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ABSTRACT 

 

ALEXANDER S. DAKOS 

VISUAL REHABILITATION USING THE PRINCIPLES OF MULTISENSORY 
INTEGRATION 

 
Dissertation under the direction of Benjamin A. Rowland, Ph.D 

 
Associate Professor of Neurobiology and Anatomy 

 
and 

 
Barry E. Stein, Ph.D. 

 
Professor and Chair of Neurobiology and Anatomy 

 

 

Because all organisms live in a world that produces stimuli of multiple sensory 

modalities, multisensory integration has become an invaluable tool for 

discriminating signals from the noise.  Multisensory integration is the process by 

which information from different senses is combined in the brain to produce 

effects stronger than those seen evoked by any of the unisensory components 

presented individually.  There are constraints on this process honed by 

environmental experience, and within this framework, the stimulus conditions 

leading to the greatest benefit derived from multisensory integration can be 

approximated. Here we examine some of these constraints and stimulus 

properties from which the greatest benefit is derived.  Traditionally the benefits of 

multisensory integration manifest behaviorally in the form of lower stimulus 

detectability thresholds, and neurophysiologically in the form of increased firing 
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rate.  However, this thesis will illustrate the benefit of multisensory integration 

behaviorally in the visual rehabilitation process.   

 

In Chapter 1, one translational aspect of multisensory integration is thoroughly 

examined, the rehabilitation of homonymous hemianopia.  This effect has been 

shown in both the human and cat.  However, there is debate over the role 

multisensory integration and the superior colliculus have to play in the 

rehabilitation process.  Thus, Chapter 1 makes a convincing case for the 

requirement of multisensory integration to take place in the SC during 

rehabilitative training by testing various stimuli sets during the rehabilitative 

process.  Stimuli sets are divided into concordant and non-concordant 

categories.  It is shown that only the concordant stimuli are able to rehabilitate 

hemianopic cats, presumably due to the necessity of multisensory integration 

occurring in the SC.   

  

Following the rehabilitated animals described in Chapter 1, Chapter 2 examines 

the extent to which the rehabilitation process produces a bias for one half of the 

visual field over the other.  To do this, competitive visual stimuli are flashed 

simultaneously in both halves of each animal’s visual field.  The imbalance in the 

animal’s responses to these stimuli is measured.  This imbalance is corrected 

behaviorally by reducing the intensity of the preferred stimulus.  Furthermore, an 

auditory component is added to the nonpreferred visual stimulus in order to 

determine whether and to what extent parity between the behavioral responses 
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can be achieved.  From this, it is determined that the cats do not necessarily 

prefer stimuli appearing in their ipsilesional visual field.  However, their behavior 

is quite sensitive to even small changes in the intensity of the visual stimuli or 

introduction of a threshold auditory stimulus.  
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INTRODUCTION 

 

The physical environment is a multisensory place.  Continuous visual, auditory, 

tactile, olfactory, and gustatory stimuli mean that our senses are constantly 

receiving and processing information.  This capability of humans is the result of a 

long evolutionary chain beginning with single-cell organisms that by definition 

integrate information from multiple sensory modalities within a single cell (Stein 

and Meredith 1993).  Such a technique has been preserved in the brains of 

mammals due to its value added to our evolutionary fitness by means of allowing 

an organism to take samples of an environmental component of interest with 

noise components that are independent, resulting in a more veridical model of 

the world than that which could be generated through the use of only one 

sensory modality at a time.   

 

Many brain areas once thought to be ‘unisensory’ are now known to be 

multisensory.  A particularly important midbrain structure involved in multisensory 

integration is the superior colliculus (SC), which is both a motor and sensory 

structure composed of primarily visually responsive cells in its superficial layers.  

However, within the SC’s intermediate and deep layers exist neurons that are 

responsive to two or more sensory modalities.  A large proportion of neurons are 

able to integrate the information originating from the sensory modalities to which 

they are responsive, producing neural activity that is more robust than that 

elicited by the most salient external stimulus.  Such activity can exceed the sum 

of that produced by each environmental cue individually (Meredith and Stein 
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1986; Stein and Meredith 1993)!  Functionally, the SC is involved in the process 

of detecting and localizing stimuli in the environment, generally leading to the 

production of a saccade or eye movement (Stein and Arigbede 1972a, 1972b).  

To aid in this evolutionarily useful behavior, several heuristics are used to identify 

cross-modal stimuli that are likely to be the result of the same event.  These have 

been identified and well-characterized.  They include the spatial, temporal, and 

inverse effectiveness principles.  Stimuli that are adherent to these principles are 

likely to produce multisensory enhancement, a process by which the stimulus 

combination elicits more neural impulses than either component elicits alone 

(Stein and Meredith 1993).  Stimuli that flout these principles tend to produce 

multisensory depression, a process by which the stimulus combination elicits less 

than the most salient unisensory component does on its own (Jiang and Stein 

2003).  The spatial principle suggests that stimuli presented near each other in 

space tend to produce enhancement, while those presented farther away from 

each other tend to produce depression (Meredith and Stein 1986).  Similarly, the 

temporal principle suggests that stimuli occuring near each other in the temporal 

domain tend to produce enhancement, while those presented farther away tend 

to produce depression.  Lastly, the principle of inverse effectiveness suggests 

that weakly effective individual cues tend to produce more enhancement than 

strongly effective individual cues.  This is likely because biologically, there is 

some ceiling at which a neuron can produce action potentials, and thus a strong 

unisensory response can only be enhanced so much before this limit is reached.  

Also, it is intuitive that the greatest room for benefit in terms of detection and/or 
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localization exists when the individual pieces of evidence for a given stimulus at a 

particular location are not very informative.   

 

The neurobiology of multisensory processing has been well-studied in 

neurotypical organisms, and the benefit to their daily tasks is obvious.  More 

recently, the effects of multisensory processing have been explored in organisms 

with sensory deficits.  Such deficits include cats that have been reared in 

nonstandard housing environments, such that they enter adulthood without 

experiencing multisensory stimuli, including dark and/or noise rearing (Xu et al. 

2012, 2014; Yu et al. 2013b).  However, due to the plasticity induced by the brain 

through multisensory integration, such deficits can be ameliorated through 

repeated exposure through to multisensory stimuli.  Another deficit that can be 

ameliorated through repeated multisensory exposure is hemianopia (Jiang et al. 

2015).  This is blindness in one half of the visual field.  Although this result has 

been shown, there is still some debate over whether the multisensory 

rehabilitation is training some sort of visual saccade strategy or whether an 

alternative visual circuit involving the superior colliculus is being strengthened 

and utilized.  Notably, repeated unisensory stimuli presentations do not induce 

the same plasticity in the brain and also do not induce the same rehabilitative 

effect in hemianopic organisms.  Thus, here the differences between the 

responses to multisensory and unisensory stimuli are explored (Jiang et al. 

2015).  One difference is that multisensory responses appear to be more reliable 

by various metrics than the simple sum of the individual components.  This may 
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provide an insight into why repeated multisensory presentations produce the 

effects that they do.  Furthermore, after the visual rehabilitation process, the 

visual field is probed once again in order to determine the extent to which the 

rehabilitated visual field resembles the unaffected visual field.  This is done by 

using competing visual stimuli.  

 

Sprague Effect 

 

Besides cross-modal training, other interventions exist that are able to ameliorate 

the visual deficit observed following the ablation of visual cortex.  One such 

intervention colloquially known as the ‘Sprague Effect’ was documented in 1966.  

By removing the superior colliculus of the animal on the opposite side of the brain 

to the original visual cortex lesion, the hemianopia will disappear (Sprague 1966).  

Further such destructive interventions include severing the collicular commissure.  

The success of such interventions support a particular model of the hemianopic 

deficit, one of an interhemispheric balance in normal animals that is interrupted 

by the visual cortex lesioning procedure.  Function of the ipsilesional SC is 

diminished due to inhibition from the opposite colliculus.  Although these 

interventions are now well known, their applicability to human sufferers of 

hemianopia is minimal due to their risk and invasive nature.  Therefore, an 

alternative method to correct this imbalance through constructive rather than 

destructive means in a non-invasive way is highly desirable.  Perhaps the 

plasticity of the superior colliculus can be leveraged for this purpose.   
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Superior Colliculus Plasticity 

 

The plasticity of the SC has been well documented.  In one relevant study, 

repeated cross-modal stimulus presentations to cats were able to increase the 

sensitivity of SC neurons not only to the presented cross-modal stimulus but to 

its two unisensory component stimuli when each was presented on its own.  This 

effect was seen in adult cats, suggesting that SC plasticity exists even after 

development.  Not only were overtly multisensory neurons studied but also covert 

neurons.  These neurons are those that only overtly respond to one sensory 

modality but have enhanced responses when presented with a multisensory 

stimulus.  Amazingly, in many cases, repeated presentations of multisensory 

stimuli to these neurons will reveal the covert portion of the response, and each 

stimulus component presented on its own will generate a neural response (Yu et 

al. 2013a). 

 

Because such plasticity has been observed in development as well as adulthood, 

its application for ameliorating damage done to the brain in a non-invasive way 

becomes increasingly seductive (Yu et al. 2010).  Thus, cross-modal cues have 

been utilized in the treatment of hemianopia.   

 

Prior Visual Rehabilitation of Cats Using Multisensory Stimuli 
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Prior work in the rehabilitation of hemianopia in cats has been pioneered by 

Jiang at al.  What has been shown is that repeated presentations of a 

spatiotemporally concurrent cross-modal stimulus at a single-location in the 

anopic hemifield can rehabilitate that hemifield and allow the animal to orient to 

purely visual stimuli within that hemifield (Jiang et al. 2015).   

 

In this experiment, animals were first trained to orient to and approach a visual 

stimulus at any location within their visual field.  Locations varied between -105° 

and 105° from a central fixation point.  This stimulus consisted of a white ping-

pong ball attached to a metal wand.  The wand was used to deliver the ping-pong 

ball behind a black current suspended around the perimeter of the training 

apparatus in order to prevent the animal from predicting the location of the visual 

stimulus (Jiang et al. 2015).   

 

One experimenter would gently restrain each animal, while a second 

experimenter would keep the animal fixated centrally by holding a food reward at 

a central fixation location as well as present the visual stimulus at a 

pseudorandom location within the animal’s visual field.  The animal would only be 

rewarded for orienting to and approaching this visual stimulus.  Catch trials in 

which no visual stimulus was presented would be interleaved among the visual 

stimulus trials, and the animal would be rewarded for approaching the central 

fixation point (Jiang et al. 2015).   
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Animals were trained on this task, and each animal would be lesioned once the 

task could be performed reliably at all locations.  Lesions consisted of the 

aspiration of the entirety of visual cortex from one hemisphere of the brain.  This 

lesioning procedure resulted in a complete visual defect in the contralesional 

hemifield.  Following surgery, animals were no longer able to orient to the visual-

only ping-pong ball stimulus on this half of the visual field.  To ensure that this 

deficit was permanent, animals were only selected for rehabilitation if the visual 

deficit persisted after 2.5-3 months following the surgical procedure (Jiang et al. 

2015).   

 

Once the permanence and completeness of the visual deficit had been confirmed 

in each animal, the rehabilitation process began.  This consisted of a similar 

procedure as the visual training.  An experimenter would gently restrain each 

animal and ensure that it was facing straight ahead at 0°.  The second 

experimenter would once again hold a piece of food at this central fixation point.  

Also this experimenter would deliver a cross-modal stimulus at 45° into the 

anopic visual hemifield.  This stimulus consisted of the same ping-pong ball 

being presented below a black curtain, but during this rehabilitation phase, the 

ping-pong ball would be scraped along the wall of the rehabilitation chamber, 

creating a spatiotemporally concordant auditory stimulus.  Because the animals 

were confirmed to have normal auditory processing capabilities, each animal 

could orient to and approach this cross-modal stimulus, for which it would receive 

a food reward (Jiang et al. 2015).   
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This procedure was repeated for a total of 45-60 trials per day, 5-7 days per 

week.  Additionally, these trials were interleaved with “catch” trials and visual-

only trials in the intact hemifield.  Following each rehabilitation session, a visual 

probe was conducted; visual-only ping-pong ball stimuli were presented to the 

animal at all locations within its visual field.  This procedure would probe at what 

point in time visual orientation ability returned to each animal within its 

contralesional hemifield as well as determine the extent of the rehabilitation.  This 

rehabilitative training and visual probe schedule continued until each animal 

regained its orientation ability within the contralesional hemifield to the level it 

had before the lesioning procedure.  The time it took for each animal to regain 

this ability was on the order of a few weeks (Jiang et al. 2015).   

 

One noteworthy result is that each animal regained its orientation ability within 

the contralesional visual hemifield from the center to the periphery.  This is in 

spite of the fact that the cross-modal stimulus was solely and repeatedly 

delivered at the 45° location within this hemifield.  Secondly, the return of the 

orientation ability persisted even after multisensory training ceased.  Animals 

were once again tested with visual-only stimuli months after the repeated 

multisensory stimulus presentations ended, and there was no decrease in ability.  

Crucially, rehabilitation did not occur when animals were instead presented with 

repeated unisensory stimuli (either auditory or visual) in the blind hemifield (Jiang 

et al. 2015).   
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The visual probe described above is merely a detection task – the animal must 

detect that some stimulus was presented in its visual field.  However, these 

rehabilitated animals were also tested with more complex visual reasoning 

challenges.  These animals could also differentiate between vertical and 

horizontal lines presented in separate hemifields as well as a triangle presented 

in different orientations (Jiang et al. 2015).   

 

Electrophysiological recordings from this study support these behavioral results 

as well.  Following lesioning, visually responsive neurons (as well as 

multisensory neurons) were found in the deep layers of the contralesional SC.  

However, a significant decrease in visual activity in these layers in the 

ipsilesional SC was observed.  However, following rehabilitation using the cross-

modal training paradigm, electrophysiological surveys of the SC were also 

completed.  In the deep layers of the ipsilesional SC, responses to visual stimuli 

were similar to those of normal animals in all cases (Jiang et al. 2015). 

 

In addition to the SC, the anterior ectosylvian sulcus (AES) appears to play a 

large role in the rehabilitation process.  This area is also a cortical site of 

multisensory integration.  In normal cats, removal of this brain region does not 

interfere with the ability to localize stimuli in any portion of the visual field.  

Though, when AES lesions are performed on animals with hemianopia that has 

been rehabilitated by cross-modal training, the hemianopia is reinstated.  Further 
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evidence of the importance of the AES is provided through cryogenic 

deactivation studies on these same animals.  The SC of two animals was 

surveyed during cryogenic deactivation of the AES, and visual acitivity in the 

deep layers was significantly attenuated.  This result correlates well with the 

behavioral results, as the AES in one animal was deactivated while the animal 

was awake and performing the ping-pong ball visual orientation task.  During 

AES inactivation, animals were once again unable to orient to visual cues in the 

previously recovered hemifield.  Once again, the normal hemifield and responses 

to stimuli presented in it remained unaffected (Jiang et al. 2015). 

 

Because the rehabilitation process described in (Jiang et al. 2015) used a cross-

modal stimulus generated by a single object, it was not possible to determine 

whether the parameters of the cross-modal stimulus were sensitive to the 

principles of multisensory integration such as the spatial or temporal principle 

(Meredith and Stein 1986; Meredith et al. 1987; Stein and Meredith 1993).  

Therefore, the study in Chapter 1 attempts to answer this question.  The result 

here provides strong evidence for the role of multisensory integration in the 

rehabilitation process and may offer advice on methods by which the 

rehabilitation process can be improved through more effective cross-modal cues. 

 

In Chapter 1, we attempt to design an experiment such that the competing 

hypotheses surrounding the mechanism of the rehabilitative effect can be 

differentiated in the feline model.  In order to do this, we test four different sets of 
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rehabilitative stimuli divided into groups according to whether the condition is 

likely to produce multisensory enhancement or multisensory depression in the 

SC.  Such a distinction is made by referring to the principles of multisensory 

integration described above as well as established results examining the 

heterogeneity of the SC receptive fields (Rowland 2007).  Animals are first 

trained to orient to a visual stimulus appearing anywhere in the visual field.  Next, 

visual cortex is lesioned unilaterally in each animal as to produce a visual deficit 

in the contralesional side of space.  After a waiting period to ensure that the 

animals do not recover spontaneously, each animal is assigned to a rehabilitation 

stimulus configuration group.  During this first round of rehabilitation attempts, the 

rehabilitative stimuli are configured such that they do not produce multisensory 

enhancement in the SC.  Consequently, in each case, the animals did not 

recover from their visual deficit.  However, each animal was subsequently 

assigned to a second rehabilitative stimulus group, and in each of these groups, 

the cross-modal stimuli were designed to produce multisensory enhancement.  In 

each case, each animal regained its ability to orient to visual stimuli in the 

contralesional hemifield.  These results suggest that the SC and the plasticity 

that can be induced in it and other multisensory circuit components have a role to 

play in the amelioration of hemianopia.   

 

In Chapter 2, we examine the extent to which the ameliorated side of the visual 

field compares to the unaffected side in terms of directed attention.  Certainly, the 

ability to detect and localize visual stimuli in the absense of a contralateral visual 
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cortex is very impressive, but in chapter 1, this is only shown in the absence of all 

other salient visual stimuli.  In chapter 2, we characterize the ability of the animal 

to detect stimuli in the contralesional hemifield in the presence of a distractor in 

the ipsilesional hemifield.  Firs, we determine whether any preference exists in 

each animal’s target selection when simultaneous targets are presented, one in 

each hemifield.  Second, we determine whether the intensity of the preferred 

stimulus can be decreased such that the preference for either target over the 

other is eliminated.  Last, we attempt to pair the unpreferred stimulus with an 

auditory cue in order to determine whether the behavioral benefits of 

multisensory enhancement can equalize each animal’s preference for one target 

over another.  Although there is not a consistent preference across animals for 

either the contralesional or ipsilesional stimulus, a preference does exist within 

each animal.  Amazingly, the contralesional stimulus is sometimes preferred 

even in the presence of an ipsilesional visual stimulus.  Though, at some level of 

bias of stimulus intensity, this preference can be made to disappear or reverse.  

Lowering the intensity of both stimuli appears to reinstate the original preference 

to an increased degree.  The presence of even a threshold auditory stimulus 

paired with one of these visual stimuli can dominate, however.   

 

Multisensory integration has evolved to become a widely applicable tool for 

evaluating normal environmental stimuli as well as for spurring plasticity in the 

brain, as is the case with the amelioration of hemianopia.  Such amelioration can 

even be shown to be robust to a distracting environment.  Reasonable heuristics 
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honed by environmental experience that guide the multisensory computation 

appear to apply in all of these contexts.  
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Abstract 

Hemianopia can be rehabilitated by an auditory-visual “training” procedure which 

restores visual responsiveness in midbrain neurons indirectly compromised by 

the cortical lesion and reinstates vision in contralesional space. Presumably, 

these rehabilitative changes are induced via mechanisms of multisensory 

integration/plasticity. If so, the paradigm should fail if the stimulus configurations 

violate the spatiotemporal principles that govern these midbrain processes. To 

test this possibility, hemianopic cats were provided spatially or temporally non-

congruent auditory-visual training. Rehabilitation failed in all cases even after 

approximately twice the number of training trials normally required for recovery, 

and even after animals learned to approach the location of the undetected visual 

stimulus. When training was repeated with these stimuli in spatiotemporal 

concordance, hemianopia was resolved. The results identify the conditions 

needed to engage changes in remaining neural circuits required to support vision 

in the absence of visual cortex, and have implications for rehabilitative strategies 

in human patients. 

 

Keywords: Cortical blindness, rehabilitative training, superior colliculus 
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Introduction 

A common consequence of unilateral damage to visual cortex is hemianopia: a 

profound blindness in the contralesional visual hemifield (Sprague 1966; 

Sherman 1974; Wallace et al. 1990; Zihl 1995; Romano 2009; Das and Huxlin 

2010). This defect is generally permanent despite the physical sparing of visual 

circuits elsewhere in brain, particularly those in the midbrain superior colliculus 

(SC). Nevertheless, despite being far from the site of the lesion, SC neurons 

typically become unresponsive to visual stimuli consequent to these lesions, 

presumably because of the lesions’ excitotoxic effects on this efferent target 

mediated by NMDA receptors (Jiang et al. 2009). This renders SC neurons 

incapable of supporting visual orientation behaviors. 

Recent work shows that hemianopia can be rehabilitated in both cats and 

humans (Bolognini et al. 2005; Frassinetti et al. 2005; Làdavas 2008; Passamonti 

et al. 2009; Dundon, Bertini, et al. 2015; Dundon, Làdavas, et al. 2015; Jiang et 

al. 2015; Purpura et al. 2017; Tinelli et al. 2017) using a simple non-invasive 

procedure in which spatiotemporally concordant pairs of auditory-visual stimuli 

are repeatedly presented in contralesional space over multiple training sessions. 

After weeks of this multisensory training, subjects become capable of detecting 

and localizing visual stimuli in the previously blind hemifield. This recovery of 

vision persists even after cessation of training (Bolognini et al. 2005). 

Furthermore, rehabilitated cats have been shown to be capable of performing 

rudimentary visual pattern discrimination tasks in the formerly hemianopic field 

(Jiang et al. 2015).  
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The success of this training paradigm is believed to depend on restoring the 

visual sensitivity of multisensory neurons in the ipsilesional SC through 

mechanisms of multisensory plasticity (Frassinetti et al. 2005; Yu et al. 2013; 

Dundon, Bertini, et al. 2015; Jiang et al. 2015). Multisensory neurons in the 

intermediate and deep layers of the SC receive visual, auditory, and 

somatosensory inputs in various cross-modal combinations (Stein and Meredith 

1993). One of the characteristic features of these neurons is their ability to 

integrate spatiotemporally concordant cross-modal inputs to enhance their 

responses (Meredith and Stein 1986; Meredith et al. 1987; Stein and Meredith 

1993). It has also been noted that repeated presentation of such cross-modal 

stimuli increases their sensitivity to the individual modality-specific component 

cues (Yu et al. 2013). Thus, the convergence of multiple sensory inputs can have 

two complementary effects in these neurons: producing multisensory responses 

that are significantly more robust than those to the individual component inputs 

(Meredith et al. 1987, 1987; Stein and Meredith 1993) and, via Hebbian 

mechanisms, significantly enhancing unisensory responsiveness to these 

component inputs (Yu et al. 2013). 

If multisensory training paradigms restore visual responsiveness of SC neurons 

to reverse hemianopia using similar mechanisms, the principles governing SC 

multisensory integration and plasticity should also govern the effectiveness of the 

multisensory training procedure. The aim of the present study was to test this 

assumption by providing cortical lesion-induced hemianopic cats with training 

paradigms involving different visual-auditory stimulus configurations. Some of 
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these configurations provide convergent excitatory inputs onto common SC 

target neurons (i.e., they are “congruent”), and some of them do not. 

Presumably, the former configurations would rehabilitate the hemianopia and the 

latter would not. 

 

Methods 

Three adult mongrel cats (1 male, 2 female), 2 to 6 years of age were used. 

Animals were obtained from a USDA licensed commercial animal breeding 

facility (Liberty Labs, Waverly, NY), and are referred to here as F1, F2, and F3. 

All procedures were performed in compliance with the 8th Edition of the ‘Guide 

for the Care and Use of Laboratory Animals’ (National Research Council of the 

National Academies, 2011) and approved by the Institutional Animal Care and 

Use Committee (IACUC) at Wake Forest School of Medicine. Animals were not 

sacrificed at the completion of this study.  

Pre-lesion sensorimotor evaluation:  To ensure that each animal had normal 

visual and auditory fields, and was suitable for behavioral training, it was first 

evaluated in the apparatus shown at the left in Fig. 1. The animal was gently 

restrained by the experimenter and required to stand at the start point and fixate 

on a food object presented in a hole at 0° in the forward wall of the apparatus.  

Next, a ping-pong ball on a steel wand was manually lowered into the visual field 

from behind an opaque curtain at various points between -105° and 105°. The 

experimenter was guided by pre-marked degree measurements on the top of the 

apparatus in order to ensure accuracy. Cats orient almost reflexively to this 
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stimulus and rapidly approach it, ensuring easy observation of detection. Food 

rewards were given to all correct orientation/approach responses, and also on 

the rare occasion that the animal moved directly ahead to the visible food at 0°. 

Additionally, on some trials, the ball remained hidden behind the opaque curtain 

and was tapped on the side of the apparatus to produce an auditory stimulus. 

The animal was rewarded for approaching this auditory stimulus. All three 

animals rapidly learned to orient towards the visual and auditory cues when 

presented independently. They then advanced to the next stage of training.  

Visual localization training: Each animal was then trained to detect, localize, 

and approach illuminated light emitting diodes (LEDs, Lumex Opto/Components; 

model 67-1102-ND ) within a perimetry apparatus with complexes of LEDs and 

speakers placed from -90° to 90° in 15° intervals (Fig. 1, right)  (Gingras et al. 

2009; Rowland et al. 2014). First, animals were trained to fixate on an illuminated 

LED at 0° (fixation stimulus) to receive the food reward (fixation was verified via a 

mirror above the forward wall of the apparatus). Next, animals were trained to 

localize and approach a briefly illuminated LED (100ms) at randomly selected 

locations between -45° and 45° following termination of the fixation stimulus. 

Occasionally, trials containing more eccentric stimuli (generally ±60°) were 

randomly interleaved with those containing stimuli at the training locations to 

ensure that animals would respond to stimuli in more peripheral space.  
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Each trial was initiated by pressing a foot pedal, which illuminated the fixation 

stimulus. Once the animal fixated on that stimulus, a second press of the foot 

pedal extinguished the fixation stimulus and triggered the target stimulus after a 

500 ms delay. Animals were required to approach the location of the target visual 

Fig. 1: The Apparatuses used for visual field assessment and multisensory 

training. Left: A schematic of the perimetry device used to screen animals for their 

suitability for behavioral training. Fixation was induced by food presented through the 

hole at the center of the front wall, and visual orientation and approach were initiated 

by a ping-pong ball (on a metal wand) thrust into the visual field from behind an 

opaque curtain. Right: A schematic of the perimetry device used for rehabilitative 

training and quantitative assessment of visual function. LEDs (red) and speakers 

(gray) were arranged along the horizontal axis and separated by 15⁰.  The device 

was housed in a lighted room but shielded from direct overhead lighting by a flat 

ceiling. The animal was trained to fixate on the central LED at 0⁰ before each trial 

(only the most central (i.e., nasal) LED in each 3-LED display was used as a visual 

target). Trials consisted of V alone or a cross-modal (A-V) combination. The animal’s 

task was to orient to and approach the location of V whether presented alone or in 

combination with A.  
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stimulus within three seconds to receive a food reward (175 mg food pellet, Hill’s 

Science Diet). As a precaution, the experimenter wore headphones and averted 

his eyes from the array when the stimulus was triggered to ensure that the 

location of the stimulus was not known until after the animal’s response was 

scored. Catch trials were interleaved in which no stimulus was delivered. On 

these, reward was delivered if the animal continued to hold fixation and remained 

at the starting position (No Go). No cross-modal stimuli were presented during 

the training period. Immediately after each training session animals were allowed 

to eat to satiation in the testing apparatus. Their weight was maintained at 85% 

or more of baseline. The criterion for the completion of training was achieved 

when an animal would correctly orient/approach a visual stimulus on 85% or 

more trials at each stimulus locations and maintain its fixation and position on 

85% or more of the catch trials.  Animals were not explicitly trained with 

multisensory cues before lesioning. 

Visual cortex lesions and the hemianopic defect: Once training and testing 

were complete, a unilateral visual cortex lesion was performed using sterile 

procedures as previously described (Jiang et al. 2015). Briefly, each animal was 

anesthetized with acepromazine/buprenorphine (0.02-0.05/0.005-0.01 mg/kg, IM) 

and sodium pentobarbital (22-30 mg/kg/iv), its head was fixed in a stereotaxic 

apparatus, it was intubated through the mouth, and its visual cortex was exposed 

by a craniotomy. All contiguous areas of left visual cortex were targeted for 

removal via aspiration (Fig. 2). This included most of the posterior lateral and 

suprasylvian gyrus, portions of the posterior ectosylvian sulcus (sparing the 
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anterior region) and the cortical area above the splenial sulcus, posterior to the 

cruciate gyrus. All animals were given identical lesions in the same theater by the 

same surgeon. Post-surgical cefazolin (20mg/kg, IM), buprenorphine (0.005-

0.01mg/kg, IM), and saline were administered. Following recovery from surgery, 

animals exhibited characteristic ipsiversive circling, and showed no visual 

responsiveness and variable responses to auditory and tactile stimuli in 

contralesional space (Sprague 1966; Wallace et al. 1990; Jiang et al. 2015). The 

circling behavior resolved within 1-3 days and tactile and auditory deficits 

progressively lessened, disappearing by the end of the next week. Animals 

remained unresponsive to contralesional visual stimuli for 2.5-3 months, at which 

point the hemianopic deficit was judged to be stable. Animals were then engaged 

in rehabilitation training. 
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Rehabilitation training: Each training/testing session included cross-modal 

(visual-auditory) stimuli repeatedly presented in the contralesional hemifield. 

Each animal received two “rounds” of training and was always rewarded for 

approaching the location of the visual stimulus regardless of the stimulus 

Fig. 2: Lesion Schematic. Left: The extent of the hemianopia-inducing lesion is 

shown by gray shading on a tracing of the brain of animal F2 shown in a dorsal view. 

Right: Four traced coronal sections illustrate the extent of the lesion at locations 

indicated by dashed lines.  Gray shading represents removed tissue.  Note that the 

damage is contained to visual cortex of the left hemisphere while auditory cortex as 

well as the right hemisphere remain intact.    
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configuration. In the first round of training, the cross-modal stimulus configuration 

was designed to be non-congruent; i.e., it would not produce concurrent cross-

modal excitatory inputs to the same SC target neurons (see (Meredith and Stein 

1986; Meredith et al. 1987; Stein and Meredith 1993; Miller et al. 2015)). This 

was achieved by configuring the visual and auditory cues to be simultaneous but 

spatially disparate (2 animals, F1 and F2), or spatially concordant and temporally 

disparate (1 animal, F3). In the spatially disparate configuration, the visual 

stimulus was placed at 45° in the contralesional hemifield and the auditory 

stimulus was placed at 15°. This spatial offset exceeds the window for 

multisensory enhancement in localization behavior (Stein et al. 1989; Jiang et al. 

2002) and, in multisensory neurons, often results in at least one of the cross-

modal stimuli being located outside their respective receptive fields 

(Middlebrooks and Knudsen 1984; Meredith and Stein 1986; Meredith et al. 

1987; Kadunce et al. 1997, 2001; Rowland et al. 2007). In the temporally 

disparate configuration, both stimuli were placed at 45° in contralesional space, 

but the visual stimulus onset was 300ms after the auditory stimulus onset.  This 

temporal offset exceeds the normal temporal window for multisensory integration 

in SC neurons (Meredith et al. 1987; Stein and Meredith 1993; Miller et al. 2015). 

Smaller delays are likely to lead to rehabilitation because they will produce 

convergent inputs (Meredith, 1987). The choice to present the auditory stimulus 

first was made in order to give the animal the best chance at rehabilitation in the 

case that attention would be pulled toward the auditory stimulus. In all 

configurations, visual and auditory stimulus durations were 100 ms, visual 
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intensities were 6 mcd in a lighted room, and auditory intensities were 64 dB 

against a background of 51 dB at the ear. The duration was chosen to be long 

enough to be detectable by the animal but short enough to avoid the animal 

searching for the location/presence of the stimulus.  In cross-modal trials, the 

auditory stimulus was clearly audible and served as a cue that a response to 45° 

(the location of the contralesional visual stimulus) would be rewarded. This 

allowed animals to repeatedly orient to the location of the visual stimulus even 

when they could not detect it (as confirmed on visual-only trials). 

In the second round, congruent spatiotemporal configurations were selected that 

would elicit convergent cross-modal inputs to the SC. The animal’s task was the 

same as described above. In two animals (F2 and F3) the visual and auditory 

stimuli were simultaneously presented at 45° in contralesional space. In the third 

animal (F1), the visual stimulus was presented at 45°, and the auditory stimulus 

was simultaneously presented at 75°. Although it involves cues that are 

physically disparate, this configuration reliably elicits enhanced multisensory 

responses from normal animals at both the single SC neuron and behavioral 

levels (see (Meredith and Stein 1986; Stein et al. 1989; Rowland et al. 2007). 

This enhancement likely reflects the structure of sensory map alignment, wherein 

auditory receptive field with centers at 45° (and aligned with visual receptive 

fields at 45°) often have lateral borders extending well beyond 75°. As a result, 

cross-modal stimuli in this configuration are within a single neuron’s respective 

receptive fields and send convergent excitatory inputs it, thereby rendering the 

stimuli functionally congruent. Other stimulus features in this round were the 
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same as in the first. 

In each round, fifty cross-modal trials were presented each day (for 5 days/week) 

with randomly interleaved No Go trials and visual-only trials in the ipsilesional 

hemifield to maintain animal conditioning (30% of trials). Immediately following 

each rehabilitative training session animals were tested once again for the 

possible return of contralesional vision with 2-4 visual-only trials at random 

locations within ±60° of fixation. Criterion performance for rehabilitation was the 

same as in the pre-lesion training condition. If no rehabilitative effects were noted 

in these trials after 1.5 months of training in the first round (see Jiang et al., 

2015), rehabilitation was considered a failure, and the second round was 

initiated. 

Evaluation of Rehabilitative Progress:  For each tested eccentricity within the 

affected hemifield (i.e., 15°, 30°, 45°, 60°), the first replicable correct response to 

a visual-only stimulus in the hemianopic field was noted (2 correct trials within 

one session), and the progression of responses to visual-only stimuli at each 

location tested in that field was tracked over several weeks. Following complete 

recovery of responses to the LED generated stimuli in that hemifield, visual 

recovery was further assessed in the apparatus initially used to evaluate 

sensorimotor function (Fig 1) and with a variety of manually presented stimuli.  

Statistical Significance: Significant responses to visual stimuli at each location 

were statistically determined as an increase in the probability of orienting and 

approaching the location when stimuli were present versus when they were not. 

This was evaluated with one-tailed binomial tests (H0: Correct responses follow 
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binomial distribution with P=0.125).  In order to determine whether contralesional 

orientation ability had returned following each rehabilitative paradigm, statistical 

testing was performed on all ipsilesional locations (including 0°) pooled together 

and on all contralesional locations pooled together.  No Go trials were separately 

evaluated.   

Histology: At the end of data collection, the animal was sedated with ketamine 

hydrochloride (20-30mg/ kg, i.m.) and acepromazine (0.1 mg/kg, i.m.) and, 

following loss of pinna reflexes, was injected with a lethal dose of pentobarbital 

(50-100mg/kg, i.v.). The animal was then exsanguinated by transcardial 

perfusion with 0.9% saline followed by 4% paraformaldehyde fixative. The brain 

was removed, photographed, cut on a cryostat and processed using routine 

histological procedures. The extent of the cortical lesion on the dorsal surface of 

the brain was then drawn before charting the damage in serial coronal sections 

from post-fixation photographs (Fig 2). The reconstructed lesion then was 

referenced to standard physiological and anatomical maps (Rosenquist 1985). 

 

Results  
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Pre-lesion training and testing: Animals rapidly learned the initial sensorimotor 

task used to assess visual and auditory detection and localization capabilities. All 

had normal visual and auditory responses across both hemifields. They then 

were trained to orient and approach a visual stimulus in the LED apparatus that 

would later be used for rehabilitative training (Fig 1, right). They reached criterion 

performance at all tested locations across both visual hemifields within 2-3 

months (see Fig. 3), after which the contiguous areas of visual cortex on one side 

of the brain were removed.  

Hemianopic defect. After the unilateral ablation of visual cortex, each of the 

animals was unresponsive to visual stimuli in contralesional space. This visual 

Fig. 3: Pre-lesion visual field assessment. Plotted here in bar graphs is the performance of 

each animal on 20-30 visual-only trials after training at each location within the central 90° of 

visual space. % correct on the vertical axis of the bar graphs refers to correct 

orientation/approach responses at that location. Vertical lines represent standard error. * = 

p<0.01.  
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defect was categorized operationally as permanent when it persisted for a 

minimum of 2.5 months. The first confirmation of this hemianopia was via 

qualitative tests in which the animals failed to respond to laser generated spots of 

light moved within, or into, contralesional space. They were similarly 

unresponsive to the appearance of food objects and threatening stimuli in this 

hemifield. The hemianopia was then confirmed with quantitative tests in the LED 

perimetry apparatus (see Fig. 4) in which animals failed to orient to or approach 

visual stimuli in the contralesional hemifield, but responded as they did in pre-

lesion tests to stimuli in the ipsilesional hemifield. Performance on qualitative 

tests of visual performance in ipsilesional space was also similar to the results of 

pre-lesion tests and to the performance of animals without cortical lesions. This 

included approach, investigation and ingestion of food presented in that 

hemifield, and defensive reactions to threat.  
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Following completion of the post-lesion visual assessment tests, the animals 

began the first round of rehabilitation training. Tests were conducted after each 

training session to assess visual localization performance on both sides of space. 

Multisensory training with spatially non-concordant stimuli failed to 

rehabilitate hemianopia 

Animals F1 and F2 were trained with the spatially disparate cross-modal 

configuration in which the visual and auditory stimuli were simultaneous but the 

auditory stimulus was presented at 15° and the visual stimulus was presented at 

Fig. 4: Post-lesion visual field assessment.  The accuracy of visual orientation/localization 

responses for each animal was quantified 2.5 months or more after unilateral visual cortex 

ablation. Bar graphs indicate the % correct on the final 40-80 visual-only trials at each location 

after the animals returned to their pre-lesion performance on the ipsilesional side of space. Note 

the absence of responses to V stimuli in contralesional (right) space. The bar graph next to the 

animal indicates performance on No Go ‘catch’ trials. Conventions are the same as in Fig. 3. 
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45°. Animals initially responded to the cross-modal trials with No Go or approach 

responses to locations that appeared to be randomly selected. 

After several sessions they appeared to adopt a strategy by which the auditory 

stimulus triggered an orientation response to 45° (the location of the 

contralesional visual stimulus) where they would receive a food reward. 

However, they continued failing to respond to contralesional visual stimuli at this 

location when presented alone. Hemianopia failed to be resolved in both animals 

even after 1.5 months of training with 50 cross-modal trials per day. There were a 

few responses by animal F1 to visual stimuli near the fixation point on a small 

number (<10%) of test trials; these rare occurrences were observed randomly 

with no apparent pattern throughout the evaluation period. 

  

 

 Multisensory training with temporally non-concordant stimuli failed to 

rehabilitate hemianopia.  

Fig. 5: Spatially disparate cross-modal stimuli failed to ameliorate hemianopia. Data 

are plotted for the final 40 visual-only trials at each location for each of these animals after 

1.5 months of multisensory training. During training the A was 30° central to V. Both 

animals had a total of 320 exposures over this time period. * = p<0.01, n.s. = non-

significant. Conventions are the same as in preceding figures. 
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Animal F3 was trained with the temporally non-concordant configuration in which 

the stimuli were spatially concordant at 45°, but the auditory stimulus onset was 

300 ms before the visual stimulus onset. This animal also received 50/trials/day 

for 1.5 months and it too began responding on cross-modal trials to the 45° 

location, but failed to respond to the visual stimulus when it was presented alone 

at that location or at any other location in contralesional space. Its hemianopia 

had not resolved (see Fig. 6). Like animal F1, there were rare and unpredictable 

occurrences (<10% of trials) throughout the evaluation period in which this 

animal responded to the visual stimulus location near fixation.  

 

 

Subsequent multisensory training with spatiotemporal concordant stimuli 

rehabilitated hemianopia. 

Two of the animals (F2, F3) that failed rehabilitation on the first round of cross-

modal training were subsequently given 7 weeks of training with spatiotemporally 

concordant (i.e., congruent) visual-auditory stimuli at 45° in the hemianopic field 

Fig. 6: Temporally disparate multisensory 

training failed to ameliorate hemianopia. 

After 1.5 months of cross-modal exposure to 

the temporally disparate stimuli (A 300msec 

before V, 320 exposures) vision had not 

returned in the contralesional hemifield. 

Conventions are the same as in previous 

figures. 
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(50 trials/day). Both were rehabilitated. Fig. 7A illustrates their restored visual 

localization accuracy at all tested locations. Performance levels in contralesional 

and ipsilesional space were indistinguishable in both animals (p>.05 with the 

Fisher’s Exact test at each location). Fig. 7B plots the number of the session in 

which the animal first responded to a visual stimulus at each of the tested 

eccentricities. Consistent with previous reports (Jiang et al. 2015), visual 

responsiveness first appeared to stimuli at central locations, and then expanded 

to more peripheral locations.  Additionally, the previous temporally asynchronous 

stimulation to which animal F3 was exposed did not appear to facilitate this 

animal’s eventual rehabilitation using spatiotemporally concurrent cues, given 

that this animal required the greatest number of sessions to show signs of full 

rehabilitation.   
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  The last to be trained in a second round of cross-modal exposure trials was 

animal F1. In this case, rather than using the spatiotemporally concordant 

stimulus configuration that was used with animals F2 and F3, it was trained for 7 

weeks with a configuration in which the cross-modal stimuli were simultaneous, 

but physically disparate. The visual stimulus was at 45° and the auditory was at 

Fig. 7: Rehabilitation of hemianopia with cross-modal stimuli in physical 

concordance. A: Both animals showed full recovery from hemianopia following 7 weeks 

of multisensory training with spatiotemporally concordant V and A stimuli at 45° in the 

blind hemifield. These training, or exposure, trials were provided after rehabilitation failed 

with non-concordant stimuli.  Both animals now showed similar performance to visual 

stimuli in the ipsilesional (-15° to -45°) and contralesional (15° to 45°) hemifields during V 

probe trials (380 in F2 and 336 in F3). B: Below, the line plots show the number of 

sessions that preceded the onset of responding to V at a particular eccentricity in the 

contralesional hemifield. Note that both animals began responding first to stimuli at the 

most central location and then to progressively more peripheral locations. NG = No Go 

trials. Conventions are the same as in previous figures. 
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75°. As noted in Methods, the same degree of physical disparity was used in the 

first round of training with animals F1 and F2, but now the auditory stimulus was 

peripheral, rather than central, to the visual stimulus. This disparate configuration 

has been shown to be functionally equivalent to the spatiotemporally concordant 

configuration. It also provides convergent cross-modal excitatory inputs to SC 

neurons, thereby yielding enhanced multisensory responses both physiologically 

and behaviorally (Meredith and Stein 1986; Stein et al. 1989; Rowland et al. 

2007). Thus, it was operationally defined as functionally congruent. 

As illustrated (Fig. 8), this configuration was as effective at restoring visual 

responsiveness as was the spatiotemporally concordant paradigm described 

above. As in that paradigm, the recovery proceeded from more central to more 

peripheral locations. Visual performance in this animal was even better at 

peripheral locations than was the recovered function in animals F2 and F3 (Fig. 

7).  
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Recovery from hemianopia was also evident from tests in the sensorimotor 

evaluation apparatus shown on the left in Fig 1. All rehabilitated animals oriented 

briskly and accurately to the introduction of the ping-pong ball from behind the 

curtain and showed no performance asymmetries across hemifields for most 

locations (Fig. 9). The exception to this observation was one animal that showed 

a slight performance deficit at contralesional 75° and another that showed a 

deficit at 60° with no responsiveness to further peripheral stimuli (the animals had 

not previously been trained to orient to more peripheral stimuli). Qualitative 

assessments in each animal revealed no hemifield asymmetries in following a 

Fig. 8: Rehabilitation of hemianopia with cross-modal stimuli in functional, but not 

physical, concordance.  This animal received multisensory training with V at 45° and A at 

75°, a physically disparate configuration that normally produces multisensory enhancement 

in single SC neurons and in tests of overt orientation behaviors.  The bar graph plots % 

correct orientation responses in 320 trials after 7 weeks of multisensory training. Complete 

recovery was present at all tested locations in the contralesional hemifield, and performance 

was equally robust in both hemifields. The line graph shows that, as in the spatiotemporal 

concordant training paradigm (see Fig 6), the onset of visual recovery was first evident at 

central locations and then at progressively more peripheral locations. NG = No Go trials. 

Conventions are the same as in previous figures. 
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laser generated spot between the two sides of space, and no hemispheric 

specific differences in reaction to manually presented stimuli.  

 

Sensorimotor responses to contralesional visual stimuli failed rehabilitate 

hemianopia 

It is interesting that orientation to the visual stimulus location itself did not lead to 

rehabilitation in the first round of training. As noted above, the animals were 

rewarded when they oriented to 45° on cross-modal trials (where the visual 

stimulus was located). They did so even while they could not perceive the visual 

stimulus when presented alone at that location, or any other location in 

contralesional space. Apparently, each animal learned to respond to the cross-

modal cue by approaching the 45° location to obtain a reward. But, as illustrated 

in the left column of Fig. 10, even after months of reliably orienting to that 

location during the first round of training, their hemianopia had not resolved. 

Fig. 9: Rehabilitation from hemianopia was 

apparent in the visual assessment apparatus. 

Rehabilitated animals readily detected, localized 

and approached the ping-pong ball at 

eccentricities well beyond the 45° limit tested in 

the LED apparatus. Note, however, there was 

some fall-off in performance at the most 

peripheral locations in the contralesional 

hemifield. Conventions are the same as in 

previous figures. 
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Thus, neither the motor act itself, nor its association with a visual target, was 

sufficient to restore visual behavior. In contrast, after those animals were 

switched to congruent multisensory training (Fig. 10, right column), their 

hemianopia rapidly resolved, and they showed no facilitation as a result of those 

previous orientation behaviors: there was no apparent relationship between the 

total number of such responses in the first round of training and the speed of the 

recovery induced by the second round of training. During this training period, 

errors directed to the auditory stimulus (in the conditions where the auditory 

stimulus appeared at a different location than the visual stimulus) were numerous 

but quickly decreased due to this behavior not being rewarded.  During the final 

week of stimulation of the first rehabilitation attempt for animals F1 and F2, the 

remainder of errors not plotted during the multisensory trials consisted of 14% to 

ipsilesional locations, 34% to the fixation point, and 52% to contralesional 

locations more peripheral than the visual stimulus.  Similarly, the remainder of 

errors for animal F3 consisted of 8% to ipsilesional locations, 28% to the fixation 

point, 24% to the 15° location, and 28% to contralesional locations more 

peripheral than the multisensory stimulus.  During the final week of the second 

rehabilitation attempt, the remaining errors of animal F1 consisted of 11% to 

ipsilesional locations, 15% to the fixation point, and 74% to the 15° location.  

Similarly, the errors of animals F2 and F3 during this phase consisted of 6% to 

ipsilesional locations, 39% to contralesional locations more peripheral than the 

multisensory stimulus, 33 % to contralesional locations more central than the 

multisensory stimulus, and 22% to the fixation point.   
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Discussion 

The present study demonstrated that there are specific spatial and temporal 

relationships that are crucial for using cross-modal exposure to rehabilitate 

hemianopia: cross-modal configurations that were functionally congruent proved 

to be effective in this regard, but those that were not proved to be ineffective. 

Presumably, rehabilitation required that excitatory neural signals from different 

modalities converge onto their target neurons within a narrow temporal window in 

which they can interact. This is the same requirement for SC neurons to engage 

Fig. 10: Overt sensorimotor responses to the visual stimulus location did not 

rehabilitate hemianopia. Plotted is the percentage of orientation/approach 

responses to the visual stimulus location (solid), auditory stimulus location (dashed), 

as well as the percentage of no overt response (No Go, dotted) during multisensory 

training trials. Each animal’s data is shown in one row. Left (first round of training): 

Animals F1 and F2 (spatial disparity) rapidly learned not to approach the auditory 

stimulus location (no reward was obtained there), but rather to approach 45° (the 

visual stimulus location) to obtain a reward - despite being unable to respond to that 

visual stimulus during visual-only trials. In the case of animal F3 (temporal disparity) 

the visual and auditory stimulus locations were the same. This “visuomotor” response 

did not resolve the hemianopia; responses to visual stimuli did not rise above chance 

during visual-only trials in any animal. Right (second round of training): Arrows 

indicate when responses to contralesional visual stimuli were first observed in each 

animal in unisensory testing sessions, and when its hemianopia had resolved at all 

tested locations. 
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in multisensory integration and to produce enhanced multisensory responses 

(Meredith and Stein 1986; Meredith et al. 1987; Stein and Meredith 1993), 

suggesting that this integrative capability is also required. If so, however, any 

physiological enhancement that is present during the initial phases of 

multisensory training may be insufficient to significantly impact overt behavior, as 

a recent study failed to find a visual-auditory effect on auditory guided saccades 

in the hemianopic field of human patients (Ten Brink et al. 2015).  

Nevertheless, that the neural architecture must be capable of supporting some 

form of cooperative cross-modal interaction, even at the earliest stages of 

training, seems highly likely. An alternative, that the auditory stimulus acted in an 

alerting capacity to initiate attention to the visual stimulus in the present 

experiments (i.e., a “priming” effect, see (Buchtel and Butter 1988; Spence and 

Driver 1997)) was obviated by its ineffectiveness when positioned to best serve 

this purpose (i.e., 300 ms before the visual). In addition, although the auditory 

stimulus was ineffective in rehabilitation when simultaneous and central to the 

visual stimulus, it was highly effective when simultaneous and peripheral to it 

despite identical physical disparities in the two conditions.  This latter disparate 

configuration is known to produce enhanced SC multisensory responses and 

overt SC-mediated behavior (Meredith and Stein 1986; Stein et al. 1989; 

Rowland et al. 2007). Thus, in each of the configurations employed here, the rule 

of thumb was: those configurations that normally induce SC multisensory 

enhancement will also rehabilitate hemianopia.  



29 
 

These cross-modal stimulus requirements for SC multisensory integration also 

match the requirements for engaging simple Hebbian mechanisms to strengthen 

the effectiveness of unisensory signals (Yu et al. 2013; Cuppini et al. 2018). 

Because the auditory signals drive postsynaptic responses in SC neurons at the 

same time convergent visual inputs are arriving at those same neurons, the 

unisensory visual inputs can be strengthened (as can their auditory 

counterparts). This can ultimately render them more effective in driving the 

postsynaptic target neurons on their own. If such a mechanism were engaged 

here on those tectopetal visual afferents that survived the lesion but were initially 

too weak to evoke visual responses, they could, over time, become strong 

enough to once again activate their target SC neurons and support contralesional 

visual behaviors. This possibility is consistent with previous studies showing that 

repeated exposure to congruent visual-auditory stimuli, very much like those 

used here, enhanced the responsiveness of multisensory SC neurons to the 

visual component stimulus (Yu et al. 2013), and also restored the visual 

responsiveness of multisensory SC neurons lost after a hemianopia-inducing 

cortical lesion (Jiang et al. 2015). It is tempting to speculate that the SC is 

responsible for the recovery. However, whether recovery from hemianopia in the 

present studies reflected a direct potentiation of the remaining tectopetal visual 

afferents as hypothesized, and/or the action of changes elsewhere in the 

functional “loop” architecture between the SC and cortex (e.g., see (McHaffie et 

al. 2005)), remains to be determined. Recovery from hemianopia not only leads 

to new detection abilities for the animal, congruent with blindsight, but also an 
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ability for the animal to distinguish stimulus features.  Animals rehabilitated using 

a similar paradigm were shown to be able to differentiate between vertical and 

horizontal lines as well as different triangle orientations presented simultaneously 

in both hemifields (Jiang, 2015). Animals here can distinguish between stimuli 

presented in the contralesional field and no-stimulus “catch” trials, which 

surpasses the capabilities of blindsighted animals (Cowey and Stoerig 1995; 

Weiskrantz et al. 2002). 

A puzzling feature of the present results and those of the previous study of Jiang 

et al. (2015), is that recovery of vision, once initiated, proceeded in a central to 

peripheral progression. Yet, the exposure stimulus was always at a single 

peripheral location. Although this recovery pattern likely reflects differences in the 

density of the visual map in the SC, one that becomes progressively lower at 

more eccentric positions in the visual field, the dynamics of this relationship 

remain unclear (Hilgetag et al. 1999). What is clear, however, is that it is not 

necessary to train or sensitize each position in the hemianopic field for vision to 

return throughout that hemifield.  Furthermore, it is not at all clear that training at 

multiple locations in the hemianopic field would speed this recovery process. The 

variation in the location of the stimuli that would be induced by such a training 

paradigm might actually retard the Hebbian mechanism alluded to above and its 

ability to induce visual recovery. But, this possibility remains to be tested. 

It is particularly interesting to note the contrast between the effectiveness of the 

exposure paradigms used here in inducing recovery from hemianopia and the 

general ineffectiveness, in this context, of the cues experienced in the normal 
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housing environment. Exposure to cross-modal stimulus pairs is presumably 

common in an animal’s home environment, involving a variety of natural events, 

some of which are likely to be of high significance.  Yet these cross-modal 

experiences generally have little impact on hemianopia, albeit they may help 

explain occasional cases of “spontaneous” recovery and/or residual function that 

are attributed to incomplete damage to visual cortex (e.g., (Fendrich et al. 1992)).  

The most obvious differences between the cross-modal experiences in the 

training paradigm and the cross-modal events encountered in more “natural” 

circumstances are the simplicity of the stimuli presented here, their consistency, 

and their regularity of appearance. Natural events produce visual and auditory 

stimuli with varying spatial and temporal relationships, varying features, varied 

backgrounds, and little consistency in rate of occurrence. Presumably, by 

ensuring that the training experience involved regular and consistent exposure to 

the identical configuration in the identical background condition, the effectiveness 

of a statistically-based Hebbian-like learning rule was maximized. If this 

assumption is correct, the regularity of the exposure (training) rather than the 

characteristics of the cues themselves would be the strongest predictive factor of 

the effectiveness of a multisensory training paradigm. A critical test of this 

hypothesis would involve systematically varying the physical properties of the 

cross-modal cues and/or their regularity during training. 

If, as postulated above, the underlying mechanism engages Hebbian-like 

learning rules to enhance visual drive, other features of the rehabilitation 

paradigm such as orienting and approaching the location of the stimulus may not 



32 
 

be crucial for its success. Indeed, these sensorimotor responses had little effect 

on rehabilitation in the present experiments. During cross-modal spatial disparity 

training animals did learn to respond to the stimulus by approaching the 45° 

location, where the visual stimulus was located, to obtain reward regardless of 

where the auditory stimulus was. Yet, they still failed to show any capability of 

detecting the visual cue alone at that location, or at any other location tested in 

the contralesional hemifield. Furthermore, they showed no “savings” in the speed 

with which their hemianopia was ameliorated when switched to training with the 

spatiotemporal concordant cross-modal stimulus. Recovery was even slower 

than that found in the Jiang et al. (2015) experiments where animals were trained 

only with spatiotemporally concordant cross-modal stimuli.  

Nevertheless, the absence of an effect of sensorimotor involvement in this 

particular paradigm does not obviate the possibility that it would affect recovery in 

other paradigms. Research with human hemianopic patients has shown 

facilitation effects when patients were trained to make successively larger 

saccades into the hemianopic field to capture progressively more eccentric visual 

stimuli (Zihl 1995; Nelles et al. 2001). Furthermore, in an important series of 

experiments with human hemianopic patients, Làdavas and colleagues showed 

that the active maintenance of fixation interfered with detecting and responding to 

visual cues in the hemianopic field following cross-modal rehabilitative training 

(see (Bolognini et al. 2005)). One likely possibility is the action of the competing 

intra-collicular circuits shown to exist between regions representing fixation and 

peripheral targets (Meredith and Ramoa 1998). While the precise mechanisms of 
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this recovery have not yet been conclusively determined, previous observations, 

combined with those presented here, provide increasingly stronger evidence that 

the multisensory circuitry of the SC and its multisensory principles are critical. 
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Abstract 

Unilateral lesions of visual cortex have the secondary consequence of 

suppressing visual circuits in the midbrain superior colliculus (SC), collectively 

producing blindness in contralesional space (“hemianopia”). Recent studies have 

demonstrated that SC visual responses and contralesional vision can be 

reinstated by a non-invasive multisensory training procedure in which 

spatiotemporally concordant visual-auditory pairs are repeatedly presented within 

the blind hemifield. Despite this recovery of visual responsiveness, the loss of 

visual cortex was expected to result in permanent deficits in that hemifield, 

especially when visual events in both hemifields compete for attention and 

access to the brain’s visuomotor circuitry. This was evaluated in the present 

study in a visual choice paradigm in which the two visual hemifields of recovered 

cats were simultaneously stimulated with equally-valent visual targets. 

Surprisingly, the expected disparity was not found, and stimuli in the previously 

blind hemifield proved to be preferred in the majority (2/3) of animals. This 

preference persisted across multiple stimulus intensity levels and there was no 

indication that animals were less aware of cues in the previously blind hemifield 

than in its spared counterpart. Furthermore, when auditory cues were combined 

with visual cues, the enhanced performance they produced on a visual task was 

no greater in the normal than in the previously blind hemifield. These 

observations suggest that the multisensory rehabilitation paradigm revealed 

greater inherent visual information processing potential in the previously blind 

hemifield than was believed possible given the loss of visual cortex. 
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Significance Statement 

Hemianopia (contralesional blindness) induced by removal of visual cortex was 

rehabilitated in an animal (cat) model by a non-invasive auditory-visual training 

program. The effectiveness of the paradigm and that of the restored visual 

processing was evident in the absence of any advantage of the intact 

hemisphere in tests in which visual stimuli in both hemifields competed for 

access to the brain’s visuomotor circuitry. Visual stimuli in the previously blind 

hemifield were even preferred by 2/3 animals. Furthermore, the visual 

performance enhancements of integrating cross-modal cues were as great in the 

damaged as in the normal hemisphere.  These observations reveal the visual 

potency of the midbrain circuitry and its underlying contribution to basic visual 

functions in the absence of visual cortex.   

 

Introduction 

A common consequence of extensive damage to visual cortex on one side of the 

brain is a profound blindness in contralesional space (Bolognini et al. 2005; 

Dundon et al. 2015a, 2015b; Frassinetti et al. 2005; Holmes 1918; Jiang et al. 

2009, 2015; Leo et al. 2008; Lomber et al. 2002; Romano 2009; Scarlett 1922). 

The blindness, or “hemianopia,” is induced because such lesions not only 

physically damage visual cortex, but also indirectly compromise the functional 

integrity of other, physically intact, visual processing circuits in the same 
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hemisphere (Jiang et al. 2009). Of principal concern in this context is the 

midbrain superior colliculus (SC). This structure is primarily involved in detecting 

and orienting to visual targets (Stein and Meredith 1993).  

In a series of experiments in cat that were inspired by Sprague and colleagues 

(e.g., (Lomber and Payne 1996; Sherman 1974, 1977; Sprague 1966; Sprague 

and Meikle 1965; Wallace et al. 1989, 1990)), the lesion-induced hemianopia 

was postulated to be due to the creation of an “imbalance” between excitatory 

and inhibitory tectopetal inputs. In the absence of counterbalancing excitatory 

inputs from the lost cortex, SC neurons were suppressed by inhibitory inputs 

from the opposite side of the brain. Disrupting those inhibitory inputs with 

strategically placed lesions in the opposite hemisphere, or by cutting their 

interhemispheric projections, resolved the hemianopia by restoring “balance” to 

this circuit (Lomber et al. 2002; Lomber and Payne 1996; Sherman 1974; 

Sprague 1966; Wallace et al. 1989, 1990). 

More recent work has shown that hemianopia can be reversed without resorting 

to invasive strategies. A sensory training program that leverages the 

multisensory nature of the cat SC has proven to be highly effective in reversing 

hemianopia. It involves repeatedly presenting a pair of congruent visual-auditory 

stimuli in the blind hemifield (Jiang et al. 2015). These findings are consistent 

with the principles governing SC multisensory integration (e.g., see Meredith et 

al. 1987; Meredith and Stein 1986a; Stein and Meredith 1993) and multisensory 

plasticity (Yu et al. 2013). The exposure paradigm reinstates the visual 

responses of multisensory SC neurons that were compromised by the visual 
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cortex lesion, thereby reinstating vision in the blind hemifield (Jiang et al. 2015). 

It does so despite the normal complement of (inhibitory) inputs from the 

contralesional hemisphere, presumably by restoring the functional inter-

hemispheric balance. 

But, whether this recovery extends to more natural circumstances in which both 

hemifields contain important visual information is unknown. Often multiple 

behaviorally relevant external events provide visual stimuli (with or without their 

natural auditory counterparts) simultaneously in the two hemifields, thereby 

competing for control of the brain’s visuomotor circuitry. The damaged 

hemisphere would appear to be at a considerable disadvantage under such 

circumstances, a possibility that has important implications for the multisensory 

rehabilitative strategies that are used with human patients (Bolognini et al. 2005, 

2007; Dundon et al. 2015; Frassinetti et al. 2005; Leo et al. 2008). In fact, even a 

slight disadvantage would predict complete dominance of equally important 

attractors in the normal hemifield. The present experiments sought to examine 

this question directly, and thereby assess the operational effectiveness of this 

non-invasive rehabilitative approach. Rehabilitated hemianopic cats, trained to 

respond to a visual stimulus in either hemifield, were presented with identical 

(competing) stimuli in homologous regions of the two visual fields. The results of 

these tests were unexpected.  

Methods  

Animals: Three adult mongrel cats (1 male, 2 female), 2 to 6 years of age 

weighing 3–5 kg were obtained from a USDA-licensed commercial animal 
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breeding facility (Liberty Research, Inc., Waverly, NY), and are referred to here 

as F1, F2, and F3 (F1: Female, F2: Male, F3: Female). All procedures were 

performed in compliance with the 8th Edition of the ‘Guide for the Care and Use 

of Laboratory Animals’ (National Research Council of the National Academies, 

2011) and approved by the Institutional Animal Care and Use Committee at 

Wake Forest University School of Medicine. Animals were trained and tested in 

visual and auditory orientation tasks (see below). They were food-restricted to 

maintain motivation, but kept within 85% of their free-feeding weight and fed to 

satiation in the testing apparatus at the conclusion of each testing day. These 

animals were used in a previous study. 

Rapid  Sensory Assay / Screening Procedure: A rapid assay was first used to 

determine the suitability of the animals for these experiments (Jiang et al. 2009, 

2015). Animals were gently held by one of the experimenters at the start position, 

facing the back wall approximately 58 cm away. To establish fixation, the other 

experimenter stood behind the back wall and presented a small food reward 

through a hole at the 0° position. That experimenter also ensured that the test did 

not begin if the animal’s eyes deviated from fixation, and either presented a ping-

pong ball at the end of a steel wand (visual stimulus) from behind a black curtain, 

or tapped the ball against the chamber wall while still obscured (auditory 

stimulus). These stimuli were delivered at randomly-selected location within the 

central 90° of the visual field (locations selected in 15° increments). All animals 

responded rapidly to these stimuli, generally approaching them directly to receive 

a 175 mg food-pellet (Hill’s Science Diet).  
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Visual Orientation Training/Testing: Thereafter, each animal was trained in 

visual fixation and approach responses in a 90 cm diameter perimetry apparatus 

equipped with arrays of light emitting diodes (LEDs, Lumex Opto/Components 

model 67-1102-ND) and speakers (Panasonic model 4D02C0) placed at 15° 

increments from –105° to 105° of central space (Fig. 1, see also Gingras et al. 

2009; Rowland et al. 2007). Animals were trained to fixate on the central LED at 

0° and, when this fixation stimulus was extinguished, to approach a target LED 

that became illuminated after a delay of 500 ms at a randomly-selected 

eccentricity. Stimulus intensity was 6 millicandelas (mcd), and stimulus duration 

was 100 ms. Target locations were restricted to the central 90° of visual space as 

shown in Fig. 1. Interleaved with these stimulus trials were “catch” trials 

containing no visual stimulus, and maintenance of fixation was rewarded.  No 

auditory cues were used. Training was complete when an animal achieved 

criterion performance of >85% correct.  In order to limit any experimenter-specific 

biases, each animal was trained and tested by multiple experimenters.  

Additionally, each experimenter used headphones to block auditory cues and 

avoided observing the LED display until well after each animal’s response was 

scored; thus, stimulus location was unknown to the experimenter until after an 

animal made its choice. No difference was seen in animal performance across 

animal gender or experimenter.   

Induction of Hemianopia: Prior studies have indicated no significant differences 

between left and right side lesions in this preparation; thus, for consistency, all 

hemianopia-inducing lesions were made on the left (Jiang et al. 2015). Briefly, 
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each animal was anesthetized with acepromazine/buprenorphine (0.02-

0.05/0.005-0.01 mg/kg, IM) and sodium pentobarbital (22-30 mg/kg/iv), and its 

head fixed in a stereotaxic frame. Next, a craniotomy was performed to expose 

visual cortex. All contiguous areas of visual cortex were targeted for aspiration as 

in (Jiang et al., 2015). This included most of the posterior lateral and suprasylvian 

gyrus, rostral portions of the posterior ectosylvian sulcus (sparing the anterior 

region) and the cortical area above the splenial sulcus posterior to the cruciate 

gyrus (Fig.1, inset).  The size and completeness of the lesion eliminates any 

concern over possible spared visual tissue. The lesion site was packed with 

Gelfoam, the bone flap was replaced, and sutures were used to seal the scalp 

incision. Antibiotics (cefazolin, 25 mg/kg, IM), analgesics (buprenorphine, .01 

mg/kg, IM), and saline (60 mL, SQ) were administered after the procedure.  

Ipsiversive circling was noted immediately following recovery from the surgery, 

but decreased rapidly thereafter. However, a profound contralateral blindness 

was apparent, and this persisted unchanged throughout the 2.5–3 month 

observation period needed to ensure the stability of the visual defect (Jiang et al. 

2015; Sprague 1966; Wallace et al. 1990).   

Multisensory Rehabilitation: After determining that the visual defect was 

stable, animals underwent a daily multisensory training procedure that was 

designed to reestablish vision in the blind hemifield (see Jiang et al., 2015). The 

apparatus and basic behavioral paradigm (i.e., fixation, orientation, reward) for 

this procedure were similar to those described in “Visual Orientation 

Training/Testing” above. However, here the stimulus set consisted of visual alone 
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trials (“single stimulus” trials involving no choice) in the normal hemifield (N=20), 

and multisensory (visual-auditory) rehabilitation trials (N=50) in the blind 

hemifield. In these multisensory rehabilitation trials the visual stimulus was at 45° 

coupled with a concordant 100 ms broadband auditory stimulus. Catch trials (no 

stimulus) were interleaved. Each day, at the completion of the training trials, 

individual visual stimuli were presented at all eccentricities to determine if, when, 

and where visual responses could be elicited in the previously blind hemifield. 

After 7 weeks, all animals responded briskly to visual stimuli at all tested 

eccentricities in the previously blind hemifield, confirming the effectiveness of the 

rehabilitation procedure in reestablishing vision. 

Visual Choice Tests:  After rehabilitation, competitive tests were begun to 

evaluate the relative efficacy/robustness of the visual processing in that 

hemifield. In these “visual-choice” trials (N=200/animal) identical visual stimuli 

(100 ms LED flash, as in other tests) were presented simultaneously at -45° and 

45° (i.e., in opposing hemifields). The animal was rewarded equally for 

responding to either stimulus on a given trial so that each of these valid “targets” 

competed for a response. These trials were interleaved with catch trials and 

individual presentations of visual or auditory stimuli at -45° and 45°. Animals 

were trained not to respond to auditory stimuli when presented alone, and were 

rewarded for not approaching them (i.e., a NO-GO response). 

In choice trials animals showed clear preferences for stimuli on a given side of 

space, and once the magnitude of this preference was established, the intensity 

of the visual stimulus on the “preferred” side was systematically lowered to 
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eliminate that preference and render the two stimuli equally effective. This was 

done to ensure that the preference was tied to the stimulus and not the side of 

space. Thereafter, the intensity of the visual stimulus on the previously “non-

preferred” side was lowered so that the two stimuli were now of equal intensity at 

the new lower level. This was done to see if the previous preference was 

reestablished to ensure that preferences were stable at multiple stimulus levels. 

Multisensory Enhancement Tests: To evaluate the ability of these animals to 

use visual and auditory information synergistically in the previously blind 

hemifield, visual-auditory stimulus pairs were added to the visual choice 

paradigm. Traditional evaluations of multisensory integration have demonstrated 

that the addition of a spatiotemporally congruent auditory stimulus (even one 

trained to elicit a NO-GO response) greatly enhances the detection and 

localization of a weakly-effective visual stimulus (Gingras et al. 2009; Jiang et al. 

2002; Rowland et al. 2007; Stein et al. 1989). Here, multisensory tests were 

conducted in which a weak auditory stimulus consisting of a 100 ms broadband 

noise burst was presented congruently with either the -45° or 45° visual stimulus 

in choice trials. Visual stimulus intensities in these trials were tested in two 

configurations: when adjusted to eliminate the animal’s native preference/bias, 

and at the equal but lower intensity level described above. Single-visual, visual-

choice, single-auditory, visual-auditory, and catch trials were all tested in an 

interleaved fashion with equal incidence. 

Paw preference: To examine whether preferences for visual stimuli on one side 

or the other were related to paw preference (“handedness” in cats) each animal’s 
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paw preference was also evaluated. The forelimb used most often in reaching 

through the gratings of its home cage or carrier to obtain an offered food reward 

was tested on 30 trials. Animals were said to prefer a particular paw if they 

reached with it on at least 2/3 of the trials. 

Data Analysis: Orientation response data were pooled across trials and days for 

each animal and test condition. Responses to single stimuli were classified as 

accurate/inaccurate and the percent of accurate responses calculated. Response 

preferences in choice tests were similarly quantified as the percentage of 

responses to each side. Multisensory enhancement was quantified as the raw 

difference between the response preferences on multisensory trials versus the 

matching preferences when only visual choice stimuli were presented. 

Comparisons of accuracy and preference between stimulus conditions were 

conducted with Fisher’s exact test.  Evaluations of preference on choice trials 

used binomial tests. Regression was used to identify relationships between 

multisensory enhancement and visual-only choice performance.  Pooled R2 and 

p-values for these relationships were calculated for the group. Regression was 

used to identify relationships between multisensory enhancement and visual-only 

choice performance in order to determine whether an inverse effectiveness trend 

existed.  Enhancement is defined as raw difference in orientation preference (i.e., 

VA – V) for tested conditions on each side of the visual field.  Pooled R2 and p-

values for these relationships were calculated for the group. Alpha was 0.05. 

Data were analyzed in MATLAB (v.9.1, MathWorks). 

 



49 
 

 

 

Results 

The primary finding was that the multisensory exposure procedure reinstated 

visual detection, localization, and orientation performance in the previously blind 

hemifield, and did so at a level that rivaled that in the normal hemifield and in 

Fig. 1: The perimetry apparatus. Arrays of 3 red LEDs and 2 speakers were embedded in 

the perimetry wall along the horizontal meridian at 15° intervals. Only the middle LED at a 

given location was used here. During behavioral assessments and training the animal 

fixated on the central visual stimulus (i.e., the illuminated LED at 0°), then oriented towards, 

and approached, the visual stimulus appearing at a random location (single-stimulus) or 

chose between two visual stimuli appearing simultaneously at -45° and 45° of fixation 

(choice-stimulus) with or without a congruent auditory stimulus. The animal was rewarded 

for approaching any of the LED targets and for remaining at the start position during 

auditory-only and catch trials. Adapted from (Rowland et al. 2007). Inset: Tracing of lesion 

produced in animal F3.  Size and shape of lesion were uniform across all animals. 
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normal animals. There was no evidence of a competitive disadvantage in the 

previously blind hemifield in responding to visual events, or in the use of auditory 

cues to enhance performance on these tests. 
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The results of single-stimulus tests: As shown in Fig 2, near-equivalent mean 

accuracy scores were achieved by each animal in orienting to -45° and 45° visual 

targets before visual cortex was ablated and after multisensory rehabilitation 

training reinstated vision in the blind hemifield. None of the animals had difficulty 

in maintaining fixation, none exhibited any obvious abnormal visuomotor 

behaviors, and all responded briskly and accurately when presented with a single 

visual stimulus at its brightest level in both hemifields. It appeared that the 

multisensory training had restored visuomotor performance in this context to 

normal levels, as no animal showed significant hemispheric performance 

differences. An equivalent number of single stimulus auditory trials were 

interleaved within all competitive stimulus conditions (not shown).  Similarly, all 

animals showed near perfect performance (94-99% accuracy) in their NO-GO 

tests with auditory stimuli in either hemifield. In short, there were no 

interhemispheric differences in accuracy observed for either modality 

Fig. 2: Results for single-stimulus tests. Illustrated is the accuracy with which each 

animal (F1, F2 and F3) responded to the brightest visual (LED, black bar) stimulus when 

presented individually on either side of space (-45° and 45°). Numbers indicate performance 

accuracy as percent correct. Top Row: Visual performance on single stimulus trials before 

the visual cortex lesion. Middle Row: Performance after the visual cortex lesion. Note the 

loss of visual responses in the contralesional (right) hemifield. Bottom Row: Performance 

after multisensory rehabilitative training. Note the return of vision in the previously blind 

hemifield, and that performance rivalled that in the normal hemifield (1000-1100 

trials/animal/stimulus).   
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(F1:91%/89% visual, p=.48; F1:98%/98% auditory, p=.57; F2:92%/95% visual, 

p=.19; F2:96%/94% auditory p=.35; F3:93%/90% visual, p=.26; F3:98%/99% 

auditory, p=.41).  

Visual choice tests: Interleaved with post-rehabilitation single-stimulus tests 

were “visual choice” tests in which identical visual stimuli were simultaneously 

presented on the left (-45°) and right (45°). Animals were rewarded for a 

response to either stimulus so that the stimuli were effectively competing for an 

overt orientation response. Here interhemispheric differences were observed as 

shown in Fig 3. But, contrary to expectation, there was no apparent general 

advantage of the intact hemisphere. Only one animal exhibited a bias towards 

stimuli in the ipsilesional (F3: 61.5%, p=2.8e-4). The other two animals preferred 

stimuli in the previously blind hemifield (F1: 60.6%, p=.00068; F2: 85.5%, 

p=4.5e-26). The mechanisms underlying the side preference were not explored 

here; however, it was roughly consistent with paw preference: although animal 

F2 (right stimulus-preferring) had no discernable paw preference, F1 preferred 

the right stimulus and also its right paw while F3 preferred both the left stimulus 

and its left paw. Similar consistency between handedness and laterality 

preferences in auditory and sometimes visual tasks have been observed in 

humans (McLaughlin et al. 1983; Scharine and McBeath 2002). Note that all 

visual stimuli were at their highest level, and the perceptibility of the individually-

presented stimuli was near 100% in both hemifields.  

The absence of a competitive advantage of the intact hemisphere prompted 

additional tests to determine whether the preference would appear when the 
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stimuli were more difficult to detect. The intensity of the stimulus on the preferred 

side was systematically manipulated in each animal to determine what level of 

reduction was necessary to minimize the initial preference and equilibrate 

performance to stimuli in the two hemifields. 
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Equilibrating hemispheric preference: Reducing the intensity of the visual 

stimulus on the “preferred” side to between 3.5-4 mcd equilibrated the initial 

hemispheric preferences in each animal (preference change: F1: 60.6% to 

46.7%, p=.0059 (6 to 4 mcd); F2: 85.5% to 56.1%, p=6.8e-7 (6 to 3.6 mcd); F3: 

61.5% to 50.5%, p=.017 (6 to 4 mcd)). This change was similar or identical 

across animals regardless of which hemisphere was initially preferred. 

After testing at these levels, the stimulus intensity on the previously “non-

preferred” side was lowered so that the two stimuli intensities were again 

identical. As expected, this (Fig 3, bottom row) reinstated the animals’ initial side 

preferences (Fig 3, top row); i.e., at the lower (matched) intensity levels, animals 

F1 and F2 again preferred the previously blind side (F1: 80.5%, p=6.1e-7, F3: 

95%, p=5.4e-12) and animal F3 the normal side (69%, p=4.8e-5).  In fact, the 

preference at the lower intensity level was stronger than observed at the higher 

intensity level in one animal (F1: p=4.1e-4; F2: p=.25; F3: p=.70). In sum, 

Fig. 3: Visual choice tests. Top Row: In the initial choice tests (200-240 trials/animal), an 

LED was illuminated at its highest level (100%, ~6 mcd) simultaneously in the two 

hemifields. Animals F1 and F2 showed a 26% and 73% preference for the contralesional 

(previously blind) hemifield, whereas animal F3 showed a 25% preference for the 

ipsilesional (normal) hemifield. Middle Row: Reducing stimulus intensity in the preferred 

hemifield to 60%-70% of maximum minimized the bias in all animals (animal F1 now 

showed a slight preference for the ipsilesional hemifield). Bottom Row: Equilibrating stimuli 

in the two hemifields at that lower value reinstated the initial hemispheric bias, revealing an 

even greater magnitude of bias at the lower intensity.  
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animals’ stimulus/side preferences were not predicted by the side of the lesion, 

and persisted across multiple stimulus intensity levels. 

Multisensory Enhancement: Spatiotemporally congruent auditory stimuli 

typically enhance the physiological and perceptual salience of visual stimuli in 

normal animals, increasing the speed and accuracy with which they can be 

detected and localized (Gingras et al. 2009; Goldring et al. 1996; Jiang et al. 

2015, 2002; Meredith et al. 1987; Meredith and Stein 1986a; Rowland et al. 

2007; Stanford et al. 2005; Stein et al. 1989). These enhancements are 

proportionately greatest when the visual stimuli are weakly effective or 

ambiguous (the “principle of inverse effectiveness”) (Gingras et al. 2009; 

Meredith and Stein 1986b; Stanford et al. 2005; Stein and Meredith 1993). To 

determine whether the reinstated visual processing could be augmented by 

auditory input as in normal animals, multisensory enhancement capabilities were 

assessed and compared in both hemifields within the choice paradigm. 
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After re-adjusting visual intensities to mitigate / eliminate the initial choice 

preferences (Fig. 4, top row), a low intensity 100 ms duration broadband auditory 

stimulus was simultaneously presented in spatiotemporal concordance with one 

of the visual stimuli in the visual choice paradigm. When presented with the 

visual stimulus in the normal hemifield, the auditory stimulus produced a 

significant increase in animals’ preference for it (F1: 51.9% to 64%, p=.013; F2: 

42.4% to 46.7%, p=.041; F3: 50.5% to 69%, p=.0014) (Fig. 5, middle row). There 

was no apparent relationship between the magnitude of this enhancement and 

whether the animal preferred that visual stimulus (side) when visual intensities 

were equal: equal enhancements were observed for right-preferring F1 and left-

preferring F3 (p=.71). 

The auditory stimulus also enhanced the animals’ preference for the visual 

stimulus in the previously blind hemifield when presented congruently with it (F1: 

46.7% to 53.1%, p=.035; F2: 56.1% to 87.5%, p=7.4e-8; F3: 47.5% to 78.3%, 

p=9.5e-7). Enhancement magnitudes were not consistently greater in the normal 

Fig. 4: Multisensory enhancement.  Top Row: Performance levels after visual stimulus 

intensities were adjusted to mitigate/eliminate preference in the choice paradigm (same as 

Fig. 3, middle row) (N=200 trials/animal). Middle Row: Coupling the auditory and visual 

stimuli in the previously blind (right) hemifield biased preference towards that cross-modal 

stimulus.  Bottom Row: A shift in preference (from top row) to the cross-modal stimulus was 

also produced in the normal (left) hemifield. Note that the preference was no greater than in 

the previously blind hemifield. 
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or previously blind hemifield across animals (p=.59). And as above, there was no 

consistent relationship between the native side preference and the magnitude of 

this enhancement: equal enhancements were observed for right-preferring F2 

and left-preferring F3 (p=.15).  

However, there was considerable variance in the levels of multisensory 

enhancement observed across animals and sides of space (see Fig 4). To better 

appreciate the sources of this variance, animals were also tested with visual-

auditory pairs in the choice paradigm when visual stimulus intensities were equal 

on both sides of space (3-4 mcd). After pooling all multisensory tests separately 

for each animal, it was apparent that a major source of variance in multisensory 

enhancement was the level of preference for the visual stimulus to which the 

auditory was coupled. In short, visual stimuli that were less preferred were more 

enhanced when combined with the auditory stimulus, while highly-preferred 

visual stimuli were less enhanced (Fig. 5). This is evidence of the “principle of 

inverse effectiveness” consistently observed in studies of multisensory 

enhancement (Meredith and Stein 1986b; Stein et al. 2009; Stein and Meredith 

1993). Pooled regression was significant (adjusted R2 value=.50, p=.0067). 
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Discussion  

Restoring vision in the blind hemifield 

The hemianopic animals rehabilitated by multisensory training showed robust 

contralesional visual detection and localization capabilities, yet did so with a 

much diminished visual circuitry. Nevertheless, and despite the absence of visual 

cortex, there was no evidence that the damaged hemisphere suffered any 

Fig. 5: Inverse Effectiveness. Each plot represents data from one animal (F1-F3, 

left-right). Filled symbols represent stimulus presentations in the normal hemifield, 

and open symbols represent presentations in the previously blind hemifield.  The 

horizontal axis represents each animal’s baseline performance in orienting to a visual 

stimulus in the presence of a competing visual stimulus.  The vertical axis represents 

the percentage change in performance after coupling a weakly-effective auditory 

stimulus with the visual stimulus. As predicted by the “principle of inverse 

effectiveness,” each animal displayed decreased multisensory enhancement when 

the auditory stimulus was combined with a visual stimulus of greater preference.  

Solid lines are least-squares regression fits. Inverse trend is significant (R2 

value=.50, p=.0067). 
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disadvantage when competing with its undamaged counterpart in choosing 

between identical visual stimuli. The animals detected, located, and approached 

the visual stimulus in the previously blind hemifield as well as in the opposite 

(normal) hemifield. In fact, in competitive choice tests, 2/3 animals preferred 

visual stimuli in that hemifield over those in the normal hemifield when matched 

in intensity. A significant asymmetry in stimulus intensity was required to 

eliminate that preference. There was also no evidence that the lesion had 

compromised the multisensory processing capabilities of the damaged 

hemisphere: interactions among auditory-visual stimuli were as effective in 

enhancing choice in the previously blind hemifield as they were in the normal 

hemifield.  

For some time now it has been known that the lesion-induced hemianopia occurs 

because the functional consequences of the lesion extend well beyond what 

would be expected of damage restricted to the lesion site.  These lesions also 

functionally inactivate the visual processing of neurons in the midbrain SC, 

rendering them incapable of supporting contralesional vision and effectively 

blinding the animal in that hemifield (see (Jiang et al. 2015)). Presumably, the 

lesion does so by disrupting the interhemispheric “balance” of  excitation and 

inhibition that exists between the visual cortices and SC on one side of the brain 

and their counterparts on the other side (Sprague 1966). When a potent source 

of excitation to the ipsilesional SC is removed, its visual activity becomes 

suppressed by inhibitory inputs from the basal ganglia and the contralateral SC 

that traverse the intercollicular commissure. This conclusion is based on 
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observations that secondary lesions in the opposite hemisphere that eliminate 

this inhibitory input establish a new balance (along with new visual disruptions), 

thereby restoring vision to the blinded hemifield. This phenomenon is known as 

the “Sprague Effect” (see Lomber et al. 2002; Sherman 1974, 1977; Sprague 

1966; Wallace et al. 1990).  

In the present study, highly effective visual processing was established for 

contralesional space without any such physical interruption of interhemispheric 

pathways. The absence of a competitive disadvantage in the damaged 

hemisphere suggests that, after multisensory rehabilitation, the presence of 

visual cortex provides no obvious advantage in visual 

detection/localization/choice tests - at least not in response to stimuli such as 

those used in these experiments. This was surprising and demonstrates that, 

despite the obvious heuristic value in the concept of interhemispheric “balance”, 

it does not fully capture the dynamics among the component structures or their 

individual functional potential. It is also surprising given the common perspective 

that loss of visual cortex should render the animal unaware of visual stimuli in the 

contralesional hemifield: these animals showed no evidence of diminished 

awareness. 

Equally surprising in this context is the finding that some visual pattern 

discrimination capabilities are present in the compromised hemisphere after 

multisensory rehabilitative training (Jiang et al. 2015). This capability is 

commonly regarded as cortically-based, although there is some evidence that the 

midbrain can also participate in this function (Berkley and Sprague 1979; Doty 
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1971; Schneider 1969; Sprague et al. 1979). The present experiments also 

revealed that the rehabilitated hemisphere has the ability to detect stationary 

flashed stimuli; a capability that appears to be beyond the visual repertoire of 

animals whose hemianopia was reversed by a lesion mitigating interhemispheric 

inhibition in the Sprague Effect (Wallace et al. 1989, 1990).  

Although the underlying neural mechanisms by which multisensory rehabilitation 

operates are poorly understood, a key factor is thought to be reinstating the 

visual activity in the multisensory layers of the SC that were silenced by the 

lesion (Jiang et al. 2015). Presumably, the repeated bouts of multisensory 

stimulation during rehabilitative training change the visual sensitivity of these SC 

neurons (e.g., by lowering their activation thresholds). Spatiotemporally 

concordant auditory-visual stimuli such as those used in this rehabilitative 

training have been shown to render the visual responses of multisensory SC 

neurons more robust, presumably by shifting their response function toward 

lower intensities (Yu et al. 2013). It is possible that such a mechanism underlies 

the changes in multisensory SC neurons that once again render them capable of 

supporting contralateral visual behavior (see also (Jiang et al. 2015)).  

Multisensory enhancement in the previously blind hemifield 

Auditory stimuli enhance the responses of the SC neurons to visual stimuli via 

multisensory integration (Gingras et al. 2009; Jiang et al. 2002; Meredith and 

Stein 1986b; Stein and Meredith 1993), and similar enhancements have been 

previously observed in SC-mediated detection and localization of auditory-visual 

stimuli in normal animals (Gingras et al. 2009; Jiang et al. 2002; Meredith and 
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Stein 1986b; Rowland et al. 2007; Stein et al. 1989; Stein and Meredith 1993). 

They also induce a strong bias in visual choice (Onat et al. 2007; Quigley et al. 

2008), as observed here. Also, as in studies with neurotypic adults, associating 

the auditory stimulus with a NO-GO response did not preclude its ability to 

enhance orientation responses to a visual target stimulus (Rowland et al. 2007; 

Stein et al. 1989). This is revealing, because the auditory and visual stimuli were 

linked to two different motor plans, and the behavioral enhancement produced by 

their combination is more consistent with a sensory interaction rather than a race 

between redundant motor plans (Miller 1982).  

It is important to note that the visual stimuli used here were clearly detectable. 

Thus, despite the constraint of multisensory integration by the “principle of 

inverse effectiveness” (Meredith and Stein 1986b; Stein et al. 2009), the 

proportionate choice enhancements induced by cross-modal stimuli in the 

previously blind hemifield were still substantial (up to 31%), and appeared to be 

no less robust than those observed in the normal counterpart. The results also 

indicate that “early” interactions in primary visual cortex (see (Foxe and 

Schroeder 2005; Ghazanfar and Schroeder 2006; Schroeder and Foxe 2005) are 

not crucial drivers of multisensory enhancements in the response preference 

observed here. They are also consistent with the idea that multisensory 

integration plays a primary role in this rehabilitative phenomenon (Jiang et al. 

2015), and underscore the fact that significant multisensory benefits are not 

restricted to any specific behavioral paradigm or stimulus feature (e.g., near 

threshold intensities, cf. (Fetsch et al. 2012)). This makes sense in the context of 
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the prevailing heuristic in which animals consistently make use of all the 

information made available by their different senses in making behavioral 

decisions, whether they are fulfilling a specific task instruction (e.g., detecting a 

stimulus) or simply selecting a target among alternatives with equal value 

(Anastasio et al. 2000; Ernst and Banks 2002; Knill and Pouget 2004; Körding 

and Wolpert 2004; Ma et al. 2006; Rowland et al. 2007). 

Lastly, a caveat should be emphasized. Despite the impressive visual 

performance of the previously hemianopic animals on these tests, the loss of all 

contiguous areas of visual cortex surely must have produced significant visual 

processing deficits. Presumably, these would become apparent in tests requiring 

more complex form identification and finer levels of visual acuity, tests that were 

not conducted here. Yet, the fact that the rehabilitative paradigm allows the 

animals to orient and fixate on a visual target may minimize even these deficits 

by bringing the target onto the central retina and engaging the intact hemisphere 

in their evaluation. By eliminating the most profound visual defect (i.e., complete 

blindness), rehabilitation opens the door to new adaptive strategies that can best 

exploit the capabilities of the surviving visual circuits.
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SUMMARY AND CONCLUSIONS 

 

Proposed Mechanism 

Several mechanisms have been proposed to explain the changes that are 

occurring in the brain during multisensory training which lead to the amelioration 

of the hemianopic deficit.  One possibility is the AES-SC connections are being 

strengthened, allowing the pathway to compensate and facilitate visual 

processing.  However, this mechanism does not to imply that these connections 

are inactivated or weak in the presence of healthy visual cortex.  Surprisingly, 

data from Jiang et al. show that by pretreating animals before lesions with MK-

801, removal of visual cortex does not cause the animal to go blind (Jiang et al. 

2009).  This suggests that these pathways are already present and functioning. 

Such rapid reinstatement of vision has also been documented upon removal of 

the contralesional SC (Sprague 1966). 

 

This hypothesis involves Hebbian learning.  We know that Hebbian learning is 

one mechanism through which connections are strengthened in the brain.  This is 

the process by which ‘neurons that fire together wire together.’  Because of the 

reciprocal connections between the AES and SC, one possibility is that the 

auditory processing still occurring in the intermediate and deep layers of the SC 

combined with the responses in the AES evoked by visual stimuli is the vector 

driving Hebbian learning and repairing the damage caused by the violent 

lesioning procedure.  Thus, without MK-801, or other neuroprotective drugs, such 

as ketamine, neurotoxic damage occurs in the SC as a result of the lesion.  In 
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some way, repeated presentations of multisensory stimuli negate this damage 

and restore this function (Jiang et al. 2009).   

 

As mentioned previously, some evidence for this explanation has been gathered 

by Jiang et alia using a neuroprotective drug called MK-801.  MK-801 is an N-

methyl-D-aspartate (NMDA) receptor antagonist.  In this experiment, nine cats 

were trained on the ping-pong ball visual orientation task described previously.  

Animals could reliably orient to stimuli up to 90° from a central fixation point into 

the periphery of either side of the visual field.  Following appropriate training, 

unilateral visual cortex lesions were induced in some animals as described in 

Chapter 1.  However, in the remainder of the cats, MK-801 was administered 

approximately one-half hour before the lesioning procedure.  In the control group 

of animals that was lesioned without the NMDA antagonist, visual orientation 

performance suffered on the contralesional side of the visual field following the 

lesion.  No ability to orient to visual stimuli on this side of space was observed.  

Conversely, the animals pretreated with MK-801 did not lose their ability to orient 

to visual stimuli on the contralesional side of space with some animals being able 

to perform the orientation task as soon as the day after surgery (Jiang et al. 

2009).  

 

The obvious primary damage that occurs in the brain during the lesioning 

procedure is the loss of a substantial portion of tissue that is relevant to vision.  

Though, there are important secondary effects as well including NMDA-mediated 
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glutamate excitotoxicity.  Administration of MK-801 before surgery limits these 

secondary effects by blocking NMDA receptors and preventing calcium from 

flooding basal ganglia neurons.  These neurons are especially sensitive to 

excitotoxicity and are known to be modulated by NMDA receptors (Calabresi et 

al. 1996).  These neurons also project to the superior colliculus.  Therefore, the 

hemispheric imbalance that normally occurs after lesioning can be mediated.  In 

both the control and experimental groups, lateral geniculate nucleus (LGN) 

degeneration was observed, suggesting that even in the animals treated with 

MK-801, nongeniculocortical visual pathways are still enabling the orientation 

behavior in the ipsilesional field.   

 

Further evidence of the AES being a crucial component of the rehabilitation 

process is that removal of the AES reinstates the visual deficit (Jiang et al. 2015).   

Additional work is occurring to understand the role of the AES during training.  

This structure has multiple regions including visual, auditory, and somatosensory 

areas. By selectively cooling different portions of the AES during training, their 

role during the rehabilitative process can be better understood.  Lesions of the 

SC on the same side as the previously made visual cortex lesions can also be 

useful in confirming its role in rehabilitation.   

 

A second hypothesis involves other brain areas.  Projections of neurons from the 

superficial layers of the SC converge on the thalamus, specifically in the pulvinar.  

Neurons from these layers respond primarily to visual stimuli and do not tend to 
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show enhancement to multisensory stimuli.  This area then projects to other 

cortical areas, including visual cortex, for the purposes of complex visual 

processing as well as to drive motor activity.  However, it is clear that visual 

activity in the SC can be modulated by multisensory activity.  Yu et al. showed 

that repeated presentations of multisensory stimuli lead to a strengthening not 

only of the responses to the multisensory stimuli but to the component 

unisensory stimuli as well (Yu et al. 2013).  This plasticity occurs even in adult 

animals.  Therefore, perhaps this multisensory activity occurring in the deep and 

intermediate SC is modulating visual projections to the thalamus in a permanent 

way in order to rehabilitate the hemianopic defect.   

 

 Dark Housing 

 

A reasonable question to ask is why cats are not typically able to spontaneously 

recover from their visual deficit given that the normal environment is replete with 

multisensory stimuli.  Recall that, following their lesions, the cats are subjected to 

a 2.5-3 month waiting period before rehabilitation training begins.  During this 

waiting period, animals are periodically probed with visual-only stimuli in order to 

ensure that the contralesional visual deficit persists.    This period is much longer 

than the time it takes for rehabilitation progress to be observed once 

multisensory training has begun.  These animals are housed in a normal 

environment within a lit room full of visual and auditory stimuli from toys, humans, 
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and other cats.  Such an environment should be sufficient to produce enough 

multisensory stimuli to begin the rehabilitation process.   

 

One hypothesis about why this is the case is because the regularity with which 

multisensory stimuli are delivered to the animal is not high enough to rehabilitate 

their hemianopia.  A criterion for regularity may exist in the spatial domain (i.e. 

multisensory stimuli must regularly occur at the same location in space relative to 

the cat’s gaze).  Due to the agility with which the typical cat navigates its 

environment, a source of multisensory stimuli is likely to change positions relative 

to the animal.  A criterion for regularity may also exist relative to stimuli of other 

modalities which each animal experiences (i.e. the animal must experience some 

period of intense multisensory experience).  Lastly, much of the multisensory 

experience that an animal receives in a natural environment is not 

spatiotemporally concordant.  This is due to multiple sources of visual and 

auditory stimuli in such an environment.  Perhaps such intervening discordant 

information prevents rehabilitation in most cases.  The nature of these possible 

thresholds can be the subject of other experiments.  However, to provide 

evidence for the hypothesis that regularity has a role to play in the rehabilitation 

process, the following experiment is proposed. 

 

Animals can be trained as described in the previous chapters with visual stimuli.  

Because it has been shown that either can be effective, a table tennis ball or LED 

could be used.  Following each animal’s acquisition of an orienting behavior 
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towards the visual stimulus, lesioning can be performed, again as described 

previously.  After the standard 2.5-3 month waiting period, multisensory training 

can begin.  However, animals should be placed in a light-tight room in order to 

eliminate any multisensory experience.  They should only be removed from this 

room in order to be trained using the repeated multisensory stimulus 

presentations as described in the previous chapter.  Thus, all multisensory 

experience received by the animal will be during training.  This ensures that it will 

not be interleaved with spatiotemporally discordant stimuli presentations and that 

the stimuli will be presented at the same location in space relative to the animal’s 

forward gaze.   

 

Following the rehabilitation procedures, both the speed at which the animal 

regains its orientation abilities to visual stimuli in the contralesional field as well 

as the extent to which the animals can orient in their extreme periphery can be 

evaluated.  The hypothesis is that animals rehabilitated in this way will recover 

their visual orientation abilities in the contralesional side of space more quickly 

than those returned to a normal housing environment during training.  However, 

an alternative hypothesis would be that rehabilitation would take longer because 

the total amount of multisensory experience each animal receives on a given day 

would be less.  Each animal would experience a lack of multisensory experience 

for approximately twenty-three hours between training sessions.  Such an 

experiment may provide insights on interventions that could be performed during 

the human rehabilitation process.  An analogous situation to reduce discordant 
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multisensory stimuli in humans would be to instruct the humans to wear earplugs 

or an eyepatch during the rehabilitation period when not actively engaged in the 

rehabilitation procedures. 

 

Lastly, further tests with competitive visual stimuli may provide information on the 

extent of the rehabilitation.  It may not be the case that increased regularity or 

consistency affects the speed or extent of the periphery to which the rehabilitated 

animals can orient.  This housing paradigm may increase the robustness of the 

previously anopic hemifield to distractor or competitive stimuli,  which could 

manifest in a lessened sensitivity to visual stimulus disparities in favor of the 

normal hemifield. 

 

Other Cross-Modal Stimuli 

 

Another question and possible future experiment suggested by the results 

detailed here, is whether rehabilitation could be accomplished using a cross-

modal stimulus composed of a visual and non-auditory stimulus.  One viable 

alternative is a somatosensory component.  Animals could remain fixated on a 0° 

target as in previous experiments while receiving a simultaneous touch or 

vibration stimulus.  Of course, this somatosensory stimulus has to be delivered 

on the animal itself, as somatosensation does not work at a distance as do vision 

and audition.  The superior colliculus has a somatotopic representation of the 



76 
 

animal for somatosensory stimuli just as it has a retinotopic representation for 

visual stimuli.   

 

The location of the somatosensory stimulus must be chosen such that its location 

is in register with the retinotopic map in the superior colliculus.  This is because 

the experiments performed in Chapter 1 have provided strong evidence for the 

idea that only stimuli configurations that generate enhanced responses in the 

superior colliculus are able to rehabilitate the hemianopic deficit.  Such neurons 

have been found in the superior colliculus already through electrophysiological 

studies (Meredith and Stein 1986; Stein and Meredith 1993; Stein and Stanford 

2008).  These include neurons that have enhancing responses to the 

combination of somatosensory and other cues.  Neurons that show multisensory 

enhancement to a combination of three sensory modalities, or trisensory 

neurons, have also been observed in the superior colliculus.   

 

Human Applications 

 

Much work has also been done in studying hemianopia in humans (Bouwmeester 

et al. 2007; Dundon et al. 2015a).  This includes characterization of the deficit as 

well as attempted treatments using multisensory stimuli and other methods.  One 

obvious benefit of using human subjects in such research is that the percept of 

stimuli in the affected hemifield can be probed much more easily.  A cat may 
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respond to a stimulus presented in the rehabilitated hemifield, but it is difficult to 

ascertain whether it is aware of its behavior.   

 

One multisensory study involving patients with visuospatial neglect examines 

affected humans’ ability to characterize an auditory stimulus in terms of such 

factors as pitch and spatial localization.  Although affected patients did not 

significantly differ from control patients in determining the pitch of sounds 

presented in the affected hemifield, their abilities to localize the source of the 

sound stimulus in the vertical dimension was diminished (Pavani et al. 2001).  

This may suggest some underlying deficit of multisensory integration, as it 

echoes animal conditions in which animals are still developing or have 

experienced environments lacking multisensory stimuli -- cases in which the 

receptive fields of intermediate and deep SC neurons can be quite large 

(Meredith and Stein 1986; Rowland et al. 2007).  Such results also provide an 

opportunity to further examine and evaluate stimulus placement in hemianopic 

rehabilitation, as in the previous two chapters, stimuli were only differentiated by 

azimuth and not altitude.   

 

Multiple studies have shown benefits in human hemianopia patients to repeated 

multisensory stimulation in the anopic hemifield.  These effects can manifest both 

behaviorally as well as electrophysiologically.  In one such study, orientation 

responses in to the anopic hemifield were improved in only two weeks of 

multisensory stimulation (Dundon et al. 2015b).  Furthermore, 
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electrophysiological activity in the intact side of the brain was reduced.  This 

provides further evidence for the mechanism described above, that increased 

activity in the intact side of the brain may be driving inattention in the 

contralesional hemifield due to the abundance of inhibitory activity no longer 

being overcome in the damaged hemisphere.  In this particular study, several 

tests were administered.  In one, human subjects were asked to fixate straight 

ahead.  This was verified by an experimenter who would trigger a 100ms red 

LED visual stimulus somewhere in each subject’s visual field.  The subject would 

report the presence of the visual stimulus with a button press.  Following this and 

other pre-training assessments, the same apparatus was used to deliver to each 

human subject unisensory and multisensory stimuli, of which the subjects would 

report the presence with a button press.  After lengthy training sessions of 4 

hours per day over a period of ten days, the patients were asked to once again 

perform the visual-only search task.  Performance on this task significantly 

increased from before the multisensory training to after.  However, importantly, 

although each subject’s head remained fixed during testing, each subject was 

allowed to deviate his or her eyes upon stimulus presentation.  Under the 

condition in which patients were forced to remain fixated straight ahead 

throughout each trial, performance in detecting peripheral stimuli in the anopic 

hemifield did not increase.  From this, the authors conclude that an increase in 

the size of the visual field is not occurring as a result of the repeated 

multisensory stimulation in the affected hemifield (Dundon et al. 2015b).   
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It is important to note two points.  Firstly, such a condition is relatively rare and 

unnatural, and the compulsion to orient to appearing novel stimuli may be very 

strong.  Thus, attentional resources may be allocated to adhering to this 

restriction may be detracting from task performance.  Secondly, in Chapter 1, 

each animal tested took greater than ten training sessions (and thus greater or 

equal to ten days) before consistent correct orientations to stimuli in the anopic 

hemifield were observed.   

 

A similar study with ten patients also found that repeated multisensory stimulus 

presentations in the anopic hemifield could improve performance on visual tasks 

in this same hemifield.  Furthermore, this improved performance persisted even 

eight months following multisensory training, when the human subjects were 

once again tested (Grasso et al. 2016).  Patients used the same evaluation task 

stimuli and multisensory rehabilitation stimuli as in the previously described study 

(Dundon et al. 2015b).   

 

One unique experiment in hemianopic human subjects has shown the effect of 

coincident and disparate unisensory components of a multisensory stimulus 

within both the intact and hemianopic hemifields (Leo et al. 2008).  This 

experiment provides some basis for the experiments in Chapter 1 in which 

coincident and disparate stimuli sets were compared in the rehabilitation of 

hemianopia rather than in their localization.  In this 2008 study, twelve 

hemianopic patients confirmed their visual deficits by being able to localize a 
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visual stimulus within their ipsilesional visual field while having significant 

difficulty localizing the same stimulus within the visual field on the opposite side 

of the damage within their brains.  Each subject was also tested for normal 

auditory detection capabilities, and no deficits were observed in the cohort.  After 

this confirmation of each patient’s abilities, auditory stimuli intensities were 

calibrated for each patient such that they were difficult to localize.  Patients were 

asked to fixate straight ahead, which was confirmed by the experimenter, and 

one of three stimulus types was delivered within the subject’s visual field.  These 

types included an auditory-alone stimulus, a visual-alone stimulus, and a cross-

modal stimulus consisting of an auditory and visual component delivered 

simultaneously.  Spatially, each component could either be in the same location 

or 16° or 32° apart from each other, with either the auditory or visual component 

being presented more peripherally.  In each of these cases, the patient was 

asked to give a verbal report of the auditory stimulus location (location 

eccentricities were labeled) (Leo et al. 2008).    

 

One important finding in this experiment is that having a spatiotemporally 

concordant visual stimulus in the anopic hemifield significantly improved 

localization accuracy of the auditory stimulus in that hemifield in comparison to 

the localization performance of the auditory stimulus on its own.  Similar results 

were also found in the normal hemifield.  However, more interesting was when 

the visual stimulus appeared at a different location from the auditory stimulus.  In 
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the normal hemifield, auditory localization was biased towards the visual 

stimulus.  This effect was not observed in the blind hemifield (Leo et al. 2008).   

 

A possible interpretation of these results is that in the sighted hemifield, the 

subject is able to detect the visual stimulus and is performing some kind of 

involuntary averaging operating when reporting the auditory stimulus location.  

However, in the blind hemifield, because each subject is unable to detect the 

visual stimulus on its own, such an averaging operation is not being performed 

and performance on the task does not suffer.  Conversely, in the case when the 

stimuli are in spatiotemporal concordance, the process of multisensory 

integration is able to take place in the SC, as predicted by the spatial rule, and 

performance in the localization task is improved in comparison to the auditory-

alone task (Stein and Meredith 1993; Leo et al. 2008).  Such a result is 

compatible with the data presented in Chapter 1, as spatially discordant stimuli 

are unable to rehabilitate the hemianopic deficit, presumably due to their inability 

to engender enhanced responses in the SC.   

 

An analogous experiment was also performed using a subset of the subjects who 

took place in the spatial disparity experiment.  Two important differences exist.  

First, subjects only had to report the presence or absence of the visual stimulus.  

Second, the cross-modal stimuli possibilities were spatiotemporally concordant or 

spatially disparate, as in the first case, as well as temporally disparate.  In the 

temporally disparate case, an auditory stimulus was presented 500ms after the 
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visual stimulus.  In the hemianopic hemifield, a temporally disparate cross-modal 

stimulus did not increase auditory stimulus localization over the performance 

localizing the auditory stimulus alone in the case of spatial concordance.  

Responses to auditory stimuli in the intact field, however, experienced a 

reduction in bias created by the visual stimulus when the auditory stimulus was 

delivered with a temporal asynchrony.  Once again, the spatially disparate 

presentations of stimuli in the anopic field, introducing a temporal asynchrony did 

not result in a bias in auditory stimulus localization (Leo et al. 2008).   

 

Once again, such a result is supported by the findings in Chapter 1.  The animal 

that was attempted to be rehabilitated through temporally disparate cross-modal 

stimuli did not show signs of rehabilitation.  Such a stimulus configuration is not 

likely to produce enhancement in SC neurons, providing evidence for the idea 

that enhanced SC responses are crucial for the rehabilitative effect (Meredith et 

al. 1987; Stein and Meredith 1993).   

 

The auditory localization benefit derived from the presence of spatiotemporally 

concordant visual stimulus was of similar magnitude in both the normal and blind 

hemifields.  Furthermore, the authors claim that the participants were neither 

aware of the visual stimulus in the blind hemifield nor of its benefits to their 

localization performance.  Thus, the authors conclude that some aspects of 

blindsight, or visual response ability without perceptual awareness, may be 

present in the anopic hemifield (Leo et al. 2008).  Perhaps these aspects are 
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broadened in the rehabilitative training described in Chapter 1.  Though, two 

important differences exist in the temporally disparate condition described in the 

aforementioned chapter and that described here.  Firstly, in Chapter 1, recall that 

the SOA between the stimulus components was 300ms.  Additionally, the 

auditory stimulus was presented prior to the visual stimulus.   

 

In a similar study of eight human subjects with visual deficits, the finding was 

confirmed that subjects retain increased ability to detect contralesional stimuli 

even after systematic multisensory stimulation has ceased.  Patients tested one 

month following rehabilitation still showed the benefit of training.  Furthermore, a 

unique multisensory stimulus delivery schedule was implemented in which the 

asynchrony between the onsets of the unisensory components was gradually 

decreased (Bolognini et al. 2005).  This study also attempted to differentiate 

performance on a visual detection task in which subjects could move their eyes 

after initial fixation and a task on which this behavior was not allowed.  As with 

many previous human evaluations, an LED stimulus was delivered somewhere 

within each of their visual fields, and the stimulus presence was indicated by the 

subject through a button press.  This task was used to initially evaluate each 

subject’s performance prior to multisensory stimulation.  More complex tests 

were also administered.  As in similar experiments, training consisted of a 

combination of unisensory and multisensory trial types.  Multisensory stimuli 

could be spatially concordant or disparate.  These stimuli also began with a 
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stimulus onset asynchrony of 500ms, which was gradually reduced to 0ms 

(Bolognini et al. 2005).   

 

Interestingly, despite the initial SOA of 500 ms being shown to be too large of a 

disparity to have a visual stimulus alter auditory stimulus localization accuracy, 

as described above, and 300 ms being too large in cats to cause rehabilitation, 

this SOA schedule still allowed patients to reach the ending criterion of the study 

in no more than two weeks.  However, in post-training visual search evaluations, 

significant benefits in task performance were only seen when subjects were 

allowed to break fixation following the stimulus delivery as opposed to remaining 

fixated straight ahead during the entirety of each trial.  More complex activities 

such as reading also showed increased performance following this training 

(Bolognini et al. 2005).   

 

One distinction that is more easily made in the human literature than in the 

animal literature is that between hemianopia and visual neglect.  Hemianopia is 

an impairment due to a visual field deficit while neglect is a deficit of attention.  

Thus, one relevant study directly examines the differences in rehabilitative 

efficacy in groups of subjects that have either hemianopia or neglect or both 

(Frassinetti et al. 2005).  In these subjects groups, individuals were asked to 

localize a visual target as in previous studies.  Cross-modal training stimuli were 

presented in either the spatially concordant or discordant conditions, though all 

were temporally concordant.   As expected, localization performance of a cross-
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modal stimulus was significantly higher than that of performance localizing the 

visual stimulus on its own in the affected hemifield of hemianopia or neglect 

patients.  For hemianopic subjects, this only held true in the cases where the 

unisensory component stimuli were presented in spatiotemporal concordance.  

However, subjects with neglect showed improvement in both the 

spatiotemporally concordant case as well as the case in which the auditory 

stimulus was presented 16° temporal to the visual stimulus.  This is in contrast to 

the findings in Chapter 1 in which a hemianopic cat is able to be rehabilitated 

with a similar stimulus configuration with an even greater spatial disparity.  In no 

cases were significant effects of multisensory stimulus localization over 

unisensory visual stimulus localization found for subjects suffering from both 

neglect and hemianopia.  The authors here posit perhaps a deficit in 

multisensory integration capabilities in such patients (Frassinetti et al. 2005).   

 

Lastly, a further confirmation of these results examines in more detail how eye 

movements are affected by multisensory stimulation training through eye-tracking 

and visual scanning and reading tasks.  This study also confirms that results 

remain stable even one year following training (Passamonti et al. 2009).  One 

such visual scanning task asked hemianopic and normal subjects to saccade to 

numbers 1-15 in increasing numerical order while the dominant eye was being 

tracked.  Efficiency was calculated as mean exploration time for each subject.  A 

second task involved subjects being asked to read aloud a short (Italian) story.  

Speed and accuracy were measured as well as such variables as number of 



86 
 

saccades in the direction of reading, number of saccades in the opposite 

direction, and mean fixation time.  Performance on these tasks was measured 

before and after audio-visual stimulation training as well as visual-only training as 

a control condition.  Audio-visual stimulation training took place in the same 

manner as previous studies with spatiotemporally concordant as well as 

discordant simuli being presented in the blind and control hemifield of each 

patient.  Again, stimuli consisted of an LED flash and white noise burst.  

Temporal onset asynchronies between these unisensory components began at 

300ms and were gradually reduced to 0ms over time.  As was previously the 

case, unisensory stimulation was ineffective, while cross-modal stimulation 

improved all behavioral performance metrics that were evaluated.  Saccade 

number during reading also decreased.  This performance was stable even after 

a follow-up evaluation one year after training. 

 

Although there is some question over the exact mechanism that allows for the 

phenomenon of multisensory integration to produce such beneficial results, the 

behavioral benefit in a variety of contexts has been immense.  However, further 

experimentation using animals exposed to a greater number of stimuli 

configurations or nonstandard living conditions will help to elucidate the process 

even more.  Reversible cooling studies have already answered some questions 

regarding which portions of the brain are sufficient or necessary during or 

following multisensory training.  Lastly, it is clear that more experimentation in the 

human model will continue to play a significant role in deriving the maximum 
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benefit out of what has been learned about the rehabilitation process, as has 

already been observed in the powerful results described above.     
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Research Intern at Johns Hopkins School of Medicine    (March-August 2013) 

▪ Revised design and tested ophthalmoscope incorporating laser speckle imaging for 

primary care usage 

▪ Consistently optimized lenses, filters, and illumination sources for safety and technical 

ISO compliance 

▪ Wrote MATLAB code to interface ophthalmoscope with computer and process taken 

images 

 

Design Team Member at The Johns Hopkins University           (August 2012-May 2013) 

▪ Researched, designed, and built microfluidic device using microfabrication techniques  

▪ Used dielectrophoresis on device and microscopy to sort cancerous and noncancerous 

oral squamous cells 

▪ Worked as part of a small team building device and presenting results 

▪ Two awards were won:   

o University of North Dakota Giants Entrepreneurship Challenge – Most 

Innovative 

o University of North Dakota Giants Entrepreneurship Challenge – 3rd Place 

 

Physical Science Technician at US Army Research Laboratory     (June 2010-January 2013) 

▪ Worked summer and winter school breaks in Sensors and Electron Devices Directorate 

(SEDD) 

▪ Transformed Pseudomonas aeruginosa to make mutation sensor for mixed deep wound 

biofilms  

▪ Optimized conditions for SNP-specific RT-PCR Bacillus atrophaeus assay 

▪ Won 2nd place in branch poster contest and wrote one technical paper and two abstracts 

 

Tsinghua University Summer Biomedical Engineering Internship Exchange    (2011) 

▪ Transfected eukaryotes to test calcium binding protein FRET system  

▪ Designed LED system to stimulate reversible FRET calcium binding protein complex 

▪ Used fluorescence and confocal microscopy to observe light emission 

 

    

Other Activities and Service 

 

Brain Awareness Council              (2014- ) 

▪ Lead multisensory integration exhibit during annual Brain Awareness Week at local 

museum 

▪ Judge science fairs for elementary and middle school students 

 

Image-Based Biomedical Modeling Fellowship       (2016) 

• Selected and funded to participate in two-week modeling course in Park City, Utah 

• Covered image segmentation, geometry processing and meshing, finite element analysis 

and other skills 

 

2nd Place in 2015 Wake Forest Healthcare Strategy Conference and Competition   (2015) 

▪ Competed in Boston Scientific sponsored case competition in the pulmonary endoscopy 

field 

 

Society for Neuroscience Member            (2015-2019) 

▪ Attended 2015, 2017, and 2018 conferences and presented poster/abstract 
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Biomedical Engineering Society (BMES) Member          (2013-2015) 

▪ Prepared presentation on Design Team Project for 2013 BMES conference 

 

JHU Newsletter Copy Editor             (2012-2013) 

▪ Edited school newspaper articles for proper spelling, grammar, and syntax 

 

Association for Computing Machinery (ACM)          (2011-2013) 

▪ Chose speakers for lecture series as well as server troubleshooting/maintenance 

 

Hellenic Students Association (HSA)            (2009-2013) 

▪ Organized Greek culture events such as fundraisers, speakers, and Greek Festival 

 

 

Other Skills 

 

Programming Languages and Notable Software 

 C++, Java, Python, R, BASIC, MathWorks MATLAB, Wolfram Mathematica, MySQL, 

SolidWorks, TDT OpenEx, Blackrock Microsystems Central, Adobe InDesign, Microsoft Office 

 

Certifications 

 Eli Lilly Making Medicines: The Process of Drug Development     (2017) 

 Blackrock Microsystems Hands-On Electrophysiology Workshop    (2017) 

CompTIA A+, Network+ (COMP001020724465)        (2014, 2017) 

 

Invited Talks 

 “Exploration of the Variability of Multisensory Responses”              (WFUBMC, 2015) 

 

Publications 

Peer-Reviewed Publications 

Robert E. Hampson, Dong Song, Brian S. Robinson, Dustin Fetterhoff, Alexander S.  

Dakos, Brent M. Roeder, Xiwei She, Robert T. Wicks, Mark R. Witcher, Daniel 

E. Couture, Adrian W. Laxton, Heidi Munger-Clary, Gautam Popli, Myriam J. 

Sollman, Christopher T. Whitlow, Vasilis Z. Marmarelis, Theodore W. Berger, 

Sam A. Deadwyler. “Developing a Hippocampal Neural Prosthetic to Facilitate 

Human Memory Encoding and Recall.” Journal of Neural Engineering, vol. 15, 

no. 3, 2018, p. 036014.  

<http://stacks.iop.org/1741-2552/15/i=3/a=036014>. 
 

In Submission 

A. S. Dakos, E. M. Walker, H. Jiang, B. E. Stein, B. A. Rowland. “Interhemispheric  

visual competition after multisensory reversal of hemianopia.” 

 

A. S. Dakos, H. Jiang, B. E. Stein, B. A. Rowland. “Using the principles of multisensory  

integration to reverse hemianopia.” 

 
 

In Preparation 

A. S. Dakos, B. E. Stein, B. A. Rowland. “Analysis of the Variability of Multisensory  
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Stimuli Responses.” 
 

Abstracts 

A. S. Dakos, B. E. Stein, B. A. Rowland.  The Timing of Multisensory Enhancements in  

Physiological Response Reliability.  Program No. 150.  Nashville, TN: 

International Multisensory Research Forum, 2017. 

 

A. S. Dakos, H. Jiang, B. E. Stein, B. A. Rowland; Neurobio. & Anat., Wake Forest Sch.  

of Med., Winston Salem, NC. Rehabilitation of hemianopia using the principles 

of multisensory integration. Program No. 059.26. 2018 Neuroscience Meeting 

Planner. San Diego, CA: Society for Neuroscience, 2018. Online. 

<https://www.abstractsonline.com/pp8/#!/4649/presentation/16320>. 

 

A. S. Dakos, T. R. Stanford, B. E. Stein, B. A. Rowland.  Multisensory integration  

enhances response reliability.  Program No. 775.14.  2017 Neuroscience Meeting 

Planner. Washington, DC: Society for Neuroscience, 2017. Online. 

 

B. A. Rowland, A. S. Dakos, T. R. Stanford, B. E. Stein. Underestimating superadditivity  

in multisensory integration. Program No. 788.07. 2015 Neuroscience Meeting 

Planner. Chicago, IL: Society for Neuroscience, 2015. 

<http://www.abstractsonline.com/Plan/ViewAbstract.aspx?sKey=478fa50c-b669-

4a69-9a2f-1575dcd83b28&cKey=d83b36d2-4c1b-4102-9fed-

443b141bcb1f&mKey=%7bD0FF4555-8574-4FBB-B9D4-

04EEC8BA0C84%7d>. 

 

B. M. Roeder, C. Johnson, A. S. Dakos, X. She, D. Song, T. W. Berger, S. A.  

Deadwyler, R. E. Hampson. Facilitating memory: Shared codes for prosthetic 

stimulation of memory categories. Program No. 335.27. 2018 Neuroscience 

Meeting Planner. San Diego, CA: Society for Neuroscience, 2018. Online. 

< https://www.abstractsonline.com/pp8/#!/4649/presentation/18382>. 

 

Dakos, A. S. (2010, August). Cell-based Sensor for Characterization of Pseudomonas  

aeruginosa Mutability: The Effect of Microcolony Formation. Abstract presented 

at the meeting of the Army Research Laboratory Summer Student Research 

Symposium, Adelphi, MD. <http://www.dtic.mil/dtic/tr/fulltext/u2/a548979.pdf>. 

 

Dakos, A. S. (2012, August). Development of Assay for Bacillus atrophaeus var. globigii  

Environmental Detection. Abstract presented at the meeting of the Army 

Research Laboratory Summer Student Research Symposium, Adelphi, MD. 

<http://www.dtic.mil/dtic/tr/fulltext/u2/a568741.pdf>. 

 

I. E. Zimmer-Galler, A. Rege, A. S. Dakos, C. Wang. (2014, May). Using A Novel, Non- 

Invasive, Low-Cost, Mobile Imager For Preclinical Assessment Of Retinal 

Vasculature. Abstract presented at the meeting of the American Telemedicine 

Association, Baltimore, MD. <http://www.americantelemed.org/docs/default-

source/annual-meeting-2014/ata-2014-final-program-abstracts.pdf>. 
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R. E. Hampson, B. M. Roeder, A. S. Dakos, R. T. Wicks, M. R. Witcher, D. E. Couture,  

A. W. Laxton, H. Munger-Clary, G. Popli, M. J. Sollman, D. Song, B. S. 

Robinson, V. Z. Marmarelis, T. W. Berger, S. A. Deadwyler.  Fixing broken 

memory: Facilitation of delayed recognition short-term memory in human 

subjects via a neural prosthetic for human memory.  Program No. 168.14.  2017 

Neuroscience Meeting Planner. Washington, DC: Society for Neuroscience, 2017. 

Online. 

 

R. E. Hampson, B. M. Roeder, C. A. Johnson, A. S. Dakos, X. She, D. Song, T. W.  

Berger, S. A. Deadwyler. Facilitating memory: Individualized prosthetic 

stimulation for memory categories. Program No. 335.26. 2018 Neuroscience 

Meeting Planner. San Diego, CA: Society for Neuroscience, 2018. Online. 

< https://www.abstractsonline.com/pp8/#!/4649/presentation/18381>. 

 

S. A. Deadwyler, B. M. Roeder, A. S. Dakos, R. T. Wicks, M. R. Witcher, D. E. Couture,  

A. W. Laxton, H. Munger-Clary, G. Popli, M. J. Sollman, D. Song, B. S. 

Robinson, V. Z. Marmarelis, T. W. Berger, R. E. Hampson.  Fixing broken 

memory: Facilitation of delayed match to sample working memory in human 

subjects via a neural prosthetic for human memory.  Program No. 768.18.  2017 

Neuroscience Meeting Planner. Washington, DC: Society for Neuroscience, 2017. 

Online. 
 


