

partial integration where the location of the one or both cues is perceived in a different location 

than where it is presented in a disparate configuration.  

Data shown in Fig. 26 comes from a study investigating concurrent spatial and temporal 

disparity, which demonstrates this phenomenon. When there is a small spatial disparity and a 

small temporal disparity reports of a unified source are high – here an average of 83%. (For this 

example, key table elements are circled in blue.) Here observers are subject to forced fusion – 

because the cues are so close in space and time they are inferred as a single perceptual event 

(Kayser and Shams 2015, Fig. 27B). Increasing the time delay at the same spatial disparity 

decreases reports of unity to an average of 76.83%. (Key table elements circled in green.) 

Similarly, increasing the spatial disparity but maintaining a low temporal delay results in reports 

of unity decreasing to an average of 70.5% (Wallace et al 2004b). (Key table elements circled in 

red.) The spatial and or temporal disparity between cues is just enough to create ambiguity where 

observers may partially integrate the cues (Kayser and Shams 2015, Fig. 27C). Increasing the 

Figure 26: Effect of Temporal and Spatial Disparity on Reports of Unity in the Ventriloquist 
Effect. Subjects were asked to report the location of an auditory cue, but were also shown a 
visual cue occurring at some level of spatial and temporal disparity. Subjects were asked to 
report whether or not the two cues were unified by a common source. When spatial and 
temporal disparities are low there are high reports of unity. The effect decreases as the 
disparity increases for either modality alone, or for the two combined. From Wallace et al 
2004b. 
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disparity for both parameters causes reports of unity to drop drastically to an average of 37.5% 

(Wallace et al 2004b). (Key table elements circled in purple.) In this case, observers are subject to 

forced segregation where reports of unity are low (Kayser and Shams 2015, Fig. 27A.).  

  As mentioned, the established priors for sensory events are plastic and can change with 

experience. Multiple exposures or training for cues with large spatial disparities eventually 

changes the perception such that the observer no longer interprets the cues as separate, but as 

coming from a common source. While initial results of disparate cues elicit responses indicating 

segregation, retesting after training demonstrates a perceptual shift equivalent to the statistics of 

the trained cues; this is referred to as the ventriloquism aftereffect and is illustrated in Fig. 27 

(Recanzone 1998, 2009, LeWald 2002). This would indicate that the experience gained with cue 

combinations is important for how they are later perceived. Not only is it possible for observers to 

fuse slightly discordant cues, in the event that they are likely to go together, it is also possible for 

observers to be influenced by the structure of their environment and bind cues that previously 

were thought to be separate.  

Figure 27: The Ventriloquism Aftereffect. A. When individuals are trained on a stimulus set with an 8° 
discrepancy, their interpretation of the cue unity changes. Whereas they may first interpret the cues as 
disparate, repeated exposure to the combination reinforces the idea that they are arriving from the 
same source. During testing, post this discrepancy training, the ventriloquist aftereffect is observed. 
Localization judgments shift +8° as the perception of unity has changed. B. This shift, seen in A., is not 
an inherent shift as demonstrated by cues trained with a 0° discrepancy. In this case the pre-and post-
testing responses remain the same. From Recanzone et al 1998. 
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Human performance in multisensory perception with the ventriloquist effect is well-

predicted by a Bayesian framework as shown in Fig. 31 (Kording et al 2007, van Beers et al 

1999, Alais and Burr 2004, Slutsky and Recanzone 2001, Shams et al 2005, Frendrich and 

Corballis 2001, Parise et al 2012, Sato et al 2007, Rohe and Noppeney 2015a). Fig. 28 also 

displays instances of causal inference through partial integration. For circled results, the 

localization estimates fall between the two actual event locations. Participants must have 

performed causal inference in determining that the cues came from a unified source (Kayser and 

Shams 2015). This has been seen to be true for other sensory modality combinations (Ernst and 

Banks 2002, van Beers et al 1999, Warren and Cleaves 1971, Gepshtein et al 2005) as well as for 

sensorimotor integration (Kording and Wolpert 2006).  

 

 

 

 

Figure28: Human Performance Fits Bayesian Frameworks for Causal Inference. Subjects were 
asked to localize both auditory and visual cues. Along the top can be seen the position of the 
auditory cue for each graph. Along the left side can be seen the position of the visual cue for 
each graph. The red solid lines represent the auditory responses of participants in number of 
localizations for that position, while the blue solid lines represent the visual responses. 
Dashed lines represent the Bayesian model predictions for human performance if they are 
using causal inference in their decisions. Of primary interest it can be seen that human data 
fits well with the model predictions for each graph. Further, the determinations of unity are 
demonstrated particularly well for the graphs circled. Here, localization determinations are 
shown to be partially integrated, indicating causal inference. The localization estimate falls 
between the two actual cue locations. To the right, human data (blue dots) is plotted against 
the Bayesian model (line). From Kording et al 2007.  
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Causal Inference in Multisensory Processing is a Cortically-Driven Process? 

Functional Magnetic Resonance Imaging (fMRI) scans performed during these 

localization tasks have indicated that the brain performs this Bayesian computation in something 

of a hierarchical manner. Individual sensory cues form a model representation of two individual 

sensory events – one auditory and one visual. The posterior intraparietal sulcus then forms a 

model representation of the two cues fused into one singular percept, as this represents one 

underlying cause. The anterior intraparietal sulcus (see Fig. 29) then considers both models and 

makes a determination of perception in a manner fitting Bayesian methods (Rohe and Noppeney 

2015a). It has been discussed that the brain may weigh sensory signals on their cue reliability. 

Not only is it known that some cues dominate over certain tasks, vision generally being more 

accurate for spatial tasks (Howard and Templeton 1966, Shams et al 2002, Rohe and Noppeney 

2015a), it is also known that they may be used by the brain to compensate for one another 

(Newell et al 2001). Along these lines, it has been seen that the brain can adjust the cue 

combination, utilizing the more reliable cue when needed. When the visual signal is reliable the 

brain assigns greater weight to it, whereas the auditory cue is weighted heavily if the visual cue is 

unreliable. When it is deemed appropriate to combine the cues, the intraparietal sulcus (IPS 

Figure 29: Multisensory Integration in the Cortex. Many cortical areas have been found to 
perform multisensory integration. A recent fMRI study has implicated the intraparietal sulcus 
as an area of interest for causal inference in multisensory integration. The intraparietal sulcus 
is circled in blue. From Ghazanfar and Schroeder 2006. 
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region 4) performs the weighting necessary for the determination of localization. In situations of 

larger spatial disparity, the intraparietal sulcus (IPS region 3-4) is active for localization of the 

target (Rohe and Noppeney 2015b). This area is known to be responsive to both auditory and 

visual stimuli, and cells in this area have overlapping receptive fields for those modalities (Fig. 

30). There are also motor outputs from that area which drive eye movement (Ghazanfar and 

Schroeder 2006).  

An fMRI study conducted while participants performed a localization task with spatially 

disparate cues found activation in the insula, parieto-occipital sulcus and the superior temporal 

sulcus (Bischoff et al 2007). Another study implicated the superior temporal sulcus in 

determining whether or not signals are properly aligned with one another (Noesselt et al 2012) 

and therefore whether or not they should be perceived as a congruent event. Further, when 

presented with audio and visual cues, it was found that the superior temporal sulcus is activated 

during incongruences. Semantic incongruences were found to be processed in the left angular 

gyrus and conceptual incongruences in the prefrontal cortex (Noppeney et al 2008). 

 

Figure 30: Overlapping Receptive Fields in the Intraparietal Sulcus. Receptive field mapping 
of the intraparietal sulcus, done in the monkey. The visual and auditory receptive fields are 
shown individually. Colors indicate level of spiking for a stimulus presented within the 
receptive field. The white x in both images show the area of highest spiking. White bars in 
the color keys show resting spikes, or corruption. An overlay is shown demonstrating the 
overlap of the receptive fields for the two modalities. From Ghazanfar and Schroeder 2006. 
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Summary: The Theory of Causal Inference in Multisensory Perception 

Due to the corrupted and ambiguous nature of signals derived from environmental events, 

it is necessary for observers to use inference to create a meaningful perception of their 

environment. This often alters a perception to fit what is expected rather than what is actually 

represented in the environment. Mathematical modeling, utilizing a Bayesian framework, 

demonstrates that human observers perform causal inference in a nearly optimal manner for a 

variety of visual tasks involving uncertainty. 

Recently, these concepts have been applied to multisensory integration. When there are 

temporal or spatial discrepancies between cues there is ambiguity in whether or not the cues arise 

from a common source, or if they are from different events. This can be tested in the laboratory 

setting using the ventriloquist effect, an illusion where auditory and visual cues with slight spatial 

and or temporal discrepancies are still perceived as arising from a single source. When cues are 

very far apart they should be considered as having different sources (Fig. 31A), and when they 

Figure 31: Causal Structure Models. A. Low level, unisensory processing areas consider the 

cues as separate events and predict locations separately. (Blue represents the visual cue 

and red represents the auditory cue.) B. The posterior intraparietal sulcus considers the 

cues as a fused estimate, regardless of spatial disparity. C. The anterior intraparietal 

sulcus considers both models and creates an overall estimate. From Kayser and Shams 

2015. 
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are very close together they should be considered as having a common source (Fig. 31B.). 

However, when cues are in an intermediate state of discrepancy a more complicated estimation of 

causal inference is necessary to determine the causal structure of the event (Figure 31C). 

Functional Magnetic Resonance Imaging has begun to shed some light on where causal inference 

may be taking place in the brain. The lateral and anterior intraparietal sulcus have been implicated 

as necessary in processing judgments of separate or common sensory event cause. 
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Part II: The Physiology of Multisensory Integration 

Multisensory Terminology and the Superior Colliculus 

Multisensory integration refers to how a cell processes a combination of cross-modal 

cues, resulting in a significantly different response than when compared to the cell’s response to 

one of the individual modality-specific cue components (Stein and Meredith 1993, Stein et al 

2009, Stein et al 2010). There are multiple areas of multisensory processing and integration in the 

brain. Multisensory cells have been found in various parts of cortex, such as the ventrolateral 

prefrontal cortex, intraparietal areas, and primary visual cortex (Kayser and Shams 2015, 

Ghazanfar and Schroeder 2006, Rohe and Noppeney 2015a, Stein and Meredith 1994, Stein et al 

2009, Stein and Stanford 2008). However, multisensory integration is hardly limited to those 

regions or to the cortex (Stein and Stanford 2008). Multisensory neurons can be found in the 

thalamus, the reticular activating system, the locus coeruleus, the inferior colliculus, and the 

superior colliculus (Stein and Meredith 1993).  

The superior colliculus (SC) is the most widely studied multisensory structure, and has 

been investigated in multiple species. The non-mammalian homologue is called the optic tectum, 

both for its function and anatomical position. Optic refers to its known role in vision, while 

tectum is Latin for ‘roof’. This makes sense given the optic tectum lies above a ventricle in non-

mammals, as is easily seen for the codfish, the frog, and the alligator in Fig. 32. The name 

attributed to mammalian species is the superior colliculus. This is due in part to its appearance – 

colliculus is Latin for hill, seen for the cat and the human in Fig. 32. Its name also indicates its 

anatomical position – it lies ‘above’ the inferior colliculus (Stein and Meredith 1994). While this 

differentiation exists between mammal and non-mammalian studies, it’s not uncommon to see the 

term ‘tectal’ used in reference to the superior colliculus in mammals. This is particularly true in 



36 
 

describing afferent and efferent projections (Stein and Meredith 1994), though here the terms 

superior colliculus and ‘collicular’ will be used as much as possible, as only mammalian studies 

will be referenced.  

The Superior Colliculus: Its Location and Structure 

The SC is a bilateral structure located on the posterior midbrain, as shown in Fig. 33A 

and B. (Felten 2016, Haines 2013). There are seven alternating cellular and fibrous layers of the 

SC. While there is a functional division between the superficial and deep layers, there is no 

anatomical differentiation between them (Kanaseki and Sprague 1974, Stein and Meredith 1993, 

Figure 32: Anatomical Position of the Optic Tectum/Superior Colliculus. The structure is referred to 
as the optic tectum in non-mammalian species and as the superior colliculus in mammals. It has 
been a structure of interest as it plays a strong role in visually guided orientation behavior as well as 
in multisensory integration. The position of the structure is shown in various animals. Note that in 
the mammals represented the structure is located below cortex. From Truex and Carpenter 1964. 
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May 2006). The division that has been established is one of pure functionality: the superficial 

layers (I-III) are responsive to visual input only (Stein et al 2014, Schiller and Stryker 1972, 

Meredith and Stein 1986a, Meredith and Stein 1983, Wallace et al 1993, Wallace et al 1996, 

Huerta and Harting 1984, Stein and Arigbede 1972, King and Palmer 1985). Theses layers are the 

stratum zonale (SZ), the stratum griseum superfiale (SGS) and the stratum opticum (SO), see Fig. 

Figure 33: Position of the Human Superior Colliculus: Cortex Removed. The superior 
colliculus is a bilateral structure located posterior to the midbrain. A: Artist Rendering From 
Felten 2016. B: Human Structure from Haines 2013. 

A

. 

B

.

Figure 34: The Layers of the Superior Colliculus of the Cat. There are seven layers in the superior 
colliculus. They alternate between cellular and fibrous. The layers, from superficial to deep, are: 
stratum zonale (SZ, not labeled), stratum griseum superficial (SCS), stratum opticum (OPT), 
stratum griseum intermediale (SGI) which is divided into two sublayers – the upper (uSGI) and 
lower (lSGI), stratum album intermediale (SAI), and stratum grisium profundum (SGP). The 
superficial layers (I-III) are only responsive to visual stimuli whereas the deep layers (IV-VII) are 
multisensory layers. From May 2006. 
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34. While all three layers contain cells, only the second layer – the SGS – is considered a cellular 

layer – the other two are considered fibrous (Kanaseki and Sprague 1974, May 2006). It is 

known, now, that the superficial layers are those that receive direct input from the retina 

(Rhoades et al 1989, Graham and Casagrande 1980, Sterling 1973, Harting et al 1973) as well as 

the visual cortex (Huerta and Harting 1984, Tortelly et al 1980, Galletti et al 1981, Harting et al 

1992, Kawamura et al 1974, Wickelgren and Sterling 1969). Visual information is sent from the 

superficial layers to the thalamus – specifically the lateral geniculate nucleus and the posterior 

nucleus (Huerta and Harting 1983, Kawamura et al 1980, Caldwell and Mize 1981). Visual input 

is organized as a visuotopic map with each area of the structure containing cells that represent a 

particular and ordered area of space (Chalupa and Rhoades 1977, Stein et al 1976). There are 

connections between the superficial and deep layers, and it has been shown that the deep layers 

may modulate the firing of superficial neurons in response to a simultaneous auditory cue (Ghose 

et al 2014). While the upper layer cells may be influenced by deep layer cells they are not, 

themselves, multisensory. 

Figure 36: Distribution of Modality-Specific and Multisensory Cells in the Superior 
Colliculus. Here modality-modality specific cells are referred to as ‘unimodal’ and 
multisensory cells are referred to as ‘multimodal’, or multisensory. As previously 
stated, the superficial layers of the superior colliculus respond only to visual input. 
Therefore there are no multisensory cells found in those layers. Deep layers show 
multisensory and modality-specific cells. From Meredith and Stein 1986a. 
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  The deeper layers (IV-VII) are the stratum griseum intermediale (SGI) – divided into two 

smaller layers, the upper (uSGI) and lower (lSGI) – the stratum album intermediale (SAI) and the 

stratum griseum profundum (SGP), see Fig. 34. In line with the alternating pattern, the SGI and 

SGP are considered cellular layers while the SAI is fibrous (Kanaseki and Sprague 1974, May 

2006). The deep layers receive multiple inputs from a variety of sources (Edwards et al 1979), 

including cross-collicular projections believed to influence visual processing (Sprague 1966, 

Sherman 1974,1977). (Fig. 35 shows major contributions for multisensory integration.) These  

inputs enable it to be responsive to visual (Stein et al 1976, Finlay et al 1978), auditory (King and 

Palmer 1983, Wise and Irvine 1983) and somatosensory stimuli (Meredith et al 1991, Cynader 

and Berman 1972). It has been demonstrated that 50-65% of deep layers neurons are multisensory 

(Wallace et al 1993, Meredith and Stein 1996). Fig. 36 displays the distribution of unimodal 

(modality specific) as well as multimodal (multisensory) neurons in the superficial and deep 

layers of the SC. In this figure, the deep layers are futher divided into the intermedium and 

profundum layers for distribution comparison.  

  

Figure 36: Distribution of Modality-Specific and Multisensory Cells in the Superior 
Colliculus. Here modality-modality specific cells are referred to as ‘unimodal’ and 
multisensory cells are referred to as ‘multimodal’, or multisensory. As previously 
stated, the superficial layers of the superior colliculus respond only to visual input. 
Therefore there are no multisensory cells found in those layers. Deep layers show 
multisensory and modality-specific cells. From Meredith and Stein 1986a. 
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Cortical Inputs to the Deep Layers of the Superior Colliculus 

While there may be some retinal input to these layers it is scant (Beckstead and 

Frankfurter 1983). Further, deactivation of primary visual cortex, areas 17-18, does not have an 

effect on deep layer cells (Ogasawara eta l 1984). Instead, they receive input for multiple sensory 

modalities from the parietal cortex, see Fig. 35; Fig. 37 shows specifically the cortical area of the 

anterior ectosylvian sulcus (AES) and the rostro-lateral suprasylvian sulcus (rLS) in cat.  

The rLS has been demonstrated as a source of visual input for deep layer cells (Baleydier 1977, 

Tortelly 1980, Baleydier et al 1983, Segal and Beckstead 1984, Kawamura and Konno 1979, 

Harting et al 1992). Lesions to this area, location shown in Fig.38, not only affect the visual 

abilities of the test animal, but also their approach behavior to an incoming visual stimulus. 

Shown in Fig. 39, the lesions only reduce the visual responsiveness of deep layer superior 

colliculus cells and have no effect on superficial layer responsiveness (Hardy and Stein 1988).  

Figure 37: The Superior Colliculus and Its Cortical Input. Here is shown the location of the 
superior colliculus (overlying cortex has been ‘cut away’), the Anterior Ectosylvian Sulcus (AES) 
and the rostroLateral Suprasylvian Sulcus (rLS). From Jiang et al 2001. 

Figure 38: rostro-Lateral Suprasylvan Input to the Superior Colliculus. Using Horseradish 
Peroxidase injection into the deep layers of the rostral superior colliculus demonstrate cortical 
input from the Lateral Suprasylvian Sulcus. From Baleydier et al 1983. 
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The second cortical area is the anterior ectosylvian sulcus (AES) (Tortelly et al 1980, 

Kawamura and Konno 1979, Harting et al 1992), see Fig. 37. As displayed in Fig. 40, this area 

has groups of neurons that are modality specific. The visual area, or AEV (Olson and Graybiel 

1983, 1987, Mucke et al 1982, Jiang et al 1994) has been found to be responsive to small, moving 

visual stimuli (Mucke et al1982), exhibits directional selectivity (Rosenquist and Palmer 1971) 

and is organized visuospatially (Stein et al 1976). The auditory area of the AES was deemed the 

Field AES (FAES) and was found deep within the sulcus (Clarey and Irvine 1986, Clemo and 

Stein 1982, Meredith and Clemo 1989, Jiang et al 1994, Olsen and Graybiel 1983, Paula-Barbosa 

Figure 39: Lateral Suprasylvian Sulcus Lesions Affect Visual Responsiveness in Cells. Under 
normal conditions, deep layer cells in the superior colliculus are responsive to visual stimuli. 
Small lesions to the suprasylvian sulcus reduce the number of responsive cells. The decrease is 
more dramatic if the lesion is larger. From Hardy and Stein 1988. 

Figure 40: Sensory Areas of the Anterior Ectosylvian Sulcus. Mapping of the Anterior 
Ectosylvian Sulcus demonstrates areas for three sensory modalities. The areas are, at 
times, overlapping but consistent among the three subjects shown here. (Cat). From 
Olson and Graybiel 1987. 
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and Sousa-Pinto 1973). While this specific area of the AES responds to auditory cues, it is not 

unlikely to find cells that will also respond to visual input (Clarey and Irvine 1986). The final area 

represents the somatosensory modality (Stein et al 1983, McHaffie et al 1988, Clemo and Stein 

1983). It is referred to as the SIV as it was the fourth somatosensory area found in the brain 

(Clemo and Stein 1982). Cooling of this area eliminates the response of SC neurons to tactile 

stimuli (Clemo and Stein 1986) and mapping of the area has demonstrated a somatotopic map of 

the body (Clemo and Stein, 1982, 1983), see Fig. 41. Though these areas are physically separated 

from each other in the AES, their projections align on the SC (Olavarria and van Sluyters 1982).  

While there are instances of multisensory neurons in the anterior ectosylvian sulcus, near the 

boundary of each area, the sensory areas themselves generally respond to their specific modality 

(Wallace et al 1993). Therefore, multisensory integration is not simply transposed on to the 

superior colliculus – the areas enable a merging of modality specific sensory signals.  

 

 

 

 

Figure 41: The Somatotopic Map of the Anterior Ectosylvian Sulcus. Mapping of the 
somatosensory area of the AES (referred to as the SIV) demonstrates a somatotopic map 
of the body. From Clemo and Stein 1982. 
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Converging and Overlapping Sensory Maps on the Superior Colliculus 

The deep layers therefore do not show a division of sensory modalities, but rather a 

convergence of sensory input from these cortical areas. The visual organization of the deep layers 

has a visuospatial map (Apter 1945, Chalupa and Rhoades 1977) which is similarly aligned with 

that found in the superficial layers (Stein et al 1976). Further, the somatotopic map is aligned with 

the visuotopic map (Stein et al 1975, 1976, Drager and Hubel 1976). Central, or nasal, 

somatotopic representation was found centrally and those neurons also responded to visual 

stimuli in central space (Stein and Meredith 1994). Horizontal auditory space is represented 

rostrocaudally and vertical auditory space mediolaterally (Middlebrooks and Knudsen 1984). 

This auditory map of space also aligns with the somatotopic and visuotopic maps. This 

overlapping and aligned map of space for each modality (see Fig. 42) is consistent across 

mammalian species (Stein 1981, Stein and Meredith 1993) and is what allows for the 

multisensory nature of the neurons in the deep layers of the superior colliculus (Stein et al 2014, 

Meredith and Stein 1986a, Meredith and Stein 1983, Wallace et al 1993, King and Palmer 1985).  

Motor Connections of the Superior Colliculus 

The deep layers of the SC receive not only sensory but motor input as well. The frontal 

eye fields, connected to extraocular muscles, are a cortical region in the frontal lobe that have 

Figure 42: Cortical Input Convergence in the Superior Colliculus. The Anterior Ectosylvian 
Sulcus provides overlapping modality input to the superior colliculus. Each sensory modality 
forms a map of space, which align on the superior colliculus. This creates multisensory 
neurons which are able to respond to more than one sensory modality when presented in 
the same location in space. From Stein et al 2014. 
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been shown in monkeys to project to the SC (Astruc 1971, Kawamura and Konno 1979, 

Leichnetz et al 1981), see Fig 37 for location, see Fig. 43 for projections. These corticotectal 

connections have been described as particularly rostrocaudal and as arriving to the ipsilateral SC 

(Kunzle and Akert 1977). Stimulation of the frontal eye field results in eye movement (Robinson 

and Fuchs 1969, Schiller et al 1980, Bruce et al 1985), the direction of which depends on the 

location in cortex being stimulated (Robinson and Fuchs 1969) – indicating a motor map of 

Figure 43: Corticocollicular Projections in Monkey Using Autoradiography. A. H
3
-Proline is 

injected into Area 8 (The Frontal Eye Field) of the monkey. B. Autoradiographic tracing 
shows projections from Area 8 to the Superior Colliculus. (Arrow in B). From Kunzle and 
Akert 1977. 

A. A.

Figure 44: Cortical Motor Connections in Rat. The dorsomedial prefrontal cortex in rats 
has been found to be the equivalent cortical structure as the frontal eye field in 
monkeys. Projections from this analogous structure in rats reach the superior 
colliculus. From Neafsey et al 1986. 
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space. A similar projection has is seen in an analogous structure in rats (Leichnetz et al 1987, 

Sesack et al 1989, Beckstead 1979, Leonard 1969, Neafsey et al 1986.), see Fig. 44. Motor 

connections from the interposed nucleus have also been observed in the cat (Kawamura et al 

1982). Additionally, it is known that a structure of the basal ganglia – the substantia nigra (pars 

reticularis) – also projects to the superior colliculus. Stimulation of the substantia nigra (pars 

reticularis) effects motor outcomes related to superior colliculus activity (Hikosaka and Wurtz 

1983, Liu and Basso 2008, Hopkins and Niessen 1976, Chevalier et al 1984). (As is generally true 

with the basal ganglia, there is a parallel pathway from the superior colliculus to the second 

region of the substantia nigra, the pars compacta (McHaffie et al 2006)). These motor-collicular 

connections demonstrate an interesting relationship between sensory and motor function for the 

superior colliculus.  

Most efferent projections from the SC further implicate its role in motor function. These 

include projections to the spinal cord and the brainstem (Stein and Meredith 1993, Haines 2013, 

Wallace et al 1993, Graham 1977, Edwards and Henkel 1978). Pontine pathways have been 

demonstrated with both a lesion study (Kawamura and Brodal 1973) as well as autoradiography 

(Graham 1977). Connections to the reticular formation (Kawamura et al 1974, Harting et al 1973, 

Meredith et al 1992, Martin 1969, Kawamura and Hishikawa 1978, Moschovakis and Karabelas 

1985) have also been demonstrated.  

The Superior Colliculus and Visually Guided Orientation Behavior 

Early research on the brainstem in general implicated the role of the SC in visually 

guided orientation behavior (Sprague et al 1961). But further and focused study on the structure 

itself associated the role of the superior colliculus in detection of and orientation to multiple 

modality type sensory cues in the environment. This is unsurprising, given its close anatomical 

location and direct motor connections described above. Eye movement deficits are clearly 

observed after SC ablation (Schiller et al 1980). During recovery from unilateral ablation in the 

cat, ipsiversive turning and head tilt is observed, indicating disruption of motor function. After 
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recovery and during visual testing, the subject will approach objects presented in the ipsilateral 

visual field, but is unresponsive to objects presented in the contralateral visual field (Sprague and 

Meikel 1965, Denny-Brown 1962). The same is observed when the SC is deactivated through 

cooling: there is an inability to orient to visual stimuli in the contralateral visual field (Lomber et 

al 2001). Additionally, the contralateral pinna has been shown to be oriented in a downward 

fashion and unresponsive to auditory stimuli. There is an overall loss of tactile function on the 

contralateral side of the body. Complete bilateral removal produced similar results and also 

includes an inability to track fast moving stimuli presented in the visual field (Sprague and 

Meikel 1965).  

Orientation was attributed to the deep layers through an ablation study investigating the 

role of the SC in pattern discrimination. Half of the tree-shrew subjects in the experiment 

received superficial lesions while the others received deep lesions, outlined in Fig.45. The 

unanticipated results were that the animals with superficial lesions acted normally in their cages; 

they oriented to and followed both positive and aversive stimuli. Those with deep lesions, 

however, failed to do so regardless of the salience of the stimuli. These subjects were described as 

‘motionless’ and appeared to be blind. (Casagrande et al 1972). Other studies had, and have, 

Figure 45: Lesion Study in the Superior Colliculus of the Shrew. In an effort to determine the 
role of the superior colliculus in pattern discrimination, half of subjects received superficial 
lesions (the position of which is shown here) while the rest received deep lesions. 
Unexpectedly, a difference in behavior was observed in the groups. Those animals receiving 
superficial lesions acted normally, recognizing and responding to rewarding and aversive 
stimuli. Those who had received the deep lesions failed to orient or respond to stimuli 
regardless of its salience. From this the deep layers of the superior colliculus are implicated in 
visually guided orientation behavior. From Casagrande et al 1972. 
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demonstrated the same behavioral outcomes as a result of unspecified lesioning (Schneider 1967, 

1970, Sprague 1965, 1966, Loop and Sherman 1977); this was the first to attribute the effect to 

the deep SC layers. Though they do not fully demonstrate the overall importance of the superior 

colliculus, these findings highlight the essential role that the structure must have for survival. In 

noting that the animal was unresponsive to both positive and aversive stimuli, it is demonstrated 

that these layers play a key role in orienting to sensory events. 

The tree shrew study was important in specifically attributing orientation behavior to the deep 

layers, yet the relationship between vision and motor function in the SC was already generally 

understood at this time. Dating back to the 1870’s, it was known that stimulation of the superior 

colliculus resulted in movement of the contralateral eye. Further, it was seen that the direction of 

movement depended on whether the lateral or medial aspect of the superior colliculus was being 

stimulated (Cited in Robinson 1972, Cited in Apter 1945). Experimentation involving both visual 

receptive fields and evoked eye movement demonstrated that the visual and motor spatial maps 

are overlapping. Recording from the superior colliculus during a brief display of a visual stimulus 

allowed for mapping and it was determined that a specific area of the superior colliculus would 

respond when a stimulus was presented in a certain area of space. This motor-spatial map is 

Figure 46: Motor-Spatial Mapping of the Superior Colliculus. The dotted outline represents 
the physical boundaries of the superior colliculus. (The left superior colliculus was used in 
this study.) The gridding represents the directional movement of the eye in response to 
stimulation at any location on the structure. From Robinson 1972. 
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shown in Fig. 46. During a trial involving an anesthetized animal, application of powdered 

strychnine sulfate on that area of the superior colliculus allowed for eye movement to occur – an 

action normally seen in behaving animals but suppressed by anesthesia. The movements of the 

eyes were found to align with the visual receptive field of the area (Apter 1946). These findings 

have been replicated by stimulation studies and demonstrate the role of the superior colliculus in 

saccadic actions. They’ve further shown that the nature of the saccade is driven by placement of 

electrical stimulation on the superior colliculus, rather than the intensity of the stimulation 

(McHaffie and Stein 1982, Schiller and Koerner 1971, Robinson 1972, Schaefer 1970, Roucoux 

and Crommelinck 1976). Additional studies have gone on to closely identify the visuo- and motor 

topography of the map (Robinson 1972) as well as investigating pre-saccadic activity in deep 

layer cells (Wurtz and Goldberg 1971, 1972, Lee et al 1988, Schiller and Stryker 1972, Schiller 

and Koerner 1971, Straschill and Rieger 1973, Straschill and Schick 1977, Furlan et al 2015) 

where it has been found that deeper cells have lower thresholds for saccadic activity (Straschill 

and Rieger 1973, see Fig. 47). Important for behavior, deep layer cells are silent during 

spontaneous saccades, but fire just before intentional saccades (Mohler and Wurtz 1976). The 

findings strongly support the idea that the superior colliculus is essential for more than visual 

processing; it is directly responsible for orienting the eyes to the location in space containing the 

visual cue.  

Figure 47: Threshold to Saccade Decreases with Increasing Depth. Deep layer cells in the 
superior colliculus project to motor pathways. The threshold for stimulated-driven saccade 
in the superior colliculus decreases as depth increases. From Straschill and Rieger 1973. 
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 The auditory and somatosensory maps of space also overlap with the motor map. Though 

they are not as accurate as saccades to a visual stimulus, subjects also perform saccades to the 

location of an unseen somatosensory stimulus (Groh and Sparks 1996a, Sparks and Nelson 1987), 

see Fig. 48. The experiment investigating this allowed subjects to perform the task for both visual 

and somatosensory cues. It was seen that the same cells responded to both the visual and 

somatosensory events, and coded for the resulting saccade. The difference in accuracy could be 

related to a lower peak discharge frequency in saccade neurons for somatosensory cues over 

visual cues (Groh and Sparks 1996b). Similarly, it has been shown that subjects perform saccades 

towards auditory cues though, again, this localization is not as accurate as visual cues and can be 

influenced by the position of the eye at the time of stimulus presentation (Jay and Sparks 1987). 

Somatosensory Visual 

Figure 48: Pre-Saccadic Collicular Activity to Somatosenory and Visual Cues. The traces at the 
top show the horizontal and vertical change in position of the eye. The graph shows the 
frequency discharge of the cell during the recording. The graphs represent the same cell. The 
graph on the left demonstrates activity during somatosensory presentation while the graph on 
the right represents visual presentation. The first asterisk indicates target arrival. Sensory 
response of the cell is seen shortly thereafter. The second asterisk indicates the cue to perform 
a saccade by the test subject. Pre-saccade response of the cell is seen shortly thereafter. Not 
peak amplitude difference between the somatosensory and visual trial; this may explain 
differences in response accuracy. From Groh and Sparks 1996b. 
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Rather than being limited to the eyes, the deep layers of the superior colliculus have also 

been shown to direct other sensory organs towards the source of a sensory event. Deep layer 

firing has been shown to occur before head movement (Robinson and Jarvis 1973, Straschill and 

Schick 1977, Peck 1990, Cowie and Robinson 1994), see Fig. 49, including those that do not 

include a movement of the eyes in the same direction – gaze shift (Cowie et al 1994, Walton et al 

2007). In fact, it was found that while some neurons were responsible for the head movement 

(sans gaze shift), others maintained steady firing while the head was stable but decreased firing as 

the head moved indicating yet another role of the superior colliculus in head placement (Walton 

et al 2007). Given that collicular ablation resulted in an inactivation of pinnae movement 

(Sprague 1966), it should come as no surprise that electrical stimulation of the colliculus deep 

layers results in pinnae (Cowie and Robinson 1994, McHaffie and Stein 1982) and vibrissa 

orientation (Hemelt and Keller 2008, McHaffie and Stein 1982), Fig. 50. One study went so far as 

to demonstrate that that movement of the eyes and the movement of the pinna were aligned. The 

final location for the sensory organs is towards the location in space represented by the area of the 

Figure 49: Firing in the Superior Colliculus Occurs Before Head Movement. Each line on the 
raster represents separate trials in which firing occurs in the superior colliculus before 
head movement occurs – indicated by the vertical line. From Robinson and Jarvis 1973. 
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SC being stimulated (Stein and Clamann 1981). Therefore, the superior colliculus plays an 

essential role in orienting sensory organs to an event of interest in the environment (Sparks 1986, 

Meredith et al 1992).  

The evolutionary importance of the superior colliculus can thus be imagined at this point. 

A mechanism that would allow for orientation to one sensory modality stimulus is obviously 

beneficial. Linking a single sensory input with a motor outcome that focuses attention to a 

specific location and event in space obviously aids in survival – orienting to potential predators or 

prey. Yet here is a system that performs that function for three separate modalities; a system that 

operates in such a way that one cell is able to process multiple incoming modalities and produce 

the same motor outcome for those stimuli in the same location of space. This reduces the number 

of cells and connections needed in the brain, making for a more efficient system. This, on its own, 

is impressive. However, this convergence of sensory modalities and motor function merely sets 

the scene for an even greater function: multisensory integration.  

 

 

 

Figure 50: Stimulation in the Superior Colliculus Deep Layers Results in Sensory Organ 
Orientation. A. The deep layers of the superior colliculus were stimulated, the area of which 
indicated by the circle. Contralateral turning of the eyes, pinnae and vibrissae resulted. Arrows 
indicate direction and magnitude of movement. For pinnae, the dark outline represents the 
final position after movement from the initial position, represented by a thin outline. From 
McHaffie and Stein 1982. 
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Physiological Outcomes of Multisensory Integration 

The recordings from a visual-auditory cell in Fig.51 illustrate its responses to visual and 

auditory cues. When the cues are presented together, the response of the cell is much more robust 

than to either of the modality specific cues, as also see in Fig. 51 (Meredith and Stein 1983). This 

outcome is referred to as response enhancement – the dual and concordant presentation of sensory 

cues increases the neuronal response (Meredith and Stein 1986b, 1996, Meredith et al 1987, 

Alvarado 2007, Wallace et al 1996, Wallace et al 1998, Kadunce et al 2001, King and Palmer 

1985). Response enhancement is not limited to audio-visual cue combinations and can be seen 

with somatosensory cues as well (Meredith and Stein 1986a). This is dependent on cortical input: 

cryogenically deactivating any of the three AES subregions diminishes the enhancement, as 

shown in Fig. 52 (Alvarado 2009). The effect returns upon cortical rewarming (Wallace and Stein 

1994). Enhancement is typically seen early in the neuronal response (Rowland and Stein 2007) 

and also shortens response latency by an average of 6.5ms (see Fig. 53) (Rowland et al 2007a). 

The robustness of the enhancement depends also on the nature of the neuron itself. Neurons 

Figure 51: Multisensory Integration in the Superior Colliculus: Response Enhancement. A 
multisensory cell is identified in the deep layers of the superior colliculus. A. An auditory cue is 
presented to the subject. The raster below shows firing of the cell in response to the auditory cue. 
A frequency graph is presented below the raster. B. A visual cue is presented to the subject. The 
raster below the visual trace shows a more robust firing when compared to the auditory cue on 
its own. This cell, therefore, has a greater modality specific firing or preference for visual cues. C. 
The auditory and visual cues are presented in temporal and spatial concordance. The raster 
below shows the robust firing of the cell. D. Response frequency for the cross-modal cue an 
enhancement over the best modality specific (visual) response. From Meredith and Stein 1983.  
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exhibiting small amounts of spontaneous activity and or with minimal modality specific 

Figure 52: Cortical Input is Necessary for Multisensory Enhancement. A. Under normal 
conditions, auditory and visual cues both elicit a response from multisensory neurons in the 
deep layers of the superior colliculus. This is seen in both the rasters and frequency graphs. 
Additionally, spatially and temporally concordant cross-modal presentation elicits an 
enhanced response. This is summed in the graph to the right. The visual response is shown in 
white, the auditory response shown in grey, and the cross-modal response shown in black. 
The dotted line labeled sum indicates the firing expected if the cross-modal response were a 
sum of the modality specific firings. B. Deactivation of the FAES (auditory) decreases the 
modality specific firing to auditory cues and eliminates cross-modal enhancement. D. 
Deactivation of the AEV (visual) demonstrates the same for modality specific visual response 
and cross-modal enhancement. F. Concurrent deactivation of both areas demonstrates a 
minimal firing for either modality specific presentations as well as an elimination of cross-
modal enhancement. C, E, G. Reactivation of the areas results in a return of function and 
enhancement for each area and modality respectively. This demonstrates that anterior 
ectosylvian sulcus subregion cortical input is mandatory for modality specific response, 
multisensory integration and enhancement in the superior colliculus. From Alarado et al 
2009. 
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responses tend to display more robust enhancement over their noisy or strong-modality specific 

responding counterparts (Perrault et al 2003).  

Multisensory neurons may respond overtly to each modality, but not always. The neuron 

in Fig. 54 appears to not respond to any of the tested cues. However, when presented with 

concordant auditory and somatosensory cues integration is observed. Though not shown, the 

neuron also integrates visual cues with either the auditory or somatosensory cues as well 

(Meredith and Stein 1986a, Meredith et al 1987).  

Figure 53: Multisensory Integration: Response Latency Reduction. Multisensory 
integration results in a reduced response latency. During visual specific 
presentation (top raster) the response for this cell occurs after 200ms. The 
auditory response is quicker, occurring just after 100ms. But when both 
modalities are presented at the same time, the response latency decreases. The 
event time window is shown at the bottom. There is no visual information in this 
box as the visual response begins well after the time window displayed. There is a 
19ms time difference between the quickest individual modality response and the 
multisensory response. During this 19ms it is also seen that the signal has already 
reached and exceeded the auditory-alone response. Multisensory integration has 
not only decreased the latency of the response, it has also amplified the signal in 
this time period. From Rowland et al 2007a. 

Figure 54: Eliciting Integration from a “Silent” Cell. Presentation of an auditory or 
somatosensory modality-specific cue elicits no response from the neuron. Concordant 
presentation of both cues, however, does elicit a response. Meredith and Stein 1986a. 
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It could be argued that the response enhancement demonstrated with cross-modal 

presentation merely reflects the greater amount of environmental energy offered by multiple cues. 

A simple test shown in Fig. 55 illustrates that this is not the case. In challenging this idea, a 

neuron responsive to visual cues only is presented with two different visual stimuli, at different 

times, to determine its response to these individual events. While the events on their own do not 

overlap in space, they do both fall within the receptive field of the neuron. It was found that, 

when the two events are presented together in time, response enhancement is not observed. In 

fact, the overall response is lower than that of the best modality specific response (Alvarado et al 

2007). To demonstrate that this effect was not specific to modality specific neurons, the same 

procedure was conducted in a multisensory neuron (Fig. 56). The same results were found, 

indicating further that the enhancement is due to cross-modal information. To test the capability 

of the neuron, the procedure was run again with cross-modal stimuli and response enhancement 

was observed as expected (Alvarado et al 2007).  

Figure 55: Within-Modality Integration: Modality-Specific Neuron. In order 
to test whether response enhancement was specific to cross-modal stimuli 
presentation a cell responsive only to visual stimuli is identified. Two 
different visual stimuli are presented within the receptive field of the 
neuron during two separate events. The neuronal response is displayed as 
both a raster and frequency plot below the event tracings. The neuron 
shows a preference for one event – ‘Visual 1’ – which is then considered 
the best response. When both cues are presented together the overall 
response is actually a decrease in overall firing as compared to the best 
singular event response. This demonstrates that multisensory integration 
enhancement is specific to cross-modal stimuli, not simply an increase in 
overall information. Alvarado et 2007.  
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Another form of integration observed in the colliculus is response depression. When 

presented with a modality-specific visual cue, the cell recorded from in Fig. 57 shows robust 

Figure 56: Within-Modality Integration: Multisensory Neuron. Modality-specific neurons do 
not show enhancement when two visual stimuli are presented concordantly. To determine 
whether or not this was a factor of neuron type, the same procedure was completed with a 
multisensory neuron. The results were similar – the multisensory neuron failed to show 
enhancement and displayed a reduction in overall firing as compared to the best singular 
event response. Alvarado et al 2007. 

Figure 57: Response Depression. During testing a modality-specific cell is identified. A. A 
visual cue is presented to the subject. Below the cue trace a robust response in the 
raster is seen. A frequency graph is shown below. Modality-specific presentation of 
somatosensory or auditory cues did not elicit a response from the cell. B. When 
presented with a cross-modal, concordant cue the neuron shows a decrease in response 
– indicated by an arrow in both the raster and frequency graph. C. A graph comparing 
the firing of the neuron to a modality-specific visual cue presentation (V) to the cross-
modal cue presentation (VA) demonstrates a dramatic decrease in firing. Overall, the 
combined firing is greater than that seen during spontaneous events (S). D. When only 
the stimulus presentation window is considered, however, the decrease in firing is much 
more notable during the cross-modal presentation. With this consideration, the cross-
modal response is not significantly different from the spontaneous firing. From 
Meredith and Stein 1983. 
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firing. Presentation of somatosensory or auditory cues did not elicit a response from the cell. 

Presentation of a cross-modal auditory and visual cue presented in concordance dampened the 

response of the cell as compared to its firing to a visual cue (Meredith and Stein 1983, 1986a, 

King and Palmer 1985). In broad terms, the overall change in response was significant but did not 

decrease the firing to be comparable to spontaneous firing. When the time window of response is 

shortened, though, and only the time during which the auditory cue is introduced is presented the 

Figure 58: The Rule of Inverse Effectiveness. 
Sensory signals are presented to the 
subject while recording from the same 
multisensory cell. A. Both the visual (V, first 
trace) and auditory (A, second trace) elicit 
a strong neural response. This is seen 
below in both the raster and frequency 
graph. When presented together 
enhancement in the signal is observed. (AV, 
third trace.) In the graph to the right, the 
signal is 110% of the best singular modality 
response. B. When cue reliability is reduced 
somewhat the cells are still able to respond 
but not nearly as robustly as before. 
However, concurrent presentation of the 
cues results in a firing that is 258% of the 
best singular modality response. C. When 
reduced to near threshold, the individual 
responses drop further and the cross-modal 
response shows an enhancement of 483% 
of the best singular modality response. 
From Meredith and Stein 1986a. 

Figure 59: Enhancement Gradually 
Increases as Stimulus Effectiveness 
Decreases. In ‘Control’, a singular 
auditory cue is displayed to a 
multisensory neuron and a resulting 
raster or firing and frequency graph 
results. A visual cue is then displayed as a 
singular event with increasing intensity 
over trials. During testing, each visual cue 
intensity is displayed in conjunction with 
the auditory cue as a cross-modal event. 
As a result, the percent integration is 
seen to decrease as the visual cue 
reliability increases. Stein et al 2009. 
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response depression is maximal – reducing the overall firing to that of the spontaneous rate 

(Meredith and Stein 1983).  

A third property of integration was also identified and is referred to as the rule of inverse 

effectiveness. As shown in Fig. 58, when sensory signals elicit a robust neural response on their 

own, their combination results in a level of enhancement. But when the signals are reduced in 

reliability and presented together their overall enhancement is much larger (Meredith and Stein 

1986a, Meredith and Stein 1993, Alvarado et al 2007, Wallace et al 1996, Wallace et al 1998, 

Stanford et al 2005). This is beneficial to the organism in that it amplifies a signal that may 

otherwise go unnoticed. This effect is seen to occur gradually as the cue intensity continues to 

decrease. In Fig. 59, as visual cue reliability steadily decreases over trials, the percent 

enhancement increases (Stein et al 2009). The opposite is true for combinations resulting in 

depression. When depressive cue combinations are presented with gradually decreasing reliability 

the percent depression increases (Jiang and Stein 2003).  

The Temporal and Spatial Principles for Physiological Integration 

Cross-modal cues must be in close spatial register in order to be integrated (Meredith and 

Stein 1986b, Wallace et al 1996). While overlapping, the receptive fields for each modality may 

not be exactly aligned. As shown in Fig. 60, two cues may occur in spatially disparate locations 

while still staying within overlapping fields. When this occurs a more robust firing pattern is 

observed (Kadunce et al 2001). This, perhaps, seems redundant – if two cues belong to the same 

source they will certainly be coming from one location. But because receptive fields represent an 

area of space, rather than an exact location, there is a measure of flexibility for spatial 

coincidence (Stein and Meredith 1993). While the magnitude of enhancement is greatest when the 

cues are spatially close together, enhancement is still demonstrated when the cues occur with 

increasing spatial disparity. Once a cue falls outside the receptive field for its modality, however, 

a depressive response is observed (Meredith and Stein 1986b, Wallace et al 1996) or, in some 

cases, the response shows no integration (Meredith and Stein 1996). Receptive fields are 
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characterized by a central excitatory region surrounded by one of depression (Meredith and Stein 

1993, Kadunce et al 1997). Provided the cues fall within the excitatory region of their receptive 

field, enhancement is expected. One study has found that there is 86% overlap of receptive fields 

in the audio-visual multisensory neurons (see Fig. 61) (Meredith and Stein 1996). Therefore, it is 

likely that when two cross-modal cues are in close spatial register they will elicit an enhanced 

response from the neuron. Yet it is more important to take into consideration the alignment of the 

receptive fields, rather than location in space, as this is what drives the neural integration – either 

enhancement or depression – of the cues (Kadunce et al 1997).  

Figure 60: Spatial Properties Determine Multisensory Integration. 
A. An area of space is represented by the diagram. An identified 
cell has receptive fields for both visual (vertical bars) and auditory 
(horizontal bars) cues. These receptive fields are seen to overlap, 
both representing a particular area of space. When a moving 
visual cue (arrow) is presented within the visual receptive field the 
cell responds as expected. Firing can be seen in the ‘Single-
modality’ graph in the upper right of B. When an auditory cue 
(asterisk) is presented within the auditory receptive field the cell 
responds as expected. Firing can be seen in the ‘Single-modality’ 
graph in the upper right of B. To test the spatial limits of 
multisensory integration the auditory cue was presented at 
various elevations at the 45 degree azimuth position while the 
visual cue was presented in the appropriate receptive field. 
Frequency graphs are shown in B for each combination. C. When 
the auditory and visual cues were presented in close spatial 
register (auditory 0° horizontal, 45° azimuth; auditory 15° 
horizontal, 45° azimuth) response enhancement is observed. 
When the auditory cue is presented on the extremes of the 
receptive field the firing of the neuron is continues to demonstrate 
enhancement, though at a lesser magnitude. When the auditory 
cue is presented outside of the receptive field response depression 
is observed. From Meredith and Stein 1986b.  
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If two or more sensory cues are arising from the same event they should be occurring at 

the same time. If this is correct, one would expect that cross-modal cues occurring at the same 

time would be integrated and enhanced while those temporally disparate cues would be 

depressed. This, in part, is what was found. In some cases, response enhancement was observed 

regardless of the temporal disparities tested, as shown in Fig. 62. Interestingly, an auditory cue 

Figure 61: Percent Receptive Field Overlap of Audio-Visual Multisensory Neurons. In this 
study, 39 audio-visual multisensory neurons were identified and their receptive fields for 
each modality mapped. It was found that, on average, there is 86% overlap between 
receptive fields in these neurons. A nonsignificant trend relating size of receptive field to 
overlap was also observed – the smaller receptive fields had less overlap. From Meredith 
and Stein 1996. 

Figure 62: Increasing Temporal Disparity Decreases Response 
Enhancement. This representative neuron, though multisensory, responds 
only to visual cues presented in a modality-specific manner. This is 
demonstrated in the left of the figure. In the graph on the right, the X-axis 
shows the temporal disparity events. The first event is an auditory cue 
presented 200ms before a visual cue. The disparity then decreases to 
100ms, 50ms and 0ms. It picks back up with the visual cue preceding the 
auditory cue by 50ms, then 100ms and finally 200ms. Though the 
magnitude of change decreases with disparity, multisensory 
enhancement is demonstrated regardless of temporal disparity. From 
Meredith et al 1997.  
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preceding the visual by 50ms produces a response enhancement similar to that of a 0ms delay 

(Meredith et al 1987). This ‘generic enhancement’ is not always the case, however.  The 

discrepency shown in Fig. 62 could be considered a small delay. When the delay increases to 300 

or more milliseconds, as shown in Fig. 63, the signal is no longer enhanced. In this case signal 

depression is observed. Also shown in Fig. 63, the response to the amount of temporal 

discrepancy appears to vary somewhat across modality combinations. The general principle holds 

true for all three multisensory cell types observed – auditory-visual cells, somatosensory-visual 

cells and auditory-somatosensory cells. Additionally, it was found that enhancement depended on 

the response latency of the cell to the modality specific presentation (Meredith et al 1987) as well 

as on the strength of the modality specific responses. When the individual response to each 

modality is roughly the same, or ‘balanced’, a greater level of enhancement is observed (see Fig. 

64). The opposite is true of discrepant, or ‘unbalanced’ cues – a lower level of enhancement is 

observed. Further, when the cues are balanced, it was observed that the optimal enhancement 

could be achieved when a visual cue precedes an auditory cue by 25msec (Miller et al 2015).  

 

 

Figure 63: Increasing Temporal Disparity Results in Response Depression. Three types of 
multisensory cells are tested for integration during temporal disparity presentation. The X-axis 
represents the structure of delay for auditory (A), visual (V) or somatosensory (S) cues. If more 
than one cell is represented a different symbol is used on its line. For all three multisensory cell 
types, large temporal delays result in response depression while short temporal delays result in 
response enhancement. From Meredith et al 1987. 
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Multisensory Integration: Behavioral Outcomes 

As previously discussed, the motor output of the SC drives orientation of sensory organs 

to sensory events (see Fig. 65). It is unsurprising, then, that the behavioral outcomes of cross-

modal cue presentation mimic the physiological findings. To examine this, cats were trained 

under two paradigms using the behavior apparatus shown in Fig. 66. In the first, the cats were 

rewarded for approaching a visual or auditory cue, always presented in a modality-specific 

manner. In the second, the cats were rewarded for approaching the auditory cue. During testing, 

Figure 64: Response Enhancement in Temporal Disparity Depends on Modality Specific Response. 
When the modality specific response of the neuron is relatively the same, or ‘balanced’, a more 
robust enhancement is observed. However, as the difference grows between the modality specific 
responses, they are considered ‘unbalanced’, the level of enhancement decreases. For ‘balanced’ 
neurons, visual cue followed by an auditory cue with a 25msec delay resulted in optimal 
enhancement. From Miller et al 2015. 

Figure 65: Multisensory Integration in the Superior Colliculus Influences Motor Activity. 
The superior colliculus organizes multisensory cues into a singular signal. This influences 
the premotor and motor activity, orienting the sensory organs of the observer to the cross-
modal sensory event. From Stein and Meredith 1993. 
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the cue reliabilities were decreased near threshold and were presented in a modality-specific or in 

a cross-modal manner. When cross-modal cues were presented in a spatially and temporally 

concordant manner behavior enhancement was observed, see Fig. 67 (Stein et al 1988, 1989). 

This was true regardless of the initial testing paradigm. Even if the cat was trained to ignore the 

Figure 66: Behavioral Training Apparatus. In the behavior apparatus, LEDS, speakers and food 
trays are arranged at fixed intervals along an azimuth. The center configuration is considered 
angle ‘O’, each following configuration occurring at 15° intervals. Configurations to the left are 
considered negative degrees while configurations to the right are considered positive degrees. 
Cats are trained to approach a stimulus by rewarding a correct response. From Stein et al 1988. 

Figure 67: Concordant Cross Modal Cues Enhance Behavioral Responses. Cats were 
trained to approach an auditory and visual cue, always presented singularly during 
training. During testing, the individual cues as well as cross-modal cues, spatially and 
temporally concordant,were presented at each location at reduced reliability. The percent 
correct response can be seen for each location. Auditory responses are designated with 
an ‘A’ and right slanting bars. Visual responses are designated with a ‘V’ and left slanting 
bars. Cross-modal responses are designated with an ‘AV’ and filled bars. It can be seen 
that, for every location, the percent correct response is much higher for the cross-modal 
cue combinations. From Stein et al 1988. 
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auditory cue, by never being rewarded for approach, the cue combination still results in enhanced 

behavior performance. Enhancement was, as expected, dependent on the spatial register of cues 

and was not observed when the cross-modal cues were presented in a spatially disparate manner. 

When presented with spatial disparity, response depression was observed with the cat often 

performing a ‘no-go’ behavior, never leaving the initial position, see Fig. 68 (Stein et al 1988,

 

1989).  A further investigation demonstrated that this enhancement is possible even when one of 

the stimuli were novel. In a third paradigm, cats were trained to approach a visual cue but were 

never exposed to an auditory cue. Yet, during testing, spatially and temporally concordant 

presentation of this novel cue with the trained visual cue resulted in behavior enhancement, while 

spatially discordant presentation elicited response depression (Stein et al 1989). SC lesioning 

eliminates behavioral enhancement to these cross-modal orientation tasks (Burnett et al 2004). As 

with the physiology experiments, behavioral outcomes for cross-modal, multisensory cues show 

greater enhancement over modality-specific presentations. Decreases in incorrect responses, such 

as approaching the wrong location or failing to move from the starting point, were are seen for 

Figure 68: Behavioral Outcomes of Singular, Within- and Cross-Modal Cues. Cues were 
presented to participants as a singular auditory cue, two different singular visual cues 
(position), a within-modal cue combination of the two visual cues as well as a cross-modal cue 
combination of the auditory and visual cue. A. When presented as a singular cue, the percent 
correct responses for auditory and visual performance were roughly the same. When both 
visual cues were displayed at the same time a significant enhancement in accuracy was seen. 
This was further, and significantly enhanced, when the cue combination was cross-modal. 
Actual percent correct can be seen in B and C. B. Performance comparisons between the 
singular presentations show roughly the same performance for auditory and visual cues. 
Correct responses (C) are similar between the two modalities. Auditory only resulted in slightly 
more wrong location (W) responses. Visual only resulted in slightly more no go (NG, failure to 
leave the starting position) responses. C. Combining the visual cues to a with-modality 
grouping resulted in more correct responses and less incorrect responses. A cross-modal cue 
combination further increases the correct response rate as well as decreasing incorrect 
response rates. From Gringras et al 2009. 
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both the within- and cross-modal cue combinations. Cross-modal cue presentations decreased 

these errors significantly over within-modal combinations, which decreased the errors 

significantly over the modality-specific presentations (Gingras et al 2009).  

 As with physiology, cortical input is essential for the behavioral enhancements described 

above. Shown in Fig. 69, unilateral deactivation of the AES does not affect approach behavior for 

the ipsilateral side of space, but significantly decreases enhancements for cross-modal stimuli. 

Responses to modality specific presentations were unchanged (Wilkinson et al 1996, Jiang et al 

2002). The same was demonstrated for deactivation of the rLS as well, see Fig. 70 (Jiang et al 

2002).                                            

While more superior colliculus neurons depend on the anterior ectosylvian sulcus than 

the lateral sylvian sulcus, some have a dual dependence (see Fig. 71). In this case, some neurons 

will lose their integrative and enhancement abilities when either region is deactivated while 

others will lose their abilities only when both areas are deactivated (Jiang et al 2001).  

The same behavioral trends are observed when humans perform multisensory tasks – the addition 

of another modality increases performance. Humans will report unity for an audio and visual cue 

Figure 69: Deactivation of the Anterior Ectosylvian Sulcus Affects Behavior. 
Unilateral deactivation of the anterior ectosylvian sulcus affected the cat’s 
ability to correctly approach the location of a cross-modal stimulus. Effects 
were only seen for the contralateral space in relation to deactivation. 
Ipsilateral behavioral responses were unaffected for singular modality and 
cross-modal responses. From Wilkinson et al 1996. 
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in close spatial and temporal register. As seen in Fig. 72, those reports of unity decrease as the 

disparity in time or space (or both) increase (Wallace et al 2004b, Lewald and Guski 2003, 

Fendrich and Corballis 2001). But the effect is not limited to perceived unity. In a simple task, 

humans were instructed to indicate whether or not they heard an auditory cue. Their ability to 

Figure 70: Unilateral deactivation of the Lateral Sylvian Sulcus Affects Behavior. Unilateral 
deactivation of the (rostro-) lateral sylvian sulcus affected the cat’s ability to correctly 
approach the location of a cross-modal stimulus. Effects were only seen for the 
contralateral space in relation to deactivation. Ipsilateral behavioral responses were 
unaffected for singular modality and cross-modal responses. Visual cue responses are 
shown as white bars. Cross modal-cue responses are shown as grey bars. The left-most Y-
axis represents percent correct approach. The right-most Y-axis represents the 
multisensory enhancement index. From Jiang et al 2002. 

Figure 71: Multisensory Dependence on Cortical Areas. Two ‘classes’ of multisensory 
neurons exist within the superior colliculus, uni-dependent and dual-dependent neurons. 
For uni-dependent neurons, most rely only on the anterior ectosylvian sulcus. Their ability 
to enhance signals from cross-modal cues is only degraded when the anterior ectosylvian 
sulcus is deactivated. The rest depend only on the lateral sylvian sulcus, and their 
enhancement is degraded only when that area is deactivated. For dual-dependent 
neurons, most are synergistic and their enhancement abilities degrade with either the AES 
or rLS are deactivated. A small group are redundant; their enhancement abilities are 
degraded only when both cortical areas are deactivated. For these neurons, enhancement 
persists when only one area is deactivated. Finally, there is a small group of neurons that 
do not show multisensory capabilities. From Jiang 2001. 
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correctly perceive the auditory cue was enhanced when a concordant visual cue accompanied it, 

see Fig. 73 (Lovelace et al 2003). In line with the cat study mentioned above, the participants had 

no other experience with the cues before the trials. There was no training given to pair the 

auditory and visual cue. Yet their co-occurrence was seen to enhance the participant’s ability to 

respond correctly (Bolognini et al 2007). The same has been found for auditory judgments when 

presented in concordance with an irrelevant but simultaneous tactile stimulus (Gillmeister and 

Eimer 2007), somatosensory judgments when accompanied by a visual cue (Groh and Sparks 

Figure 72: Reports of Unity Decrease with Spatial and or Temporal Disparity. Participants 
completed an auditory localization task. During the task, a visual cue was presented. The 
spatial and temporal disparity of the cues varied across trials as displayed above. When the 
cues were close in spatial and temporal register, participants regarded them as coming from 
a unified source. When, however, the cues were spatially and temporally disparate, 
participants were more likely to regard them as having come from separate sources. From 
Wallace et al 2004b. 

Figure 73: Increased Correct Response in Multisensory Human Trials. Human participants 
were asked to indicate whether or not they perceived an auditory cue during the task. 
‘Percent hits’ indicates how often the participant was correct in identifying the auditory cue. 
When an ‘irrelevant’, non-trained visual cue is presented with the auditory cue the percent 
correct response increases. From Lovelace et al 2003. 
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1996a) and visual judgments when accompanied by an unrelated auditory cue (Noesselt et al 

2008). When an unrelated auditory cue is situated – randomly – on the same side of a visual cue, 

accurate determination judgments as to whether or not the visual cue was present increase 

(McDonald et al 2000). Localization accuracy is also seen to improve in human performance 

(Nidiffer et al 2016) as well as for cat (Gringras et al 2009) for cross-modal cues. There is a third 

benefit to multisensory integration: speed. When participants are asked to indicate the moment of 

cue onset (Hershenson 1962, Nidiffer et al 2016) or do a simple visual task (Bernstein 1969, 

Goldring et al 1996, Hughes 1994), they are able to do so more quickly with any combination of 

all three modalities represented in the SC (Diederich and Colonius 2004, Gielen et al 1983).  

 This was also true of saccade generation to a visual cue when a concordant somatosensory cue 

(Amlot et al 2003, Harrington and Peck 1998) or congruent auditory cue (Enkelken and Stevens 

1989, Frens 1995, Hughes1994) was presented. Saccade-related burst firing increases at the 

presentation of a concordant auditory and visual cue, even when the subject is trained to ignore 

the auditory cue (Frens and van Opstal 1998). The saccade speed decreases as spatial disparity 

increases and the cues are no longer concordant (Frens 1995, Harrington and Peck 1998).  

Multisensory Integration Develops Over Time  

The ability to perform multisensory integration is not a capability organisms are born 

with. Instead, it is something that develops over time and is dependent on cross-modal 

experiences. At birth, the feline superior colliculus is generally unresponsive to sensory stimuli, 

the only exception being some activity to somatosensory cues. Auditory and visual responses in 

the colliculus are absent until roughly a week after birth (Stein et al 1973). Though neurons begin 

to show a multisensory response near two weeks of age, it isn’t until four weeks that they begin to 

display enhancement capabilities (Wallace and Stein 1997). Removal of these areas early in life 

result in a physiological deficit in multisensory enhancement (Jiang et al 2006, Jiang et al 2007), 

as does the deactivation of the areas during exposure to concurrent cross-modal cues (Yu et al 
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2016). If one area of cortex is left intact, however, integration and enhancement develops with 

little change (Jiang et al 2007).  

Integration can be disrupted without damaging or deactivating cortex or the SC. Sensory 

experiences gained during development are essential for integration. When raised in a room 

which provides no visual experience, the cortical areas still have an influence on the activity of 

the SC neurons (Yu et al 2013a) but a deficit in multisensory enhancement is observed for cue 

combinations involving vision, Fig. 74 (Wallace et al 2004a, Yu et al 2013a). The sensory 

experience gained must be in spatial and temporal concordance, rather than in random 

presentation, in order for integration to mature (Xu et al 2012). The same principles hold true for 

behavior: persistent deactivation (4 weeks) of both the lateral suprasylvian sulcus and anterior 

ectosylvian sulcus at an early age (3 weeks of age) results in decreased behavioral performance 

with cross-modal cues (Rowland et al 2014).  

That here does not appear to be a timeframe where development of this ability is 

constrained. Animals dark-reared but then persistently exposed to concordant, cross-modal cues 

Figure 74: Enhancement Depends on Sensory Experience. A. When 
animals are raised in ‘normal’ environments, the superior 
Multisensory colliculus is able to integrate and enhance cross-
modal and concurrent auditory and visual cues. B and C. Dark 
rearing the animals during early development abolishes the ability 
of the superior colliculus neurons to enhance cross-modal cues 
involving visual stimuli. This is true for both auditory and visual cues 
(B) as well as somatosensory and visual cues (C). Wallace et al 
2004a. 
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are able to develop multisensory enhancement, even though they have reached an adult age (Yu et 

al 2010). Also of importance, the statistics of the multisensory experience gained in early life 

dictate the nature of multisensory integration and enhancement later on. To demonstrate this, 

animals were raised in an environment which provided auditory and visually cross-modal 

exposure of a consistent spatially discordant nature. (There was a distance of 0.75 meters between 

the auditory and visual cue.) It was found that the neurons retained their multisensory nature and 

that they could integrate cross- modal auditory and visual cues as long as they were presented in a 

manner consistent to which they were exposed to during development, see Fig. 75 (Wallace and 

Stein 2007).  

This effect can be mimicked on a smaller scale by repeatedly exposing adult cats to a new 

statistical structure. Normally, cross-modal cues will elicit two separate firing events in the 

neuron if they are separated by a large enough temporal disparity. But repeated exposure to that 

event structure alters the processing of the cue combination in the superior colliculus. With 

enough experience, the multisensory cells eventually process the cues as they would in a 

temporally concordant presentation, see Fig. 76 (Yu et al 2009). Similarly, it has also been shown 

that repeated exposure to a concordant cross-modal stimuli not only increases the cross-modal 

Figure 75: Nature of Integration Depends on Experience. A. Under normal rearing conditions 
(Control) multisensory integration and enhancement are a result of environmentally driven 
cross-modal, spatially and temporally concordant experience. Frequency graphs for visual (V), 
auditory (A) and cross-modal (AV) show that the combined audio and visual cues result in a 
response enhancement. This is further displayed in the bottom graph. Visual response is shown 
in blue, auditory in green and cross-modal response shown in yellow. The multisensory 
enhancement index is shown in orange. B. The same is true for spatially-disparate reared 
animals, if the cues they are exposed to during testing mimic the statistical structure of cues 
they were exposed to during development. From Wallace and Stein 2007. 
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enhancement of the combination, but also the firing to the individual presentations of the 

composite cues. Additionally, some neurons, previously silent to the presentations, began to 

integrate the cues (Yu et al 2013a). Repeated exposure can also result in a habituation to strong 

integration and a strengthening of weak integration (Perrault et al 2011). Taken together, it is 

obvious that the neurons in the SC demonstrate plasticity in their response. This is beneficial as it 

allows the response to adapt to different or new sensory events as they become more common in 

the environment.  

 

 

Figure 76: Repeated Exposure Alters Response. A. Two cross-modal cues, one 
auditory (A) and one visual (V) are presented in a spatially concordant but 
temporally discordant manner. Before repeated exposure, the firing of the superior 
colliculus is such that the cues are treated as separate events. Here they are 
separated by a 500ms time period. After exposure, the response to the auditory cue 
is altered such that the period of firing extends beyond the period for which it was 
responding before exposure. The same is true of the visual cue. When put together 
as a temporally discordant cross-modal cue the previous ‘gap’ in firing between 
events becomes filled in. B. Qsium plots display the change in the temporal nature of 
firing in the neurons before and after repeated exposure. After repeated exposure 
the duration of firing in response to both the individual cues as well as the 
temporally disparate cues increases. C. Progression of response alteration is shown 
over trials. As trials and exposure progresses, the neuron begins to respond as 
though the temporally disparate cues were being presented in concordance. From Yu 
et al 2009. 
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The Physiology of Multisensory Integration in the Superior Colliculus: SUMMARY 

In summary, the superior colliculus is a bilateral midbrain structure that receives sensory 

input from, among other areas, cortex. This cortical input is essential for the primary function of 

the deep layers of the structure – multisensory integration and enhancement. The lateral 

suprasylvian sulcus and anterior ectosylvian sulcus project auditory, visual and somatosensory 

inputs that form converging and overlapping sensory maps with a spatial representation. This 

results in multisensory neurons, which can respond to presentation of more than one sensory 

modality. Spatially and temporally concurrent cross-modal cues often elicit a response greater 

than that of their individual cue responses. This is referred to as multisensory enhancement. 

Enhancement is seen not only physiologiclaly but behaviorally as well, where concurrent cross-

modal cues increase accuracy and speed in localization tasks. Integration and enhancement are 

not innate abilities, however, and depend on the experiences gained during early development. 

These abilities may be easily disrupted or altered when environmental factors or statistics deviate 

from ‘normal’. Therefore, the exact statistical structure of cue combinations experienced in both 

early development and adulthood influence the way cross-modal cues will be processed in the 

superior colliculus. 
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Causal Inference and Multisensory Physiology: The Same Concept? 

 Taken together, the two approaches to cue combination share a multitude of themes and 

should be considered two ways of discussing the same phenomenon. They both demonstrate that 

combining cues is a mechanism by which observers are able to detect, localize, and orient to 

salient events. They both propose a means by which the system can account for corrupted or 

ambiguous signals in order to make an accurate perception. They both describe rules for 

integration, including close spatial and temporal register and yet both allow for some leniency in 

spatial proximity. Both utilize a localization task to test those rules of time and space. Both agree 

on the commonsense rationale behind the purpose of cue combination – if two different sensory 

events are occurring at the same time in space they are more than likely coming from the same 

source. Finally, both acknowledge the role that experience plays in developing the ability to 

perform multisensory integration. 

 In spite of these similarities, the two approaches demonstrate a major disagreement in the 

underlying mechanism. Where causal inference embraces a multi-stage hierarchical cortical 

model, the physiology has shown that integration is determined by whether or not cues fall in the 

overlapping modality receptive fields in the superior colliculus. The role of experience, though a 

concept shared by both approaches, highlights a key difference in explaining multisensory 

integration. In causal inference, the prior is established through experience with sensory events, 

and thus the posterior, is sensitive to continued experience (Adams 2004, Beierholm et al 2009). 

Physiology studies have demonstrated that experience is important for establishing integration 

abilities during development (Wallace et al 2004a, Wallace and Stein 2007, Yu et al 2013b) and 

that the ability can be gained during adulthood (Yu et al 2010).  

Both approaches have demonstrated that further experience has an influence over cross-

modal perception. The ventriloquist aftereffect indicates that repeated exposure can change 

perception (Recanzone 1998). Similar findings have been shown in physiology studies where 

repeated exposure to a cross-modal cue can elicit integration in a previously silent neuron (Yu et 
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al 2013a), the behavioral studies done in cats have not further investigated the influence that 

exposure has on integration. However, it has also been shown through physiology studies that a 

lack of experience with a cue has no effect on behavioral outcomes and even the novel cue 

provides enhancement (Stein et al 1989). 

 For both approaches, the focus for multisensory integration has been on establishing the 

spatial and temporal rules. The probes used for these experiments, using humans in causal 

inference and cats for physiology, are fundamentally different making it difficult to truly compare 

their outcomes. I propose conducting an experiment using the cat model already established, but 

modifying the task to more closely resemble the human studies and gain insight on how sensitive 

these measures are to experience.  

Experimental Design  

 Subjects: Three adult cats (2 males, 1 female). 

 Apparatus:  

A behavioral apparatus (Fig. 77) much like those described previously (see Gringras et al 

2009) will be utilized in this study. The behavior apparatus contains sets of speakers and light 

Figure 77: Behavioral Apparatus. For training and testing, the behavior 
apparatus is comprised of pairs of speakers and pairs of light emitting diodes 
(LEDs) arranged in 15° increments. For each location, two speakers are fixed 
above three LEDs. (Only two LEDS are used in the study.) The center location is 
considered 0°. The final locations as shown above are considered -75° (left) and 
+75° (right). Only locations -60° through +60° were used in this study. From 
Gringras et al 2009. 
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emitting diodes (LEDs) arranged along an azimuth. Speakers and LEDs are fixed at 13 locations 

along the azimuth. The central location is considered 0°, and consecutive speakers and LEDs are 

spaced out at 15° intervals to the left (negative) and right (positive) so that the final set ends at +/- 

90°. Locations -60° to +60° are to be used in this study, excluding the 0° location. Each location 

contains two speakers and three LEDs, though only two LEDs are utilized in this experiment. 

Stimulus presentations include illuminations of the LEDs and or brief presentation of broadband 

noise. 

Cue Configuration:  

Cats are trained on three different stimulus events. The first is a cross-modal cue 

comprised of a moving visual and auditory cue presented in spatial and temporal concordance. 

Utilizing two LEDs and both speakers, the sensory cue begins at the more central LED or speaker 

A1V1 A1V1 

Figure 78: Stimulus Cue Configuration. To accomplish a motion cue, two LEDs and both 
speakers are used at all target locations. A

1
V

1
 employs a central to periphery motion 

cue by first illuminating the more central LED (indicated in red) and then switching to 
the more peripheral LED (indicated in blue). (While a third LED is present and located 
between the two indicated it is not utilized in this study.) The same is true of an auditory 
cue presented in spatial and temporal concordance, utilizing both speakers in the same 
manner. A second cue, V

1
,
 
is modality specific to illumination of the LEDs. It is a 

periphery to center cue, beginning at the more peripheral LED and switching to the 
more central LED. A third cue, A

2
, is also modality specific to audition. It is also a 

periphery to central cue utilizing the same presentation structure as V
2
. Adapted from 

Gringras 2009. 

V2 or A2 V2 or A2 
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(indicated by red arrow, Fig. 84) and switches to the peripheral element (indicated by blue arrow, 

Fig. 78) midway through stimulus presentation. This gives the illusion of a center to periphery 

movement. Additionally, the noise component utilized is a low-pass broadband sound. The 

second cue, V2, is modality specific. It is comprised only of a visual motion cue that is first 

presented at the peripheral LED and then switches to the more central LED midway through 

stimulus presentation. The third cue, A2, is modality specific. It is comprised only of an auditory 

motion cue that is first presented at the peripheral speaker and then switches to the central speaker 

midway through stimulus presentation. It is a high-pass broadband sound. 

  Behavioral Training: Cats are trained to stand perpendicular to the 0° location while 

being gently restrained. They will be rewarded for approaching the A1V1 cue presentation, always 

presented together, at locations -60° through -15° and +15° through +60°. Upon successful 

approach – within 5° of the target along the azimuth, within 3 seconds of stimulus presentation – 

behavior is reinforced by a food reward of four food pellets. They will also be rewarded for 

approaching the V2 cue presentation at the locations listed. Upon successful approach, as 

described, behavior is reinforced by a food reward of two food pellets. The third cue, A2, will be 

presented to the cats but will not be rewarded upon approach.  
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Testing: Once observers are correctly and consistently approaching the target locations, 

80% or more accuracy, the cue reliabilities for A1V1 and V1 will be reduced to approximately 

50% for each location. This will be defined by a 50% correct approach behavior to each location 

across at least 20 trials. In order to test the effects experience on behavioral outcomes of cue 

combination, cue components described above will be recombined into new cue combinations. 

A1V1 will still be presented. The same reward structure will be utilized as was during testing. 

Approach to A1V1 will result in a reward of four food pellets, approach to A2V1 will also result in 

a reward of four food pellets. Approach to A1V2 or A2V2 will result in a reward of two food 

pellets. In doing so, the differentiation and salience between V1 and V2 is maintained across cue 

combinations. All cue combinations will be tested for at least 100 trials at each location. 

Expected Outcomes 

One possible outcome of this experiment is that experience is highly influential to 

integration and its subsequent behavior. In this outcome it would be seen that the observer would 

approach the cue combinations with different frequencies. A1V1 presentation would elicit the 

highest approach rate as that is the combination that had the highest reward payout and that the 

TRAINING 

A
2
V

 

A
2
V

 

A
1
V

 
A

1
V

 

A
1
V

 

A
2
 V

2
 

TESTING 

Figure 79: Training Vs. Testing Cue Configurations. During training, A
1
V

1
 will always be 

presented together and will be rewarded with four food pellets upon approach. (V
1
 is the 

target being rewarded.) V2 will always appear alone and be rewarded with two food pellets 
upon approach. A2 will always appear alone and will not be rewarded. Upon testing, all 
possible cross-modal cues will be presented. This maintains the difference in salience between 
V1 and V2 but now presents an incongruence. The cat has no experience with the cue 
combination of A1V2, for example. In the cat’s experience, these cues do not go together. 
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observer has the most experience with. A2V1 would, presumably, have the next highest approach 

given the high reward payout of V1. A1V2 may show a similar approach as compared to A2V1 

given A1 was always associated with V1, which had the highest reward payout. A2V2 should have 

the lowest approach frequency as these cues were rewarded the least during training. With these 

predictions it is assumed that A2 will not inhibit approach behavior. It is possible that A2V1 or 

A2V2 may not be approached at all, given cats will be trained to ignore A2.  

Another possible outcome is that experience will not influence integration and 

subsequent behavior. In this outcome it would be expected that the observer would approach the 

cue combinations with equal frequency. In this scenario, the superior colliculus is integrating and 

enhancing all cue combinations regardless of the observer’s experience with them. This, in turn, 

would drives the detection, orientation and localization. 
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