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Abstract

Cerebral visual impairment (CVI) results from perinatal injury to visual processing structures and 

pathways and is the most common individual cause of pediatric visual impairment and blindness 

in developed countries. While there is mounting evidence demonstrating extensive neuroplastic 

reorganization in early onset, profound ocular blindness, how the brain reorganizes in the setting 

of congenital damage to cerebral (i.e. retro-geniculate) visual pathways remains comparatively 

poorly understood. Individuals with CVI exhibit a wide range of visual deficits and, in particular, 

present with impairments of higher order visual spatial processing (referred to as “dorsal stream 

dysfunction”) as well as object recognition (associated with processing along the ventral stream). 

In this review, we discuss the need for ongoing work to develop novel, neuroscience-inspired 

approaches to investigate functional visual deficits in this population. We also outline the role 

played by advanced structural and functional neuroimaging in helping to elucidate the underlying 

neurophysiology of CVI, and highlight key differences with regard to patterns of neural 

reorganization previously described in ocular blindness.
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1. Introduction

1.1. Blindness and Visual Impairment as a Model to Investigate Developmental 
Neuroplasticity

Ocular blindness has served as a unique model to investigate developmental neuroplasticity, 

helping to uncover the neurophysiological mechanisms that characterize the brain’s potential 

to be molded and adapt to sensory deprivation. Indeed, individuals living with blindness and 

visual impairment typically develop compensatory behavioral strategies (i.e. relying on non-

visual modalities including hearing and touch) to gather relevant sensory information and 

maintain functional independence in a highly visual-dependent world. Growing 

experimental evidence obtained from brain imaging studies has shown that these 

compensatory behaviors in the blind are associated with dramatic neuroplastic 

reorganization within the brain (see (Bavelier and Neville, 2002; Kupers and Ptito, 2011; 

Merabet and Pascual-Leone, 2010; Pascual-Leone, et al., 2005; Ricciardi and Pietrini, 

2011)). Arguably, the most striking finding has been the observation that the occipital visual 

cortex (normally associated with visual processing) is functionally recruited for the 

processing of nonvisual sensory information and cognitive tasks such as memory and 

language (see also (Bedny, 2017; Fine and Park, 2018; Singh, et al., 2018; Voss, 2019) for 

more recent discussions on this topic).

While research on neuroplasticity in the setting of ocular blindness has been extensive, 

comparatively speaking, our understanding of the neurophysiological and clinical 

repercussions of early developmental damage to cerebral (i.e. retro-geniculate) visual 

pathways and structures remains very limited. Specifically, what are the neuroplastic 

changes and developmental consequences resulting from visual impairment and blindness 

associated with damage to the visual brain as opposed to the eyes? What is the nature of 

compensatory behaviors in these individuals and what are their neurophysiological 

correlates? The study of individuals with cerebral visual impairment (CVI) provides an 

opportunity to explore these important questions.

In this review, we discuss visual processing deficits in CVI, how they differ from those 

individuals with ocular based visual impairment, and the need to develop novel, 

neuroscience-inspired approaches to characterize functional visual deficits and 

compensatory strategies in this population. We will also discuss the role that can be played 

by advanced structural and functional neuroimaging in elucidating the underlying 

neurophysiological basis of CVI, and highlight key differences in patterns of neural 

reorganization that have been previously described in ocular blindness.

1.2. Cerebral Visual Impairment: An Understudied and Underserved Population

In the clinical setting, CVI is defined as significant and verifiable visual dysfunction 

associated with damage to retrochiasmatic visual pathways and cerebral structures that 

cannot be attributed to disorders of the anterior visual pathways or any potentially co-

occurring ocular impairment (Dutton, 2003; Sakki, et al., 2018). Originally, the term 

“cortical visual impairment” was coined to describe pediatric visual deficits of non-ocular 

cause (as opposed to acquired brain injury in adults) and its presumed association with 
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damage to visual cortical processing areas (Whiting, et al., 1985). However, a more 

contemporary view suggests that neurological damage associated with CVI is likely to be 

more extensive, implicating subcortical structures, optic radiations and other white matter 

pathways, as well as higher order visual processing areas. Thus, the term “cerebral visual 

impairment” is considered a more encompassing and appropriate for this condition (Dutton, 

2003; Sakki, et al., 2018).

CVI is now the leading individual cause of pediatric congenital visual impairment in 

developed countries, including the United States (Good, et al., 2001; Hoyt, 2007; Kong, et 

al., 2012; Solebo, et al., 2017) and the United Kingdom (Rahi, 2007), with prevalence 

estimates ranging between 20 to 40% of reported visual impairments (Bosch, et al., 2014; 

Durnian, et al., 2010; Kozeis, 2010), (see also (Pehere, et al., 2018) for data in developing 

countries). Furthermore, the incidence of CVI is on the rise worldwide, due in part to 

dramatically improved infant survival rates from perinatal neurological damage contributing 

to a steady increase in the number of biologically at-risk infants and children (Dutton, et al., 

2004a; Good, et al., 2001; Kozeis, 2010; Taylor, et al., 2009). In parallel, the etiological 

profile of children attending schools for the blind is also changing. While ocular based 

visual impairments (i.e. various retinal diseases and other ocular pathologies) were amongst 

the most common etiologies, CVI is now the leading diagnosis of children in schools for the 

blind in the United States (Kong, et al., 2012).

Despite this clearly alarming public health concern, individuals with CVI remain greatly 

underserved and many continue to live with their visual impairments undetected or worse, 

undiagnosed (Dutton, et al., 2017). A major reason for this disparity is related to our poor 

understanding of the underlying neurophysiology of this condition and in particular, how 

brain development in the case of CVI differs from that of individuals with ocular based 

visual impairment and blindness.

As with ocular visual impairment, the causes of the many variants of CVI are also 

multifactorial and include perinatal hypoxia/ischemia, head injury/trauma, infection (e.g. 

encephalitis, meningitis), seizure disorder, genetic, and metabolic disorders (Hoyt, 2003). 

However, perinatal hypoxic ischemic injury remains the most common culprit and early 

neurological injury affects the development of white matter tracts coursing between sensory 

and motor areas of the brain as well as cortical gray matter and subcortical structures 

(including the thalamus) (Volpe, 2009). Associated developmental impairments are believed 

to be related to the timing, duration, and severity of the neurological injury (Anderson, 

2011). In the case of premature birth (i.e. infants born between 24-32 weeks gestational 

age), neurological injury is often associated with periventricular white matter damage 

(referred to as periventricular leukomalacia, or PVL) and is a high risk factor for developing 

CVI (Pavlova and Krageloh-Mann, 2013). In infants born at term, perinatal hypoxic 

ischemia results in hypoxic ischemic encephalopathy (HIE) and is the primary cause leading 

to CVI in term infants (Chong and Dai, 2014; Flodmark, et al., 1990). In HIE, areas that are 

most commonly damaged are deep gray matter, hippocampus, brainstem, and thalamic 

regions (Swarte, et al., 2009).
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The visual impairments associated with CVI are extensive and include decreased visual 

acuity ranging from mild to moderate impairment/low vision and even profound blindness 

(Dutton, 2003; Huo, et al., 1999) (WHO definition of blindness: visual acuity of 20/200 or 

worse in the better seeing eye with corrective lenses, or visual field restriction to 20 degrees 

diameter or less in the better seeing eye. WHO definition of visual impairment: visual acuity 

of 20/60 or worse in the better seeing eye; http://www.who.int/mediacentre/factsheets/fs282/

en/). Visual field deficits (typically in the lower hemi-field), reduced contrast sensitivity, and 

oculomotor abnormalities are also commonly present (Dutton, 2003; Huo, et al., 1999), (see 

also (Zihl and Dutton, 2015) for a complete description of the phenomenology of visual 

deficits in CVI). As with the case of ocular based visual impairments, the timing and 

severity of observed visual deficits are important factors that must be accurately 

characterized and quantified in order to develop empirically derived and individualized 

rehabilitative strategies. Further complicating the clinical presentation, individuals with CVI 

also often show impairments related to higher-order visual processing and other 

neurodevelopmental delays and co-morbidities (e.g. cerebral palsy) may also be present. 

Thus, compared to individuals with ocular visual impairment, confirming a diagnosis and 

developing appropriate rehabilitative strategies for the CVI population represents a 

significantly greater challenge (Good, 2009).

1.3. Cerebral Visual Impairment: A Model to Investigate Developmental Vulnerability and 
Neuroplasticity

As mentioned earlier, there is mounting evidence that the brain undergoes extensive 

neuroplastic reorganization in the case of ocular blindness. A key advancement in our 

understanding of neuroplasticity in this condition has been the demonstration of how 

associated changes within the brain correlate with various measures of behavioral 

performance. For example, occipital cortical thickness has been shown to correlate with 

performance on auditory discrimination tasks (Voss and Zatorre, 2012). At the functional 

level, the magnitude of occipital activation (as indexed by functional neuroimaging) appears 

correlated with performance on sound localization (Gougoux, et al., 2005) and verbal 

memory (Amedi, et al., 2003) tasks (see (Voss, 2019) for further discussion). In contrast, in 

the case of CVI, the relationship between clinical behavioral findings and underlying 

development of neurological structures and function appears much more complex and has 

yet to be fully understood (Guzzetta, et al., 2013; Hoyt and Fredrick, 1998).

The behavioral characteristics and visual dysfunctions observed in CVI (first described by 

Jan and colleagues) are markedly different compared to children with ocular causes of 

blindness and visual impairment. Early studies have described a number of deficits related to 

high-order visual processing that are particular to CVI, such as impaired attention and highly 

variable visual functioning in response to increasing visual task demands and environmental 

complexity (Jan, et al., 1993; Jan, et al., 1987). Published observational reports have 

documented that children with CVI have difficulties locating objects (e.g. a favorite toy) or 

familiar people (e.g. a parent) in crowded and visually complex environments (despite being 

able to easily identify them in isolation), as well as following moving traffic and watching 

television programs with rapidly moving images and scenes (Dutton, et al., 2006; Fazzi, et 

al., 2009; Good, et al., 1994; McKillop, 2008). Furthermore, in contrast to their ocular 
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visually impaired peers, individuals with CVI (particularly children) show clear difficulties 

in developing adaptive and compensatory strategies (Farrenkopf, et al., 1997) when using 

assistive technology (e.g. sensory substitution devices) or existing visual function abilities 

(such as using increased magnification in the case of lowered visual acuity). This issue is of 

even greater concern given the observation that education and (re)habilitative strategies 

designed for children with ocular visual impairment are largely ineffective (and even 

possibly detrimental) for children with CVI (Baker-Nobles and Rutherford, 1995; 

Farrenkopf, et al., 1997; Gordon, 1968; Groenveld, et al., 1990).

It would be reasonable to presume that visual processing impairments observed in CVI are 

linked to the maldevelopment of key visual processing pathways. In this direction, the 

classic two-stream (i.e. dorsal-ventral) organization of visual processing (Haxby, et al., 

1991; Mishkin, et al., 1983) has served as a useful model to help conceptualize the nature of 

higher order visual processing deficits in CVI (Goodale, 2013). For example, there is 

extensive work documenting that individuals with CVI show striking difficulties with visual 

spatial processing tasks that are putatively associated with damage occurring along the 

dorsal visual processing stream (i.e. connecting the occipital to parietal cortices and 

terminating within frontal areas) (Dutton, 2009; Macintyre-Beon, 2010). Indeed, previous 

reports suggest that CVI can be characterized as a condition of “dorsal stream dysfunction” 

(or “dorsal stream vulnerability”) and represents the most common type of visual processing 

impairment observed in children with this condition (Dutton, 2009; Dutton, et al., 2017; 

Dutton, et al., 2004b; Macintyre-Beon, 2010). Typically, dorsal stream dysfunction presents 

with visual impairments related to spatial and motion processing, deficits in visual attention, 

as well as difficulties with visuo-motor integration, and simultanagnosia (Dutton, 2009; 

Dutton, et al., 2004b; Fazzi, et al., 2009; Macintyre-Beon, 2010; Philip and Dutton, 2014). It 

has been proposed that dorsal stream dysfunction is associated with the inherent 

vulnerability of the posterior parietal lobes (specifically, injury to the oligodendrocyte 

proliferation zone near the trigone area of the lateral ventricles) that are highly susceptible to 

impaired blood perfusion during early brain development (Dutton, et al., 2017). However, it 

is also important to realize that individuals with CVI can also present with deficits related to 

object identification (such as recognizing faces and shapes) (Andersson, et al., 2006; 

Houliston, et al., 1999). In contrast, these visual deficits would be associated with damage 

along the ventral visual processing stream (i.e. connecting the occipital to inferior temporal 

cortex) (Goodale, 2013; Haxby, et al., 1991). While these latter deficits are reportedly less 

common, when present, they are more often associated with dorsal stream/spatial 

impairments rather than in isolation (Dutton, 2011; Macintyre-Beon, 2010).

Of note, while the dorsal-ventral dichotomy has been appealing conceptually to help explain 

the nature of higher order visual processing deficits in CVI, neurophysiological support for 

this view remains very limited. Could these visual deficits in CVI and behavioral differences 

compared to individuals with ocular visual impairment be explained in terms of underlying 

changes in structural and functional neuroplastic reorganization? In the same manner that 

innovative and carefully designed behavioral and neuroimaging studies have greatly 

contributed to our knowledge of neuroplasticity and brain-behavioral relationships in the 

setting of ocular visual impairment and blindness, a similar paradigm shift is needed for 

advancing our understanding of CVI.
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2. Assessing Dorsal Stream Dysfunction: Review of Previous Work and 

New Approaches

The concept of dorsal stream dysfunction first emerged from behavioral studies investigating 

visual processing abilities in children with various developmental disorders such as 

William’s syndrome, autism spectrum disorder, and cerebral palsy (Atkinson, 2017; 

Atkinson and Braddick, 2011; Braddick, et al., 2003; Dilks, et al., 2008). Using specially 

designed computerized psychophysical visual tasks, pivotal work by Atkinson, Braddick, 

and colleagues demonstrated the presence of selective deficits with complex visual 

processing associated with global motion, but not global form (e.g. “ball in the grass” test) 

(Braddick and Atkinson, 2007; Braddick, et al., 2005). This provided crucial experimental 

support for the concept of dorsal stream dysfunction, and further suggested a particular 

vulnerability for motion processing abilities during early stages of development (Braddick, 

et al., 2003). In the case of CVI, motion perception deficits have been extensively studied 

and numerous psychophysical studies have further characterized complex motion perception 

impairments in this population using a variety of stimuli including biological form from 

motion, optic flow fields (such as random dot kinematograms or RDK patterns), and spatial 

integration tasks (Atkinson, 2017; Boot, et al., 2010; Pavlova, et al., 2003; Taylor, et al., 

2006; Weinstein, et al., 2012) (see also (Guzzetta, et al., 2009) for a discussion on the effect 

of prematurity on motion perception deficits).

The presence of these higher-order visual processing deficits (along with behavioral 

differences between individuals with CVI and ocular based visual impairment) suggests that 

specific testing for visual spatial deficits (along with eye movement characteristics) may 

have high diagnostic value (Zihl and Dutton, 2015). However, while characterizing visual 

spatial deficits in CVI (such as motion processing and visual guidance of movement) has 

relied on using well controlled psychophysical visual stimuli, they nonetheless remain 

limited in terms of their ecological validity. In other words, it is difficult to draw inferences 

from results obtained from these psychophysical studies in relation to what individuals with 

CVI experience perceptually as they visually interact with the real world. Thus, there 

remains a need to develop novel and more ecologically valid performance assessments that 

better characterize visual processing deficits in CVI and how they compare to individuals 

with ocular based visual impairments.

Virtual reality (VR) is a potentially useful tool that can merge empirical and reliable 

assessments of functional vision with ecological validity (Tarr and Warren, 2002) as well as 

with a high degree of control and participant engagement (Loomis, et al., 1999). In this 

direction, a number of studies have used this approach to investigate higher order visual 

processing abilities in CVI. For example, Kooiker, Pel and colleagues incorporated a series 

of desktop computerized tasks combined with capturing eye tracking metrics as a way to 

assess oculomotor functions in children with CVI. In their task design, participants were 

instructed to follow a series of moving cartoon images on a screen with their eyes. Using this 

testing paradigm, this group was able to demonstrate clear deficits related to visual search, 

fixation and oculomotor pursuit. In particular, the search patterns in CVI appeared more 

random, and less purposeful (Kooiker, et al., 2016a; Kooiker, et al., 2016b). These 
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observations raise two intriguing questions. First, do impaired search patterns in CVI predict 

(or even eventually contribute to) their diagnosis, allowing for an estimation of the degree of 

dorsal stream dysfunction? Secondly, can VR based methods be used to train systematic 

visual search strategies (e.g. using engaging games to maintain attention and motivation) as 

a useful (re)habilitative approach?

To further explore visual spatial processing abilities in CVI in environments that more 

closely approximate real world scenarios, our group has developed two VR based visual 

search simulations. The first assessment, called the “virtual toy box”, has been designed to 

test static object-based visual search performance. In this task, the participant must search 

for a target toy presented in a toy box filled with various toys (i.e. other distractor elements). 

This process is repeated with the target toy appearing at different locations and task 

difficulty is varied by changing the number of unique surrounding toys (see (Bennett, et al., 

2018b) for further details). In a second VR based dynamic visual search task called the 

“virtual hallway”, the participant views a hallway of a school, and the task is to visually 

locate and track the movement of a target person walking among other individual humans 

(i.e. distractors). Task difficulty is varied by continuously changing the number of people 

present in the hallway (see (Bennett, et al., 2018a) for further details). In both behavioral 

assessments, visual search performance is quantified by captured eye tracking data 

aggregated over time to generate heat maps representing the spatial extent of eye gaze 

patterns (Gibaldi, et al., 2017). Comparing performance between normally sighted controls, 

individuals with ocular visual impairment, and CVI revealed characteristic visual search 

patterns across these populations. For both the virtual toy box and hallway tasks, we found 

that normally sighted controls showed a tight clustering of gaze for both the low and high 

level of task difficulty (see figure 1 A and B, left panel). In contrast, individuals with ocular 

visual impairment exhibited a more scattered search pattern with less defined gaze density 

regions, but again comparable across both the low and high levels of task demand (figure 1 

A and B, middle panel). Finally, comparing performance in CVI revealed that these 

individuals had an intermediate level of gaze spread data for the low distractor task, but a 

greater increase in scatter in response to the high distractor condition (figure 1 A and B, 

right panel). This suggests that the CVI group showed the largest change in visual search 

performance as a function of task difficulty. These latter findings are consistent with 

previous accounts describing impairments with high-order visual processing associated with 

dorsal stream dysfunction, and in particular, greater impairments in response to increasing 

task demands and environmental complexity (Jan, et al., 1993; Jan, et al., 1987). Potential 

confounding performance deficits related to impaired object recognition (i.e. related to 

ventral stream dysfunction) could also be further explored by modifying specific features 

(e.g. color differentiation). Finally, this work also demonstrates the value of VR based and 

ecologically valid assessments in helping to characterize visual processing impairments 

using simulations that more closely resemble real world scenarios. Indeed, future behavioral 

studies will certainly continue to help further characterize visual processing deficits in CVI 

and how they differ from individuals with ocular visual impairment. Moving forward, a key 

advancement will be to investigate possible associations between behavioral performance 

and underlying neurophysiological changes at the level of the brain.
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3. Investigating Brain Structural Connectivity in Ocular Blindness and CVI

Numerous neuroimaging studies have investigated morphological and structural connectivity 

changes in the case of early onset ocular blindness. Unfortunately, similar initiatives in the 

case of CVI are lagging far behind. Nonetheless, early comparisons can be drawn giving 

preliminary insights to help explain observed behavioral differences between these two 

populations.

While behavioral studies have provided evidence of adaptive and compensatory behaviors in 

ocular blind individuals (i.e. demonstrating comparable, and in some cases even superior, 

behavioral skills in tactile and auditory domains as compared to sighted individuals e.g. 

(Amedi, et al., 2003; Gougoux, et al., 2004; Lessard, et al., 1998; Van Boven, et al., 2000; 

Wong, et al., 2011)), early neuroanatomical studies suggested that structural brain changes 

were largely consistent with atrophic losses in response to early visual deprivation (reviewed 

by (Voss, 2019)). This included atrophy within thalamo-cortical pathways (Breitenseher, et 

al., 1998), grey matter within calcarine areas (Kitajima, et al., 1997), and white matter 

connections (e.g. (Bridge, et al., 2009; Ptito, et al., 2008; Shu, et al., 2009a; Shu, et al., 

2009b). More recent studies employing diffusion based imaging techniques such as diffusion 

tensor imaging (DTI) and high angular resolution diffusion imaging (HARDI) have allowed 

for the characterization of more subtle changes in brain architecture. In general, diffusion 

based imaging studies have revealed trends of overall decreased connectivity throughout the 

brain (Lao, et al., 2015; Reislev, et al., 2016; Shu, et al., 2009b; Wang, et al., 2013). In 

contrast, complementary studies based on resting state functional connectivity MRI 

(rsfcMRI) have reported mixed results. This includes evidence of enhanced functional 

connectivity between occipital areas and other regions of the brain such as parietal and 

frontal areas (Bedny, et al., 2012; Butt, et al., 2013; Heine, et al., 2015; Liu, et al., 2007; 

Wang, et al., 2014; Watkins, et al., 2012) and patterns of overall decreases in connectivity 

between occipital areas and somatosensory cortex along with temporal cortical areas 

implicated with auditory processing (Bedny, et al., 2011; Burton, et al., 2014; Liu, et al., 

2007; Striem-Amit, et al., 2015; Yu, et al., 2008) (see also (Bock, et al., 2015) for recent 

review). As a means to reconcile previous contradictory findings, work from our group has 

employed a multimodal imaging approach including morphometric analysis combined with 

structural (i.e. white matter) and functional (i.e. resting state) connectivity analyses to 

provide complementary information regarding neuroplastic reorganization in early ocular 

blindness (Bauer, et al., 2017). When comparing the brains of early ocular blind individuals 

to age matched sighted controls, we found evidence of co-occurring decreases in cortical 

volume and cortical thickness within visual processing areas of the occipital and temporal 

cortices while increases in cortical volume in the early blind were evident within regions of 

parietal cortex. White matter connectivity analysis revealed patterns of increases and 

decreases (indexed by fiber number), with increases between frontal and temporal areas 

implicated with language processing, while decreases in structural connectivity were evident 

involving frontal and somatosensory regions as well as between occipital and cingulate 

cortices. Finally, rsfcMRI analysis revealed evidence of both increased and decreased 

functional connectivity in the blind, but moreover, these patterns exhibited a high degree of 

correlation with observed white matter connectivity networks (Bauer, et al., 2017). In 
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summary, these findings provide complementary evidence, and highlight potential 

contradictions, regarding the nature of regional and large scale neuroplastic reorganization 

resulting from early onset blindness. While larger-scale confirmatory studies investigating 

morphometric and connectivity changes are ongoing, there have been a number of recent 

reports suggesting that the functional organization (i.e. domain specificity) of the occipital 

cortex may develop independently of visual experience (e.g. (Dormal, et al., 2016; Matteau, 

et al., 2010; Reich, et al., 2011; Striem-Amit, et al., 2012b; Striem-Amit, et al., 2015)) and 

that the overall organization (including the dorsal and ventral processing streams) is 

maintained by an intrinsic pattern of anatomical and functional connectivity between 

occipital and other brain regions that process non-visual properties within corresponding 

cognitive domains (the “connectivity-constraint hypothesis”; see (Bi, et al., 2016; Gomez, et 

al., 2015; Striem-Amit, et al., 2015)). Thus, it appears that while the exact nature of this 

neuroplastic reorganization still remains to be fully elucidated, it is these changes that 

support observed compensatory behaviors in the case of early ocular blindness (see (Bedny, 

2017; Fine and Park, 2018; Voss, 2019) for further discussion).

To our knowledge, only a limited number of studies have used advanced imaging modalities 

in the case of CVI in an attempt to characterize and quantify changes in brain structure and 

explore potential associations that are clinically and educationally meaningful. In contrast to 

the case of ocular blindness, characterizing the neurophysiological substrate underlying 

visual dysfunction in CVI remains considerably more challenging given that damage to 

cerebral structures is highly heterogeneous across individuals in terms of location, timing, 

extent, and cause. In fact, a number of studies have attempted to relate functional visual 

impairments to perinatal brain injury, but with mixed results (Eken, et al., 1994; Flodmark, 

et al., 1990; Guzzetta, et al., 2001; Uggetti, et al., 1996; Wiklund and Uvebrant, 1991).

Early work by Cioni and colleagues (2000) attempted to correlate neurodevelopmental 

outcomes in children with periventricular leukomalacia (PVL) with a variety of indices of 

visual performance measures (including visual acuity, visual field function, and optokinetic 

nystagmus). Using a multivariate analysis approach, these investigators found that there was 

a strong association between the degree of visual impairment and the damage observed to 

optic radiations (as indexed by structural MRI) (Cioni, et al., 2000). Subsequent work by 

Serdaroglu and coworkers (2004) showed that the severity of neurological injury associated 

with PVL was also correlated with neurodevelopmental outcomes. Specifically, children 

with a low severity of PVL had minor motor problems or mild to normal functional 

outcomes, whereas the presence of cortical atrophy and thinning of the corpus callosum 

were associated with more developmental delays (Serdaroglu, et al., 2004). Interestingly, a 

study by Guzzetta and colleagues (2001) reported that structural MRI defined areas of brain 

damage were not always predictive of visual field defects in children as expected in adults 

with the same lesions (Guzzetta, et al., 2001). In a subsequent review, the same investigators 

reported that many individuals diagnosed with CVI and with early periventricular damage to 

the optic radiations often presented with normal development of visual field function, 

suggesting that the preservation of visual field function may be the result of compensatory 

neuroplastic reorganization (Guzzetta, et al., 2013). More recent studies have employed 

diffusion based imaging approaches in order to characterize more subtle changes in white 

matter integrity and architecture in CVI and establish anatomical-functional-behavioral 
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relationships at the individual level. A recent study by Lennartsson and colleagues (2014) 

employed diffusion weighted MRI in a group of individuals with visual impairment 

associated with perinatal neurological injury (predominantly in the superior posterior 

periventricular white matter) and found that early injury to the optic radiations was 

associated with characteristic patterns of visual field deficits (Lennartsson, et al., 2014). A 

series of related studies using DTI have demonstrated that impaired visual function 

(quantified by fixation and tracking abilities) in infants born preterm was associated with 

lower fractional anisotropy (FA) values (an index of white matter structural integrity) in the 

optic radiations (Guzzetta, et al., 2010; Guzzetta, et al., 2013). Another study by Ortibus and 

coworkers (2012) used DTI and found that impaired object processing abilities in children 

with CVI were correlated with decreases in the structural integrity (indexed by FA values) of 

the inferior longitudinal fasciculus (ILF; corresponding to the neuroanatomical correlate of 

the ventral visual processing stream (Ffytche, et al., 2010; Rokem, et al., 2017)) (Ortibus, et 

al., 2012). While it is important to note that clinical interpretations based on FA outcomes 

remain an issue of debate (Li, et al., 2013), taken together, these results suggest that 

associations between losses in white matter integrity and the severity of visual perception 

deficits in CVI can be revealed using more advanced structural neuroimaging methods. 

Finally, two more recent studies have explored putative relationships between underlying 

changes in structural connectivity and visual processing. Braddick and coworkers (2017) 

used DTI to demonstrate that global motion sensitivity in neurotypical-developed children 

appears to correlate with the integrity (indexed by FA values) of the superior longitudinal 

fasciculus (SLF; corresponding to the neuroanatomical correlate of the dorsal visual 

processing stream (Catani and Thiebaut de Schotten, 2008)) (Braddick, et al., 2017). 

Building upon these findings, work by our group using HARDI has also demonstrated that 

individuals with CVI show marked reductions in the volume of the SLF as compared to 

neurotypical controls and ocular blind individuals. Interestingly, commensurate reductions in 

the ILF were also observed in the individuals with CVI who also exhibited object 

recognition visual deficits (Bauer, et al., 2014; Merabet, et al., 2017) (Figure 2). These latter 

two studies represent early pieces to establishing possible neurophysiological links between 

dorsal stream dysfunction (as well as potential ventral stream processing impairments) and 

key extrageniculo-striate visual pathways implicated in visual processing in individuals with 

CVI (Bauer, et al., 2014).

In summary, investigating potential associations between measurements of structural 

integrity of targeted white matter pathways and behavioral measures related to various visual 

tasks (such as complex visual motion processing in the case of dorsal stream dysfunction, 

and object recognition deficits in the case of ventral stream involvement) could prove to be a 

highly informative paradigm to investigate brain-behavioral relationships and help explain 

the underlying neurophysiological basis of visual impairments in CVI. These 

aforementioned studies suggest that in contrast to the situation of early ocular blindness, 

CVI may be associated with a more generalized vulnerability implicating numerous key 

pathways supporting the developing visual system. Furthermore, neuroplastic changes 

within the developing brain (such as the “rewiring” of key geniculo-cortical or cortico-

cortical connections) may support the sparing of visual function in certain individuals with 

CVI. While further confirmation of these results are ongoing, they do suggest that a global 
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impairment in overall brain connectivity may be associated with observed cognitive visual 

dysfunctions as well as other associated sensorimotor and cognitive deficits in CVI. Further 

analyses at the local and whole brain network level may also provide hints as to why 

education and (re)habilitative strategies designed for individuals with ocular blindness may 

not translate to the case of CVI. Indeed, it has been suggested that approaches should be 

developed that match the skills and adaptive strategies that the child has developed (Dutton 

and Lueck, 2015).

4. Investigating Functional Neural Correlates Associated with 

Neuroplasticity in Ocular Blindness and in CVI

Functional neuroimaging approaches (such as fMRI, and PET), and electrophysiology (VEP 

and EEG) are particularly well-suited in helping to identify the neural correlates associated 

with behavioral task performance. As mentioned in the introduction, neuroimaging studies 

have been instrumental in characterizing functional neuroplastic changes in ocular blindness 

and in particular, revealing how the occipital visual cortex is recruited for the processing of 

nonvisual sensory information and cognitive tasks such as memory and language (e.g. 

Braille reading (Sadato, et al., 1996), sound localization (Collignon, et al., 2011; Gougoux, 

et al., 2005; Voss, et al., 2008), and odor perception (Kupers and Ptito, 2014), along with 

higher order cognitive tasks including language processing (Bedny, et al., 2011; Burton, et 

al., 2002; Striem-Amit, et al., 2012a) and verbal memory recall (Amedi, et al., 2003; Raz, et 

al., 2005). However, studies employing functional neuroimaging to characterize neural 

correlates with behavioral tasks in CVI have been scant. Given the putative causal 

relationship between early developmental damage and CVI, it is also crucial that future work 

incorporate functional neuroimaging modalities as a way to investigate brain processes 

associated with observed visual impairments and to gain insight into potential neuroplastic 

compensatory mechanisms (Bauer, et al., 2017; Edmond and Foroozan, 2006; Good, et al., 

2001; Murakami, et al., 2008; Pineda, et al., 2014).

To our knowledge, only a handful of studies have employed fMRI to investigate visual 

cortical function in CVI. An early study by Sie et al. (2001), and later by Yu et al. (2011), 

both attempted to evaluate primary visual cortex activation in a cohort of anesthetized 

infants with CVI associated with PVL. Both studies reported that in general, CVI was 

associated with significant decreases in visual cortex activation in response to visual photic 

stimulation (with eyes closed) (Sie, et al., 2001; Yu, et al., 2011). While both groups 

proposed a similar conclusion that early developmental brain injury likely contributed to the 

observed impairment of visual cortex activation, their results unfortunately do not speak of 

task elated activity and potential compensatory reorganization that may occur with further 

development.

Returning to the issue of motion processing/dorsal stream dysfunction, Morrone and 

colleagues (2008) investigated complex motion perception processing deficits in two young 

patients with higher-order visual processing impairments associated with PVL. Using 

random-dot (RDK) displays, this group found that while these patients could perceive 

rotation and expansion motion stimuli correctly, they would also paradoxically perceive 
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translational motion in the opposite (i.e. inverted) direction of presentation (Morrone, et al., 

2008). Furthermore, fMRI testing was carried out in one patient, and revealed that viewing 

the translational motion stimulus did not elicit activation within the motion sensitive area 

hMT+ (a key extrastriate visual area implicated in complex visual motion processing and 

part of the dorsal visual processing stream (Braddick, et al., 2001; Grossman, et al., 2000; 

Newsome and Pare, 1988)). By comparison, viewing radial and rotational motion stimuli 

produced normal patterns of activation in this area (Morrone, et al., 2008). The results of the 

case report highlight how different types of complex motion processing may be selectively 

vulnerable in the setting of prenatal neurological damage.

Given the technical challenges associated with working with young patients in the MRI 

environment (e.g. requiring participants to lie sufficiently still), there remains the need to 

develop novel methods to further characterize visual perceptual deficits and their associated 

functional neural correlates. EEG affords high temporal resolution (in the order of 

milliseconds) and thus is very useful in characterizing the temporal profile of task related 

brain activity. Early work using EEG based paradigms with the CVI population has provided 

useful insight on visual function and diagnosis, but has not focused on aspects related to 

higher order visual processing (e.g. (Good, et al., 2001; Granet, et al., 1993; Skoczenski and 

Norcia, 1999; Watson, et al., 2010)). More recent work by Weinstein and colleagues (2012) 

explored visual motion processing in CVI using steady state visual evoked potentials 

(ssVEP) and compared occipital activation in response to viewing local and global motion 

stimuli as compared to ocular visually impaired (diagnosed with amblyopia and/or 

strabismus) and neurotypical control individuals. These investigators found that CVI 

subjects showed selective global (but not local) motion deficits, especially for slower 

stimulus velocities, with corresponding greater decreases in occipital signal amplitudes 

(Weinstein, et al., 2012).

Preliminary work by our group has been investigating the neural correlates associated with 

visual search using the aforementioned VR based virtual toy box task combined with EEG 

recordings (Bennett, et al., 2019). Figure 3 A highlights the cortical activation patterns that 

were observed using this EEG paradigm for key event related potential (ERP) responses 

namely, the P100, N170, P300. These events are associated with early stages of visual 

processing and reflect the brain’s ability to parse visual information and execute a response 

to a given visual task (Lopez-Calderon and Luck, 2014). Early data suggests that individuals 

with CVI appear to exhibit significant latencies and differences in magnitude for the ERP 

events compared to controls and individuals with ocular visual impairment. Comparing scalp 

map projections across representative individuals from all three groups (figure 3 B), we see 

how the control subject reveals well-timed and robust signals over the occipito-temporal-

parietal areas corresponding to higher order visual processing regions. The ocular visually 

impaired individual demonstrates occipital activation that is more synchronized in time with 

the control subject, but highly localized within early occipital visual processing areas. 

Finally, the CVI subject shows reduced cortical activity within occipital areas with highly 

desynchronized activity along occipito-parietal regions corresponding to the dorsal visual 

processing stream. Thus, the combined use of VR based visual search tasks and cortical 

activity as characterized by EEG may prove to be a useful paradigm. Further studies are 
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need to help characterize the neural correlates associated with higher order visual processing 

deficits in CVI and how they compare with ocular based visual impairment.

5. Concluding Thoughts, Limitations, and Future Directions

Investigating neuroplasticity associated with early and profound visual deprivation due to 

ocular blindness has contributed greatly to our knowledge regarding the developmental 

constraints and adaptive potential of the brain. In contrast, our understanding of how the 

brain reorganizes in the setting of congenital damage to cerebral visual processing areas lags 

far behind despite a clear and pressing public health need. A similar paradigm shift 

incorporating well controlled behavioral and advanced structural and functional 

neuroimaging studies is needed to advance our understanding of CVI. In this direction, there 

are also a number of technical considerations that need to be specifically addressed in order 

to advance research in this field.

Given the heterogeneity of underlying causes and broad clinical profile of visual 

impairments, CVI cannot be treated as a monolithic condition in the same way we have 

approached early onset, profound ocular blindness. Historically, research investigating 

neuroplasticity associated with visual deprivation has largely focused on individuals 

characterized as congenitally and profoundly blind as a means to control for the effects of 

early visual experience on development. In CVI, the majority of individuals have some 

degree of visual function, and those with more profoundly impaired visual acuity typically 

present with impaired cognitive abilities in association with more severe neurological injury 

(Dutton and Lueck, 2015). In fact, the heterogeneous profile of CVI has posed challenges in 

achieving a common consensus within the medical/scientific community toward a formally 

accepted definition and diagnosis criteria for this population (see (Colenbrander, 2010; 

Good, et al., 1994)). Thus, unlike in the case of congenital ocular blindness, it is very 

difficult to disentangle the effect of early visual experience and changes associated with 

developmental neuroplasticity. Furthermore, drawing comparisons across studies has been a 

challenge as characterized visual impairments may be driven not only by the etiology of the 

neurological injury, its locus, and extent, but also by other developmental factors and co-

morbidities. As neurological injury associated with CVI is often extensive, it is likely that 

other sensory impairments (e.g. auditory, tactile) and cognitive deficits (related to attention, 

memory, and language) are also present and these need to be carefully characterized and 

their effect accounted for. Therefore, as with studies in ocular blindness, investigating 

crossmodal sensory processing and higher order cognitive functions (and their associated 

neural correlates) in CVI also represents an important, and as of yet, unexplored avenue of 

research. As the clinical profile and diagnostic criteria for CVI become more defined, it will 

be crucial that future investigations carefully account for the broad extent of sensory and 

cognitive deficits, as well as disentangle the effect of etiology and nature of neurological 

injury.

In the context of dorsal stream dysfunction, further studies are needed to assess broader 

aspects of visual processing deficits that are more in line with their purported clinical 

frequency. In evaluating visual impairments in CVI, there are limited validated and reliable 

diagnostic tools available that can be rapidly administered and at the same time, even 
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handedly assess both dorsal and ventral related visual processing functions. This would be 

crucial in order to establish more definitively whether there is indeed a strong predilection 

for spatial processing impairments in CVI. Our current understanding may reflect an 

inherent bias related to the assessment tools employed or mask deficits that are more 

associated with cognitive impairments rather than visual processing abilities per se (see 

(Fazzi, et al., 2009) for further discussion). In parallel, while the dorsal-ventral visual 

processing stream model serves as a useful framework in conceptualizing higher order visual 

processing deficits in CVI, it is important to recognize that on a physiological basis, they 

operate in tandem rather than in isolation. Growing evidence demonstrates that the dorsal-

ventral steams interact extensively in the analysis of complex moving visual scenes (Gilaie-

Dotan, 2016) and through a network of direct and indirect connections including the vertical 

occipital fasciculus (VOF) along with hippocampal and parahippocampal regions (de Haan 

and Cowey, 2011; Kravitz, et al., 2013). As with studies in ocular blindness, the role of these 

aforementioned areas need to be thoroughly investigated, and may also show evidence of 

neuroplastic changes related to underlying perceptual deficits (and potentially even 

compensatory behaviors) in CVI.

In conclusion, future work in CVI would benefit from carrying out well-designed behavioral 

and advanced multimodal neuroimaging studies similar to those that have greatly 

contributed to advancing our knowledge in uncovering brain-behavioral relationships and 

neuroplastic changes associated with ocular blindness. As we continue to characterize the 

underlying neurophysiology of CVI (including its many variants), this condition may also 

prove to be a highly intriguing model to investigate visual deprivation and developmental 

neuroplasticity in the setting of early neurological damage. More importantly, we have the 

opportunity to help a population that has not only been greatly understudied, but also 

underserved despite its important public health relevance.
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Highlights

• Growing experimental evidence suggests that compensatory behaviors in 

ocular blind individuals are associated with dramatic neuroplastic 

reorganization. However, our understanding of the neurophysiological 

repercussions of visual impairment due to early developmental damage to 

cerebral visual pathways and structures remains comparatively limited.

• Cerebral visual impairment (CVI) is the most common individual cause of 

pediatric visual impairment and blindness in developed countries. However, 

large gaps remain in our understanding regarding the underlying 

neurophysiology of this condition and how the brain reorganizes compared to 

the case of ocular based blindness.

• Along with impaired visual acuity and visual field deficits, individuals with 

CVI often exhibit impairments in higher order visual spatial processing 

(referred to as dorsal stream dysfunction). Yet, the neural correlates of these 

deficits remain poorly understood.

• New behavioral testing paradigms, such as using virtual reality (VR) 

environments, are helpful in further characterizing higher order visual 

processing deficits in a manner that is ecologically valid and clinically 

meaningful.

• Advanced structural neuroimaging approaches, such as diffusion based 

imaging, highlight key differences in white matter connectivity in CVI 

compared to ocular blindness.

• Future studies employing functional neuroimaging techniques (such as fMRI 

and EEG) are needed to identify the neural correlates associated with visual 

processing deficits in CVI.
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Figure 1. Assessing visual search performance with VR based environments combined with eye 
tracking.
A) Heat map displays of visual search patterns for the virtual toy box task. The color scheme 

represents differing levels of gaze data density across spatial regions of the screen space 

(yellow indicates more time looking in an area and blue indicates less time). Data from a 

control, ocular visual impaired, and CVI participant are shown for both the low and high 

number of unique distractor conditions. Note the tight cluster of eye movements in the 

control subject in both the low and high levels of distractor density, while the ocular visual 

impaired subject reveals a wide dispersion of eye movements on both levels of distractor 

density. By comparison, the CVI participant demonstrates an initial intermediate pattern of 

dispersion at the low level that increases in the high distractor condition. B) Heat map 

displays of eye search patterns for the virtual hallway task. Similar to performance observed 

in the toy box task, note how the search pattern in the CVI participant is markedly more 

diffuse in response to the high compared to the low distractor condition. Adapted from 
(Bennett, et al., 2018a; Bennett, et al., 2018b).

Bennett et al. Page 24

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. White matter structural connectivity of the dorsal and ventral visual processing 
streams revealed by HARDI.
Sagittal view of white matter tractography reconstructions of the superior longitudinal 

fasciculus (SLF; white arrow) and inferior longitudinal fasciculus (ILF; black arrow) 

corresponding to the dorsal and ventral visual processing streams, respectively. Note the 

robust appearance of both pathways in a (A) sighted control and (B) ocular blind individual. 

In contrast, the CVI individual (C) shows a marked reduction in the structural integrity of the 

SLF while the ILF appears comparatively intact. Adapted from (Bauer, et al., 2014; Merabet, 

et al., 2017).
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Figure 3. Visual search combined with EEG data collection
A) Event related potentials (ERP) for control, ocular visual impaired, and CVI groups in 

response to the virtual toy box visual search task. Data represents averaging over occipital 

pole nodes for the first 500 ms after stimulus onset. Note how controls demonstrate well-

formed P100, N170, and P300 events. Ocular visually impaired subjects display similar 

latencies as controls, but with a reduced magnitude of the P300 event. Note that in the CVI 

group, there are latency delays at all three events (greatest at P300) and noticeable variations 

in peak amplitudes. B) Scalp map plots of 20 channel EEG data obtained from 

representative individuals from all three groups in response to the virtual toy box task 

(posterior view, right side). Scalp maps are displayed at the 100, 200, and 300 ms intervals. 

The occipital-parietal signal observed in the control (top row) appears robust and peaks just 

past 300 ms after stimulus onset. The ocular visually impaired individual (middle row) 

shows less robust and a weaker peak within the occipital pole at 300 ms. The individual with 

CVI (bottom row) reveals a delayed N170 that peaks close to 200 ms and a delayed P300 

that does not peak until close to 375 ms. Note further how the occipital signal does not 

Bennett et al. Page 26

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



appear as robustly sustained along the occipital-parietal areas as it is in the control 

participant. Adapted from (Bennett, et al., 2019).
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