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Abstract 

The present study investigated categorical and coordinate visual perception in 81 children 

with spina bifida myelomeningocele (SBM) relative to 28 controls, and related this 

performance to indices of cortical thickness, gray matter volume, and white matter volume 

for a subset of these participants. Results revealed weaknesses for children with SBM on 

both the categorical and coordinate visual perception tasks relative to controls, though both 

groups were more accurate on the categorical task than the coordinate task. Children with 

SBM demonstrated smaller values of cortical thickness, gray matter volume, and white 

matter volume relative to controls in regions of interest (inferior parietal cortex, superior 

parietal cortex, middle temporal gyrus, and superior temporal gyrus). There were no 

relations of corpus callosum volumes to visual perception performance, but relations were 

noted for cortical thickness, gray matter volume, and white matter volume. The findings 

supported the Dennis et al. (2006) model and provided insight as to the brain regions 

impacting visual perception performance for children with SBM. 

Keywords: visual perception, spina bifida myelomeningocele, cortical thickness, 

gray matter volume, white matter volume 
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Visual Perception in Children with Spina Bifida Myelomeningocele and the Impact of 

Posterior Cortical Changes 

The present study investigated variability of visual perceptual functioning in children 

with spina bifida myelomeningocele (SBM) using the framework proposed by Dennis, 

Landry, Barnes, and Fletcher (2006), and related this variability to callosal and cortical 

variables. Below, a review of the state of knowledge regarding SBM is provided, along with 

rationale for the present study.  

Background. Spina bifida, a neural tube defect that causes a deformation of the 

spinal cord, is the most common permanently disabling birth defect affecting the central 

nervous system (CNS) (Liptak, 2008). Spina bifida develops when the neural tube fails to 

close during early embryogenesis (Anderson, Northam, Hendy, & Chatterjee, 2001). Spina 

bifida occurs in approximately 2 per 10,000 live births in the United States (Agopian et al., 

2012; Au, Ashley-Koch, & Northrup, 2010; Williams, Rasmussen, Flores, Kirby, & 

Edmonds, 2005). Hispanic births have the highest incidence of spina bifida, followed by 

non-Hispanic white births (Agopian et al., 2012; Williams et al., 2005). Myelomeningocele 

is the most common form of spina bifida and carries with it the most associated impairments 

(Anderson et al., 2001; Fletcher et al., 2005), and is the focus of the present study. These 

individuals are likely to have a Chiari II malformation, which may cause hydrocephalus, and 

the majority will require shunting (Bryan, 1994, as cited in Anderson et al., 2001). 

Characteristic difficulties of spina bifida include difficulties with ambulation (Williams, 

Broughton, & Menelaus, 1999) and incontinence (Verhoef et al., 2006). Both physical and 

cognitive impairments tend to be more significant for individuals with SBM that have higher 

spinal lesions relative to those with lower spinal lesions (Fletcher et al., 2005).  
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Socioeconomic opportunity also impacts functioning in SBM. For example, children 

with SBM and lower socioeconomic status (SES) have slower rates of cognitive and 

language growth (Lomax-Bream, Barnes, Copeland, Taylor, & Landry, 2007). The impact 

of SES is broad, however; for example, children with and without SBM that have lower SES 

show lower verbal scores regardless of ethnicity (Swartwout, Garnaat, Myszka, Fletcher, & 

Dennis, 2010). Lower socioeconomic opportunity also raises risk for issues such as maternal 

diabetes and environmental toxins, which are in turn associated with increased risk of the 

development of spina bifida (Canfield et al., 2009; Padmanabhan, 2006). 

CNS abnormalities in SBM. The most characteristic abnormality is the Chiari II 

malformation, which occurs as a result of a smaller posterior fossa that is also distorted in 

appearance (Barkovich, 2005; McLone & Dias, 2003). Hydrocephalus (Del Bigio, 2004) and 

difficulties due to shunt malfunction and revision are also common in SBM. Volumetric 

changes in the cerebellum have been noted (Dennis et al., 2004; Salman, Blaser, Sharpe, & 

Dennis, 2006), including both increases and reductions in gray matter depending on region 

relative to controls (Juranek, Dennis, Cirino, El-Messidi, & Fletcher, 2010). Callosal 

abnormalities including agenesis or hypoplasia (thinning) are common in children with SBM 

as a result of hydrocephalus (Fletcher et al., 1996; Hannay, 2000); a recent study of 193 

children with SBM found that only 4.1% of the children had a normal corpus callosum 

(Hannay, Dennis, Kramer, Blaser, & Fletcher, 2009). Most areas of the corpus callosum are 

affected, particularly rostral, posterior, and splenial portions (Barkovich, 2005; Hannay et 

al., 2009).  

Children with SBM have a reduction in total cerebral white matter relative to 

controls, but without a difference in total cerebral gray matter (Juranek et al., 2008). In 
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addition to overall volumes, thinning of the posterior cortex has been noted (Dennis et al., 

1981; Juranek et al., 2008; Juranek & Salman, 2010), first discovered using 

pneumoencephalography and computed tomography scans and more recently with surface-

based analyses from MRI scans. However, contrary to normal development, an increase in 

frontal cortical thickness is reported children with SBM (Juranek et al., 2008; Juranek & 

Salman, 2010).    

Cognitive and behavioral deficits in SBM. At a broad level, children with SBM 

have higher verbal abilities (Verbal IQ) than perceptual and motor skills (Performance IQ) 

(Dennis et al., 1981; Fletcher et al., 1992, 1996; Wills, 1993). Features of a nonverbal 

learning disability, which is broadly characterized by poor visual-perceptual-organizational, 

psychomotor coordination, and tactile-perception skills (Harnadek & Rourke, 1994), are also 

common in children with SBM (Yeates, Loss, Colvin, & Enrile, 2003). While the above 

pattern may be heuristically useful, it is likely an overgeneralization and may mask more 

subtle distinctions relevant for understanding brain behavior relationships in SBM. 

A more specific model has been proposed by Dennis et al. (2006) and is discussed 

further in Dennis and Barnes (2010). In brief, this model suggests that the pattern of primary 

and secondary CNS insults noted above cause three core cognitive and behavioral deficits 

in: (a) movement (Colvin, Yeates, Enrile, & Coury, 2003; Dennis et al., 2004; Dennis, 

Fletcher, Rogers, Hetherington, & Francis, 2002; Edelstein et al. 2004; Hetherington & 

Dennis, 1999; Salman et al., 2005); (b) timing (Dennis & Barnes, 2010; Fletcher et al. 

1996); and (c) attention orienting (Burmeister et al., 2005; Dennis et al., 2005a, 2005b). The 

modal pattern of cognitive functioning for individuals with SBM involves strengths in 

associative processing (the ability to activate or categorize information) and weaknesses in 
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assembled processing (the ability to assemble and integrate information). These strengths 

and weaknesses cut across broad cognitive functions and conversely can also manifest 

within a given traditional domain. For example, functions that rely on associative processing 

include motor adaptation, implicit memory, language stipulation, reading decoding, exact 

calculations, and behavior activation and are often intact in SBM. Assembled processing is 

utilized in online control (Brewer, Fletcher, Hiscock, & Davidson, 2001; Fletcher et al., 

1996), perceptual relations, explicit memory (Scott et al., 1998; Yeates, Enrile, Loss, 

Blumenstein, & Delis, 1995), language construction (Barnes & Dennis, 1998; Dennis, 

Jacennik, & Barnes, 1994), reading comprehension (Barnes & Dennis, 1998; Barnes, 

Faulkner, & Dennis, 2001), math algorithms (Barnes et al., 2006), and behavior regulation, 

all of which may be impaired in SBM. This modal cognitive pattern increases in flatness in 

the context of adverse environmental factors and severity of CNS insults. The goal of the 

present study is to evaluate visual perceptual skill within the framework set forth by Dennis 

et al. (2006); specifically, categorical visual processing would be considered an associative 

skill, and coordinate visual processing would be considered an assembled skill. 

Visual perceptual processes. Visual perception is an important process used from a 

very early age to learn and organize our surroundings. Additionally, it is helpful in 

distinguishing objects from one another and informing visually guided movements such as 

pointing, grabbing objects, and driving (Kosslyn, Chabris, Marsolek, & Koenig, 1992). 

Visual perception and visuospatial abilities are also involved in the development of basic 

numerical skills (Geary, 1993; Lonnemann, Krinzinger, Knops, & Willmes, 2008). For the 

current study, the term visual perception will be operationalized as identifying and 

discriminating visuospatial distances between objects.  



VISUAL PERCEPTION IN CHILDREN WITH SPINA BIFIDA 5 
 

A common way that cognitive neuroscientists conceptualize these functions is by 

how they are organized or represented in neural structure. In this regard, there appears to be 

both a ventral and a dorsal visual pathway; both of these pathways begin in the striate but 

terminate in the inferior temporal cortex and the posterior parietal cortex, respectively 

(Carlson, 2010). Functions such as visual memory, object recognition, face recognition, and 

form perception are maintained by the ventral visual pathway. Conversely, functions 

including spatial attention, visuomotor integration, mental rotation, and motion perception 

utilize the dorsal visual pathway (Creem & Proffitt, 2001; Klaver, Marcar, & Martin, 2011). 

This approach to categorizing visual perceptual functions is common and useful, though is 

not the only method to consider ways in which visual perceptual function associates with 

brain structure (or function). For example, a hemispheric approach has also been taken to 

conceptualize how visual perceptual functions are represented in the brain. Under either 

approach, it is often difficult to assign commonly used clinical tasks exclusively to one 

pathway (dorsal vs. ventral) or one hemisphere (right vs. left).  

Within the neuropsychological literature, a large number of tasks have been used to 

assess visual perception. While such measures of visual perception are informative 

clinically, their specific relationship to hemispheric specialization (or to “dorsal” versus 

“ventral” specialization) in visual perception is not always clear. Alternative measures, 

which are designed specifically to discriminate between different visual perceptual functions 

in visual perception, can be helpful in this regard. This is particularly relevant in populations 

whose pattern of neurodevelopment may affect certain areas of visual perception relative to 

others. Therefore, the present study takes a more experimental approach toward the 

assessment of visual perception.  
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Categorical/coordinate visual perception task. The Categorical-Coordinate task (as 

used in Hellige & Michimata, 1989) was developed under the hypothesis set forth by 

Kosslyn (1987) that categorization is more closely associated with the left hemisphere, and 

metric or coordinate processing is associated with the right hemisphere. This hypothesis has 

been supported through several studies (Amorapanth, Widick, & Chatterjee, 2010; Baciu et 

al., 1999; Hellige & Michimata, 1989; Kosslyn et al., 1989; Laeng, 1994; Trojano et al., 

2002), and this hemispheric specialization has even been found in children as young as five 

years of age (Koenig, Reiss, & Kosslyn, 1990).  

Categorical visual perception requires the creation of classifications for spatial 

relations such as up/down or left/right, and is important for accurately localizing objects in 

various spatial classifications. Categorical visual perception may also be associated with the 

ventral visual pathway and neurons with small non-overlapping receptive fields (Haxby et 

al., 1991; Kosslyn et al., 1992). Functional imaging studies find the categorical task to be 

related to activity in the left angular gyrus (Baciu et al., 1999), the left superior parietal 

lobule (Trojano et al., 2002), the left inferior frontal gyrus, left supramarginal gyrus, left 

angular gyrus, and superior temporal gyrus (Amorapanth et al., 2010). 

 On the other hand, coordinate visual perception involves discriminating specific 

distances between objects, allowing individuals to navigate properly and accurately reach 

for various items. The posterior parietal lobes are particularly involved in coordinate visual 

perception (Kosslyn, Thompson, Gitelman, & Alpert, 1998; Laeng, 1994) including the 

dorsal visual pathway and neurons with large overlapping receptive fields (Haxby et al., 

1991; Kosslyn et al., 1992). Functional imaging studies suggest a relation between 

coordinate visual perception and activity in the right superior parietal lobe (Kosslyn et al., 
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1998; Trojano et al., 2002), as well as the right superior temporal gyrus, right supramarginal 

gyrus, right angular gyrus, and right middle temporal gyrus (Amorapanth et al., 2010; Baciu 

et al., 1999).  

Advantages of structural indices. While the studies reviewed above focus on brain 

activation during visual perception tasks, future research may benefit from structural indices 

of brain integrity to more comprehensively address the role of specific regions of interest. 

Key structural indices worth investigating include gray matter and white matter volume, as 

well as cortical thickness which represents the average shortest distance between the pial 

surface and the white matter boundary. These indices are particularly important to 

investigate in the context on SBM. Cortical thickness is a variable of interest due to past 

research indicating a thinning of the posterior cortex (Dennis et al., 1981; Juranek et al., 

2008; Juranek & Salman, 2010) and the association of thinning to visual perception (Dennis 

et al., 1981; Fletcher et al., 1996; Lehmann et al., 2011). Gray matter volume is less likely to 

be reduced in SBM relative to controls at an overall level (Juranek et al., 2008), but may 

show more specific changes. Thus replication in this population would help to support the 

existing literature by focusing on specific regions of interest. White matter volume, on the 

other hand, is particularly vulnerable in children with SBM. Specifically, white matter 

changes are common in hydrocephalus, with periventricular white matter experiencing the 

majority of damage from enlarged ventricles (Del Bigio, 2010; Del Bigio, Wilson, & Enno, 

2003), which also stretches the corpus callosum and can lead to atrophy (Del Bigio, 2004). 

In addition, white matter changes have been associated with visual perceptual difficulties 

(Hoeft et al., 2007; Holzapfel, Barnea-Goraly, Eckert, Kessler, & Reiss, 2006) and 

nonverbal learning disabilities (Rourke, 1995). Together, these three structural indices can 
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provide a comprehensive structural look at a particular region of interest. Based on 

activation studies, relationships to the categorical-coordinate task would be expected in 

specific areas including the angular gyrus, superior parietal lobule, and middle temporal 

gyrus. However, there are no known studies to investigate these relationships in children 

with SBM, who have characteristic patterns of both cognitive function and brain structure. 

Visual perception performance in SBM. Children with SBM have weaknesses 

relative to controls on tasks of visual-motor integration, drawing, spatial learning, and 

visuospatial ability (Andersson et al., 2006; Dennis et al., 2002; Jansen-Osmann, 

Wiedenbauer, & Heil, 2008; Sandler, Macias, & Brown, 1993; Wiedenbauer & Jansen-

Osmann, 2006; Wills, Holmbeck, Dillon, & McLone, 1990). However, many of these 

studies used clinical tasks and had small sample sizes that are worth expanding. Relevant to 

the present study, Dennis et al. (2002) found that relative to their own performance, children 

with SBM have better performance on object-based visual perception tasks, such as object 

and face recognition, relative to action-based visual perception tasks, such as figure-ground 

perception, visual navigation, and tracking to moving objects. In this regard, both the 

categorical and coordinate tasks can be construed as object-based assessments, in that they 

both involve detecting spatial relations relative to an object independent from the viewer. 

Structural correlates of SBM relevant to visual perception. The previously 

mentioned thinning of the posterior cortex seen in children with SBM has been suggested to 

impact visual perception (Dennis et al., 1981; Fletcher et al., 1996), though no known study 

has directly related structural brain indices to behavioral visual perceptual performance in 

SBM. Dennis et al. (2002) investigated visual perception behavior in SBM thoroughly; 

however, no brain variables were examined. Previous research has also related IQ to 
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neurological variables of interest such as hydrocephalus, shunt treatment, and the pattern of 

cortical thinning (Dennis et al., 1981). Additionally, Fletcher et al. (1996) examined the 

corpus callosum/whole brain ratio, lateral ventricle/hemisphere ratio, and internal 

capsule/hemisphere ratio to several verbal, nonverbal, motor, and executive functions. 

Therefore the present study aims to fill this gap in the research by directly relating visual 

perception to structural brain indices.  

Evidence for the impact of cortical thinning on visual perception has been observed 

in research with adults with Posterior Cortical Atrophy (PCA), which is marked by a 

progressive and selective decline in visual processing and is associated with tissue loss in 

the parietal, occipital, and temporal-occipital cortical regions (Benson, Davis, & Snyder, 

1988). An analysis conducted by Lehmann et al. (2011) found that the thinning that occurs 

in the occipital and superior parietal regions is associated with observed space perception 

deficits, while thinning in the inferior temporal regions is associated with impairments in 

object perception. Taken together, these findings exemplify the relationships among visual 

perceptual and spatial difficulties and posterior cortex. They also highlight the vulnerable 

nature of the posterior cortex in SBM and the need to further understand visual perceptual 

function in this population.  

Hannay (2000) proposed that visual motor integration may be negatively impacted 

by agenesis and hypoplasia of the corpus callosum in SBM. This is relevant in that many 

children with SBM have agenesis or hypoplasia of the corpus callosum (Fletcher et al., 

1996; Hannay, 2000), with particular abnormalities in the splenium and posterior body 

(Barkovich, 2005; Hannay et al., 2009). Given that the inferior temporal lobe and posterior 

parietal lobe are highly involved during visual perception, and fibers from one hemisphere 



VISUAL PERCEPTION IN CHILDREN WITH SPINA BIFIDA 10 
 

to its homologous representation contralaterally pass through the splenium and posterior 

body (Hofer & Frahm, 2006), this hypothesis is plausible, but has not been directly 

evaluated with regard to visual perception in children with SBM.  

Other factors relevant to visual perception in SBM. Hydrocephalus has been 

implicated because the lateral ventricles are in close proximity to the posterior visual 

pathways (Andersson et al., 2006; Fletcher et al., 1992). Therefore it is necessary to consider 

the impact of hydrocephalus when investigating visual perception performance in SBM. 

Researchers have also investigated the impact of cognitive and behavioral variables (such as 

those considered to be core deficits in SBM) on tasks involving visual perception. For 

example, motor functioning is a core deficit proposed in the Dennis et al. (2006) model, but 

studies have indicated that children with SBM had difficulty on visual tasks that require 

substantial motor control (e.g., Beery Visual-Motor Integration), but also on visual tasks that 

do not (e.g., Recognition-Discrimination Test and Judgment of Line Orientation Test) 

(Fletcher et al., 1992). To the extent that the categorical and coordinate visual perception 

task requires more elemental processes, it is important to understand the impact of such 

components, including basic motor speed as well as basic response time.  

The present study. Evaluation of visual perception in SBM can be expected to 

extend existing literature in several ways. First, utilizing the framework proposed by Dennis 

et al. (2006) allows for a direct test of its impact on visual perceptual skills by dissociating 

assembled and associative components within a single task. Second, the framework more 

broadly can provide a template for examining other potential dichotomies within traditional 

cognitive domains. Third, understanding visual perception within SBM in this manner also 

allows for comparison to other neurodevelopmental populations with significant visual 
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perceptual difficulties (e.g., Williams Syndrome; Wang, Doherty, Rourke, & Bellugi, 1995). 

Fourth, the current research is designed to investigate the impact of cortical thinning on 

visual perception in SBM, which will also allow us to gain a better understanding as to the 

pattern of thinning in SBM. Previous research has demonstrated that cortical thinning occurs 

in the posterior brain regions (Juranek et al., 2008); however, to date no study has informed 

us as to the specific structures that experience cortical thinning in SBM or the lateralization 

of cortical thinning, all while utilizing large sample sizes. Lastly, understanding visual 

perception within SBM can be directly relevant for daily functioning of children with SBM. 

Impaired visual perception has implications for any task that uses spatial distances to guide 

actions such as driving, using hazardous objects (e.g., knives), reaching for objects, 

mathematical performance, and recreational activities. Thorough understanding of visual 

perception in children and its neural and cognitive concomitants can reveal mechanisms 

about how they interact, which might in turn inform interventions and accommodations that 

in turn will help to enhance the quality and safety of these children’s lives.  

Hypotheses. Based on the previous review, a number of hypotheses were generated 

regarding visual perception in SBM. Hypotheses 1 and 2 concern group differences between 

typically developing children and those with SBM, whereas Hypotheses 3 and 4 concern 

differences and relationships within children with SBM. Specifically: 

1. There will be a behavioral difference between groups such that children with 

SBM will perform below the level of controls on visual perception tasks, 

consistent with previous work (Dennis et al., 2002; Sandler et al., 1993; Wills et 

al., 1990). However, within the group of children with SBM, performance is 
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expected to be better on the categorical visual perception task than the coordinate 

visual perception task. In other words, a group by task interaction is expected. 

2. Compared to controls, children with SBM are hypothesized to show changes in 

cortical thickness, gray matter volume, and white matter volume in several 

specific posterior regions of interest including: inferior parietal cortex, the 

superior parietal cortex, and superior and middle temporal gyri, as evidenced by 

previous studies which found these areas to be involved in categorical and/or 

coordinate visual perception. There is a hemispheric specialization for all regions 

of interest, such that left cortical areas are correlated with categorical 

performance and right cortical areas are correlated with coordinate performance 

(Amorapanth et al., 2010; Baciu et al., 1999; Hellige & Michimata, 1989; 

Kosslyn et al., 1989; Trojano et al., 2002). Taken together, it is anticipated that 

children with SBM will show cortical changes in both the left and right cortical 

regions of interest compared to controls. Callosal differences between children 

with SBM and controls are well-established, so although we expect more 

abnormalities in the former group, these are not explicitly hypothesized. 

3. Children with SBM will be divided into groups based on the qualitative severity 

of hypoplasia in the splenium and posterior body. Given that fibers involved in 

visual perception travel through the splenium and posterior body of the corpus 

callosum, which are particularly abnormal in SBM (Barkovich, 2005; Hannay et 

al., 2009), it is hypothesized that children with SBM with more severe hypoplasia 

will perform worse on both categorical and coordinate visual perception tasks 

than those with less severe hypoplasia. This hypothesis will also be evaluated 



VISUAL PERCEPTION IN CHILDREN WITH SPINA BIFIDA 13 
 

quantitatively; specifically, volumes of the posterior body and splenium will be 

correlated with visual perception performance in SBM, and volumes of more 

anterior portions of the corpus callosum will not. 

4. Previous studies have suggested a relation between decreased visual perception 

and cortical thinning in the posterior cortex in children with SBM (Dennis et al., 

1981; Fletcher et al., 1996), as well as hemispheric specialization of the 

categorical (left) and coordinate (right) task (Amorapanth et al., 2010; Baciu et 

al., 1999; Trojano et al., 2002). Therefore, we expect that performance on 

categorical visual perception in children with SBM will be correlated with 

posterior cortical changes (in cortical thickness, gray matter volume, white 

matter volumes) in the regions of interest in the left hemisphere, whereas 

coordinate visual perception will be correlated with cortical changes in the 

regions of interest in the right hemisphere. 

For between-group Hypotheses (1 and 2), we consider important demographic and 

medical covariates when examining performance specific to children with SBM in order to 

further understand the factors and mechanisms of visual perception. For example, given that 

lower SES has been associated with lower rates of cognitive and language growth, as well as 

lower verbal performance (Lomax-Bream et al., 2007; Swartwout et al., 2010), SES will 

likely be correlated with visual perception performance. Age will also be considered as a 

covariate due to its influence on brain development. Previous literature has indicated that 

cortical thickness and gray matter volume decrease with age (Sowell et al., 2004), while 

white matter volume increases (Paus et al., 2001; Wilke, Krägeloh-Mann, & Holland, 2007). 

Additional factors include simple reaction time and manual dexterity, which further help 



VISUAL PERCEPTION IN CHILDREN WITH SPINA BIFIDA 14 
 

elucidate the specific differences between groups on visual perception. For Hypotheses 

considering only children with SBM (3 and 4), lesion level will also be considered as a 

covariate since upper level lesions are usually associated with more significant cognitive 

difficulties (Fletcher et al., 2005). On the other hand, simple reaction time and manual 

dexterity are more relevant to analyses that involve the visual perceptual task (Hypotheses 1, 

3, and 4), rather than those that focus on structural differences (Hypothesis 2). Lastly, 

although the present study does not have any specific hypotheses regarding the relationship 

between cortical changes and callosal abnormalities, the interaction of these variables will 

be included in the analyses to determine whether these factors operate independently or 

synergistically in their impact on visual perception performance. In all, we expect that the 

combination of medical, environmental, imaging, and basic cognitive processing variables 

will substantially explain variability in visual perceptual task performance in children with 

SBM. 

Methods 

Participants. The sample was comprised of 81 children with SBM and 28 controls 

(mean age = 13.16, SD = 2.81), ranging in age from 7.87 to 17.99 years. This subset of 

participants came from a larger sample that was recruited from clinics in Houston and 

Toronto and consisted of those who had completed the Categorical/Coordinate visual 

perception task. English was the primary language of all participants. All of the participants 

in the SBM group were diagnosed with spina bifida myelomeningocele at birth and had 

shunt-treated hydrocephalus. Participants in the control group were age-matched to the SBM 

group. Exclusion criteria for controls included diagnosed learning disabilities, psychiatric 

disorders, or central nervous system disorders. Additionally, participants were excluded for 
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having IQ scores below 70 on the Verbal Reasoning and the Abstract/Visual Reasoning of 

the Stanford-Binet Test of Intelligence (Thorndike, Hagen, & Sattler, 1986) or Verbal 

Reasoning scores above 120. Informed consent to participate was obtained from the 

guardians of all participants in accordance with the ethics board. Participants were given the 

following measures as part of a larger battery aimed to determine variability in functional 

deficits of individuals with SBM. Of the participants that completed the visual perception 

task, 60 children with SBM and 22 controls received an MRI. The cortical thickness, gray 

matter volume, white matter volume, and corpus callosum volume data was available for 55 

children with SBM and 19 controls. Table 1 provides additional information regarding 

demographics, and Table 2 details SBM characteristics. 

Measures. In the Categorical/Coordinate visual perception task, children were 

instructed to pretend that they were an umpire in baseball game. For the categorical task, 

participants indicated by button press whether the “ball” (a dot) fell above or below the 

“bat” (a line) by using the left blue button for above and the right red button for below. In 

the (precise) coordinate task, participants determined via button press whether the ball was 

closer or further than 3mm than the bat by using the left blue button for farther and the right 

red button for closer. For both conditions, the children were given practice trials and then 

proceed to complete four blocks of 48 trials. Before each trial, a signal (a six-pointed star) 

appeared for 400 ms, followed by a blank screen for 500 ms. Then a fixation point appeared 

for 400 ms immediately after which the baseball appeared in one of 12 possible locations for 

150 ms. The primary variables of interest are accuracy and reaction time. Variations of this 

task have been used in previous research as an assessment of visual perception (Hellige & 

Michimata, 1989; Koenig et al.,1990; Kosslyn et al., 1992, 1998), and the current version is 
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most similar to that of Koenig et al. (1990). The conditions described previously (categorical 

and coordinate) were two of 4 possible tasks the participants completed. The other two 

(structured and unstructured) were not used so as to keep the task as similar to previous 

studies as possible. In both of these alternative tasks, the participant was to indicate whether 

the ball was “in” or “out” based on a previously shown distance, but was not given a specific 

unit of measurement with which to make this decision as in the precise coordinate task. In 

the structured condition, there was a yellow color gradient displayed above and below the 

line.  

Simple reaction time was assessed by asking participants to press a button using their 

preferred hand any time a downward pointing arrow appeared in the center of the screen. 

Time between the stimuli randomly varied over the trials. The primary variable of interest is 

average reaction time measured in milliseconds. 

The Purdue Pegboard Test is a measure of manual dexterity (Purdue Research 

Foundation, 1948). During this task, participants are asked to place pegs in holes first using 

their preferred hand, then their other hand, and lastly both hands simultaneously. Each 

condition lasts 30 seconds. The reliability ranges from <.60 to .79 for single-trial 

administrations, but is >.80 for three-trial administration (Buddenberg & Davis, 2000), 

potentially as a result of practice effects. It has been shown to relate to psychomotor 

functions and thus will be used to assess the core deficit of movement. The primary variable 

of interest is the z-score obtained for both hands. Since 32% of the children with SBM were 

not right handed, this variable was chosen to eliminate the issue of handedness.  

SES was determined using the Hollingshead 4-Factor Scale (Hollingshead, 1975). To 

determine SES, parent education and occupation status was obtained via self-report for each 
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parent and were then weighted to obtain one score (8-66), with higher score designating 

higher SES. A composite score was then calculated to determine SES based of the reports of 

both parents. For participants with only a single parent, the weighted score for the parent 

was used. 

Qualitative evaluation of the corpus callosum was done by a radiologist with 

expertise with SBM. If a corpus callosum was identified as abnormal, the expert then 

indicated for the rostrum, genu, body, and splenium whether it was present, absent, or 

hypoplastic. If any of these areas were hypoplastic, severity (mild, moderate, or severe) was 

then recorded. Quantitative assessment of corpus callosum volume is described below. 

Imaging acquisition. A Philips 3T scanner with SENSE (Sensitivity Encoding) 

technology was used to obtain high-resolution brain MR images obtained in the coronal 

plane. In order to cover the whole brain, a three-dimensional T1-weighted sequence was 

implemented, following a standard scout sequence. This particular T1 image was chosen for 

its contrast between gray matter and white matter, which is optimal when examining cortical 

thickness, The following lists the T1-weighted 3D turbo fast echo sequence acquisition 

parameters: TR/TE=6.5–6.7/3.04–3.14ms; flip angle=8°; square field-of-view=24cm; 

matrix=256×256; slice thickness =1.5mm; in-plane pixel dimensions (x,y)=0.94, 0.94; 

number of excitations (NEX)=2. 

Imaging analyses. All analyses conducted were blind to age, gender, and diagnosis. 

Before completing morphometric analyses, image quality of the T1-weighted images was 

assessed. Freesurfer v4.0.5 software (www.surfer.nmr.mgh.harvard.edu) was utilized on a 

64-bit Linux computer, to complete a fully-automated program which skull-stripped 

(removed any non-brain tissue) and divided each brain into 3 categories of voxels: white 
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matter, gray matter, and CSF (Dale, Fischl, & Sereno, 1999; Dale & Sereno, 1993). To 

determine these three types of voxels the program first used intensity values (i.e., the 

brightness of each voxel), followed by probabilistic information for where each type of 

nuclei should be located. Using Freesurfer’s Tkmedit viewer, the accuracy of the voxel 

categories was visually examined. Occasionally the computer program cannot pick up subtle 

differences in voxel categories that the human eye can. Thus some manual edits were made 

by an expert (JJ) to accurately outline the segmentation boundaries. This was to ensure that 

difficult boundaries to determine (e.g., deep gray matter, hippocampus, and amygdala) were 

appropriately outlined using the expert’s knowledge of brain anatomy. Again using 

Freesurfer, an automated cortical reconstruction technique was performed to create a 

geometric description of the gray matter, white matter, and CSF boundaries of the 

neocortical mantle (i.e., neocortex). The geometric description was comprised of a regular 

tessellation (a pattern of identical shapes) of the cortical surface consisting of ~150,000 

equilateral triangles (known as vertices) in each hemisphere. This process allows us to 

obtain sub-millimeter resolution for the cortical thickness values as opposed to a 1mm 

resolution. Values of cortical thickness were obtained within Freesurfer on a vertex-by-

vertex basis by calculating the average shortest distance between the pial surface and the 

white matter boundary (Fischl & Dale, 2000). 

 Within each hemisphere, 32 cortical parcellations (sections) of the neocortex were 

automatically identified and labeled using the Desikan atlas of gyral-based definitions 

included within Freesurfer’s automatic cortical parcellation procedure (Desikan et al., 2006). 

Three morphometric variables (cortical thickness, neocortical volume, and surface area) 

were examined in each parcellation unit. Each variable was averaged across all vertices 
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within each parcellation for each subject, which produced three separate matrices of 32 

average measurements per hemisphere per subject per morphometric variable. For the 

current study, the focus is on cortical thickness, gray matter volume, and white matter 

volume for regions of interest that were selected based on the hypotheses and metrics 

available. For gray and white matter volume, uncorrected values refer to the raw measures 

without considering the volume of the rest of the brain. Corrected values are the raw 

measures divided by the whole brain volume (not including the ventricles). The present 

study will focus on uncorrected values in an attempt to reveal more noticeable group 

differences; however, corrected values will also be explored in order to determine the 

robustness of the results. This process of reporting both uncorrected and corrected gray and 

white matter volumes has been done in studies involving typically developing children, as 

well as children with developmental disorders (Sowell et al., 2003; Sparks et al., 2002; 

Wilke et al., 2007).  

 Analysis approach. The primary types of analyses utilized were forms of ANOVA. 

Assumptions of ANOVA (independence of cases, normal distribution, and homogeneity of 

variance) were tested and necessary adjustments for violations to these assumptions were 

made. One individual’s Purdue Pegboard score (outlier), four individuals’ visual perception 

scores (reliability), and one individual’s simple reaction time (reliability) were not included 

for analyses in which those variables were utilized. 

 Covariates considered included age, SES, manual dexterity, simple reaction time, 

and lesion level. A covariate was included if there was a significant correlation between the 

variable and the visual perception outcome measures for both groups together or for SBM 

only. The model first included group as the independent variable, the covariates, and the 



VISUAL PERCEPTION IN CHILDREN WITH SPINA BIFIDA 20 
 

interaction between group and each of the covariates. If an interaction term was not 

significant, it was excluded from the model. Then, the model was run again using just group 

and the covariates. Any covariates that were not significant were then excluded from the 

model. Lastly, lesion level was included by dividing the participants into upper versus lower 

lesion, resulting in three-group analyses. It should be noted that manual dexterity and simple 

reaction time were not covariates of interest for Hypothesis 2 and thus were not considered. 

Additionally, SES was not correlated to white matter volume of the corpus callosum or 

imaging variables (cortical thickness, gray matter volume, and white matter volume) for 

children with SBM. Thus, SES was excluded from analyses for Hypotheses 3 and 4. 

 Some of the later analyses (Hypotheses 3 and 4, and follow-up) have a smaller 

sample size which increases the chance of Type 1 error. However, due to the uniqueness of 

these analyses within SBM, they remain of importance to investigate. Further, Cohen’s d 

effect sizes (the difference between the group means divided by the pooled standard 

deviation) for the following analyses are included in Tables 1, 3 and 4. 

Results 

Hypothesis 1. Repeated measures AN(C)OVA was used to determine differences 

between children with SBM and controls on the categorical and coordinate visual perception 

tasks. Group was the between-subjects factor, and task was the within-subjects factor. Table 

3 displays the means and standard deviations between the groups for visual perception 

performance.  

Accuracy. The interaction between type of task and group was not significant, 

indicating that group differences on visual perception accuracy did not vary according to 

task type, F(1, 107) = 2.54, p = 0.11. There was however a significant effect for group, F(1, 
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107) = 11.10, p = 0.001, such that children with SBM performed below the level of controls 

across tasks. There was also a significant difference between performance on the two tasks, 

F(1, 107) = 103.78, p < 0.0001, such that across groups, performance was poorer on the 

coordinate relative to the categorical task. 

Once age and manual dexterity were added as covariates, there was no longer a 

significant group, F(1, 100) = 0.13, p = 0.72, or task, F(1, 100) = 0.29, p = 0.59 effect. 

When lesion level was also included, there was no change from the model with covariates. 

These results indicate that age, F(1, 100) = 41.46, p < 0.0001, and manual dexterity, F(1, 

100) = 9.96, p = 0.002, were particularly relevant for differences between groups. 

Reaction time. The interaction between type of task and group was significant, F(1, 

107) = 12.55, p = 0.0006, such that controls were significantly slower on the coordinate task 

compared to children with SBM, but there were no group differences on the categorical task 

(see Figure 1). There was also a significant effect for task, F(1, 107) = 16.68, p  < 0.0001, 

with children in both groups having slower reaction times on the coordinate task relative to 

the coordinate. Given the pattern of the interaction, it is not surprising that there was no 

significant difference between groups for visual perception reaction time, F(1, 107) = 0.61, p 

= 0.44.  

Once age and reaction time were added as covariates, there was still a significant 

interaction between group and task, F(1, 104) = 10.88, p = 0.001, such that controls were 

significantly slower on the coordinate task compared to children with SBM, but there were 

no group differences on the categorical task.. However, there was no longer a significant 

task effect, F(1, 104) = 0.22, p = 0.64. These results indicate that age, F(1, 104) = 6.40, p = 

0.01 and reaction time, F(1, 104) = 5.30, p = 0.02, were particularly relevant for differences 
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between tasks. When lesion level was also included, there was no change from the model 

with covariates, but the interaction was slightly altered, F(2, 103) = 8.85, p = 0.0003. On the 

categorical task, there were no significant differences between any of the groups.  On the 

coordinate task, SBM children with upper lesions were faster than SBM children with lower 

lesions, who in turn were faster than controls. Significant differences occurred between the 

controls and SBM children with upper lesions, as well as controls and SBM children with 

lower lesions. 

Hypothesis 2. Repeated measures AN(C)OVA was used to analyze the differences 

in cortical thickness and uncorrected gray matter and white matter volumes between groups. 

The four primary regions of interest corresponded with Desikan et al. (2006) labels: inferior 

parietal cortex (IPC), superior parietal cortex (SPC), middle temporal gyrus (MTG), and 

superior temporal gyrus (STG). Across areas (4 levels: IPC, SPC, MTG, STG), hemispheres 

(2 levels: left, right), metric (3 levels: cortical thickness, gray matter volume, white matter 

volume), and group (2 levels: SBM and control), the overall 4-way interaction was 

significant, F(6, 426) = 4.28, p = 0.0003. Follow up analyses within metric yielded 

significant 3-way interactions of area, hemisphere, and group for cortical thickness, F(3, 

213) = 6.23, p = 0.0004, gray matter volume, F(3, 213) = 4.73, p = 0.003, and white matter 

volume, F(3, 213) = 3.95, p = 0.009. Therefore, follow up analyses focused within both 

metric and area, which still allowed for the evaluation of group by hemisphere effects, 

which were of primary interest. 

 Cortical thickness. Means by group and hemisphere appear in Table 4 and Figure 2. 

For both MTG and STG, there were significant group by hemisphere interactions (MTG, 

F(1, 71) = 6.90, p =.01; STG, F(1, 71) = 18.46, p < 0.0001). For MTG, children with SBM 
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had less cortical thickness than controls on the right hemisphere and no difference on the left 

hemisphere. For STG, children with SBM had less cortical thickness than controls for both 

hemispheres, but the difference was greater on the right hemisphere than the left 

hemisphere. In addition, the overall group effect was significant for both STG, F(1, 71) = 

39.42, p < 0.0001, and MTG, F(1, 71) = 9.13, p = 0.004; the main effect of hemisphere was 

not significant for either of these regions. For IPC, there were no significant interactions of 

group by hemisphere, p > 0.05, but there were main effects for both hemisphere, F(1, 71) = 

5.24, p = 0.03, and group, F(1, 71) = 8.88, p = 0.004, with cortical thickness values greater 

on the left hemisphere and for controls. For SPC, there was no significant interaction of 

group by hemisphere, p > 0.05, and no effect for group, F(1, 71) = 1.89, p = 0.17, but there 

was a main effect for hemisphere, F(1, 71) = 4.54, p = 0.04, with cortical thickness values 

greater on the left hemisphere relative to the right. 

 Adding age and lesion level as covariates did not change the results for MTG and 

STG. For both IPC and SPC, when age was included into the model, there was no longer a 

significant hemisphere effect (IPC, F(1, 70) = 3.09, p = 0.08; SPC, F(1, 70) = 0.11, p = 

0.74). Furthermore, when lesion level was added to the model with age for IPC, a significant 

interaction between group and hemisphere appeared, F(2, 69) = 5.85, p = 0.005. For the left 

hemisphere, controls had significantly greater cortical thickness than SBM children with 

lower lesions. On the right hemisphere, controls had significantly greater cortical thickness 

than SBM children with lower lesions and controls had significantly greater cortical 

thickness than SBM children with upper lesions. 

 Gray matter volume. Means by group and hemisphere appear in Table 4 and Figure 

3. For STG, there was a significant group by hemisphere interaction, F(1, 71) = 17.32, p < 
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0.0001, in which children with SBM had less gray matter volume than controls for both 

hemispheres, but the difference was greater on the right hemisphere than the left 

hemisphere. Additionally, the overall group, F(1, 71) = 39.98, p < 0.0001, and hemisphere, 

F(1, 71) = 17.42, p < 0.0001, effects were significant, with higher values for controls and for 

the left hemisphere. For both IPC and MTG, there were no significant interactions of group 

by hemisphere, p > 0.05, but the main effects for both group (IPC, F(1, 72) = 43.30, p < 

0.0001; MTG, F(1, 71) = 16.40, p = 0.0001) and hemisphere (IPC, F(1, 72) = 68.57, p < 

0.0001; MTG, F(1, 71) = 7.75, p = 0.007) were significant; gray matter values were greater 

on the right hemisphere relative to the left, and for controls relative to SBM. For SPC, there 

were no effects for group, F(1, 72) = 0.00, p = 0.98, hemisphere, F(1, 72) = 0.03, p = 0.864, 

or their interaction, p > 0.05.  

 Adding age and lesion level as covariates did not change the results for IPC and 

SPC. For both MTG and STG, when age and SES were included into the model, there was 

no longer a significant hemisphere effect (MTG, F(1, 68) = 0.97, p = 0.33; STG, F(1, 68) = 

1.22, p = 0.27). When lesion level was also included, there was no change from the model 

with covariates. 

White matter volume. Means by group and hemisphere appear in Table 4 and Figure 

4. For STG, there was a significant group by hemisphere interaction, F(1, 71) = 14.94, p = 

0.0002, in which children with SBM had lower white matter volumes than controls for both 

hemispheres, but the difference was greater on the right hemisphere than the left 

hemisphere. Additionally, the overall group, F(1, 71) = 35.02, p < 0.0001, and hemisphere 

effects, F(1, 71) = 18.50, p < 0.0001, were significant, with higher volumes for controls, and 

for the left hemisphere. For both IPC and MTG, there were no significant interactions of 
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group by hemisphere, p > 0.05, but the main effects for both group (IPC, F(1, 72) = 37.37, p 

< 0.0001; MTG, F(1, 71) = 17.92, p < 0.0001) and hemisphere (IPC, F(1, 72) = 67.88, p < 

0.0001; MTG, F(1, 71) = 7.08, p = 0.01) were significant, with white matter values greater 

for the right hemisphere and for controls. For SPC, there were no effects for group, F(1, 72) 

= 2.12, p = 0.15, hemisphere, F(1, 72) = 0.02, p = 0.88, or their interaction, p > 0.05.  

 Adding age and lesion level as covariates did not change the results for IPC and 

SPC. For both MTG and STG, when age (and SES for STG) were included into the model, 

there was no longer a significant hemisphere effect (MTG, F(1, 70) = 2.71, p = 0.10; STG, F 

(1, 68) = 1.44, p = 0.23). When lesion level was also included, there was no change from the 

model with covariates. 

Summary. Overall, the IPC had a significant group and hemisphere effect across 

metrics. For group effects, controls had higher values than children with SBM for all 

metrics. For hemisphere effects, the right hemisphere values were greater for gray and white 

matter volume, whereas the left hemisphere values were greater for cortical thickness. The 

SPC only had a significant effect for hemisphere with cortical thickness, which was no 

longer significant when covariates were included. For the MTG, there was a significant 

interaction between group and hemisphere for cortical thickness. There was also a 

significant effect for hemisphere in gray and white matter volumes and a significant effect 

for group across metrics, such that the right hemisphere had greater values than the left 

hemisphere and controls had greater values than children with SBM. For the STG, the 

interaction between group and hemisphere and the effect for group were significant across 

metrics, such that controls had higher values than children with SBM. Additionally, the 

effect for hemisphere was significant for gray matter and white matter volumes, with higher 
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values on the left hemisphere than the right hemisphere. When corrected gray and white 

matter volumes were used, findings were largely consistent with those that were 

uncorrected; however, there was no longer an effect for group for gray matter MTG or white 

matter MTG, and group effect for white matter SPC was now significant.  

Hypothesis 3. Repeated measures ANOVA and correlations were obtained to 

determine the relationship between corpus callosum abnormalities and visual perception 

performance within children with SBM. Table 5 illustrates the varying numbers of children 

with SBM who had normal, hypoplastic (three severity levels), or dysgenic corpus callosum 

splenium or body. The pattern did not lend itself to group comparisons on these qualitative 

measures, so the following analyses only pertain to the correlations between white matter 

volume of the corpus callosum and visual perception performance. It should be noted that 

controls had higher values of white matter volume in all corpus callosum segments 

compared to children with SBM (all p < .05). There were no significant correlations between 

any of these segments and visual perceptual performance (See Table 6). When the covariates 

(age and manual dexterity) were added to the model, the correlation between categorical 

visual perception accuracy and central corpus callosum volume was significant, r = -0.34, p 

= 0.04. 

Hypothesis 4. Correlations between the metric by area by hemisphere values and the 

four visual perception variables were obtained for children with SBM. Then covariates (age, 

manual dexterity, and simple reaction time) were included, and Table 7 displays these partial 

correlations. Correlations of > 0.30 were considered most relevant, and are likely significant 

given the current sample size (Maxwell & Delaney, 2004).  
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Accuracy. For categorical visual perception accuracy, there was a positive 

correlation with right STG gray matter volume, r = 0.34, p = 0.03, and white matter volume, 

r = 0.31, p = 0.04, as well as a negative correlation with the left STG white matter volume, r 

= -0.30, p = 0.05. There were no significant correlations of coordinate visual perceptual 

accuracy in any region of interest for cortical thickness, gray matter volume, or white matter 

volume.  

When adding age and manual dexterity as covariates, only the left STG white matter 

volume relation remained in terms of size and direction, but the pattern was more complete 

in that there were three additional significant relations, including cortical thickness in the 

left IPC, r = 0.34, p = 0.04, gray matter volume in the left STG, r = -0.44, p = 0.01, and 

white matter volume in the right MTG, r = -0.38, p = 0.02. However, for coordinate visual 

perception accuracy, there were only two correlations that were close to significance when 

covariates were added. These included correlations with left MTG cortical thickness, r = 

0.32, p = 0.057, and the left IPC white matter volume, r = 0.30, p = 0.066.  

When corrected gray and white matter volumes were utilized, some changes were 

noted for categorical and coordinate accuracy. For categorical without covariates, there was 

no longer a significant correlation with white matter in the right STG, although the 

correlation was in the same direction. Additionally, there were new correlations with gray 

matter volume in the right MTG, r = -0.30, p = 0.05, and left STG, r = -0.34, p = 0.02, as 

well as white matter volume with the right MTG, r = -0.38, p = 0.01. When covariates were 

added, all correlations with categorical accuracy remained significant and were in the same 

direction as the uncorrected values. For coordinate without covariates, all correlations 

remained not significant. When covariates were added, there was a new correlation with 
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gray matter volume in the right MTG, r = -0.34, p = 0.04, and white matter volume in the 

right MTG, r = -0.33, p = 0.04, which were both in the same direction as the not significant 

correlations with the uncorrected values.  

Reaction time. For categorical visual perception reaction time, there was a positive 

correlation with cortical thickness in the left IPC, r = 0.42, p = 0.01, and the right MTG, r = 

0.3, p = 0.05. However, for coordinate visual perception reaction time, there were no 

significant correlations without the inclusion of covariates. When age and simple reaction 

time were added as covariates, categorical relations remained in terms of size and direction. 

For coordinate, one significant correlation was now present; specifically, with cortical 

thickness in the right MTG, r = 0.32, p = 0.04. When corrected gray and white matter 

volumes were utilized, there were no observed changes. 

Prediction of visual perception performance in SBM. In order to determine the 

relation between the corpus callosum white matter and other structural indices on visual 

perception performance, four different models were created for each visual perception 

variable. Predictors and covariates were chosen based on the findings from the previous 

hypotheses. First, the interactions between segments of the corpus callosum and other 

structural indices were investigated to determine if the factors operate independently or 

synergistically; however, none of these were significant. Thus, the following reports the 

final models with and without covariates. 

For categorical accuracy, the model including gray and white matter volume for the 

right and left STG, white matter volume for the right MTG, and white matter volume for the 

middle anterior, central, and middle posterior segments of the corpus callosum was 

significant, R
2
 = 0.35, F(8, 34) = 2.25, p =0.05, with no variables being uniquely predictive. 
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When age and manual dexterity were included, the model was also significant, R
2
 = 0.66, 

F(10, 28) = 5.33, p =0.0002, with age and manual dexterity being uniquely predictive. For 

coordinate accuracy, the variables in the model were cortical thickness for the left MTG, 

white matter volume for the left IPC, and the anterior segment of the corpus callosum; 

however, the model was not significant, R
2
 = 0.10, F(3, 39) = 1.37, p =0.2668. When age 

and manual dexterity were included, the model became significant, R
2
 = 0.48, F(5, 33) = 

6.07, p =0.0004, with age and manual dexterity being uniquely predictive.  

For categorical reaction time, the variables in the model included cortical thickness 

for the left IPC and right MTG and the anterior and middle anterior segments of the corpus 

callosum. The model was significant, R
2
 = 0.34, F(4, 38) = 4.90, p =0.003, with the corpus 

callosum segments being uniquely predictive. When age and simple reaction time were 

added, the model was also significant, R
2
 = 0.53, F(6, 36) = 6.84, p < 0.0001, with age, 

simple reaction time, cortical thickness of the right MTG, and the segments of the corpus 

callosum being uniquely predictive. For coordinate reaction time, the model consisting of 

cortical thickness for the right MTG and the middle anterior and posterior segments of the 

corpus callosum was not significant, R
2
 = 0.10, F(3, 39) = 1.43, p = 0.25. When age and 

simple reaction time were included, the model remained not significant, R
2
 = 0.15, F(5, 37) 

= 1.34, p = 0.27; however, cortical thickness of the right MTG was uniquely predictive. 

Discussion 

 The goal of the present study was to directly test the Dennis et al. (2006) model 

within a single domain and understand the impact of cortical changes on visual perception in 

children with SBM. This study was the first to date that directly evaluated visual perception 

in relation to imaging variables in children with SBM.  
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 Visual perception differences between groups. Hypothesis 1 was partially 

supported by the current findings. For accuracy, children with SBM did perform worse than 

controls, and their performance on coordinate visual perception was in fact poorer than their 

categorical visual perception performance. However, the controls also performed worse on 

the coordinate task than the categorical task, resulting in no significant interaction between 

task and group. These results are consistent with previous work in which children with SBM 

had poorer performance in assembled processing (Dennis et al., 2006; Dennis & Barnes, 

2010; Dennis et al., 2002). Additionally, past studies have found better performance on the 

categorical task than the coordinate task in typically developing children (Koenig et al., 

1990) and adult controls (Hellige & Michimata, 1989; Kosslyn et al., 1998; Michimata, 

Saneyoshi, Okubo, & Laeng, 2011). However, it should be noted that on the coordinate task, 

the accuracy of the SBM children was relatively close to 50%, which is of concern given 

that the task was forced choice. This could merely be the result of poorer performance on the 

part of the children with SBM, as evidenced by previous research which has found 

difficulties in assembled processing in SBM (Dennis & Barnes, 2010; Dennis et al., 2006). 

Additionally, the children with SBM may have had difficulty remembering which button to 

press since the buttons (spatially located on the left and right) were not intuitive for 

completing the task (left button is for “farther” and right button is for “closer”). Future 

research would benefit from investigating as to whether the coordinate accuracy of the 

children with SBM was due to chance or simply task difficulty. Furthermore, when age and 

manual dexterity were added as covariates, there was no longer a significant difference 

between the groups or between the tasks. This finding supports the Dennis et al. (2006) 
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model which indicates that core deficits (such as movement) moderate the impact of CNS 

abnormalities on cognitive performance. 

For reaction time, there was no difference between children with SBM and controls, 

but children of both groups responded more slowly on the coordinate visual perception task 

than the categorical task. There also was a significant interaction, albeit in the opposite 

direction than anticipated. Controls were faster on the categorical task and slower on the 

coordinate task when compared to children with SBM. Since both controls and children with 

SBM had poorer accuracy on the coordinate task than the categorical task, it could be argued 

that the coordinate task was more difficult. In that case, the controls may have been 

appropriately slowing down on the coordinate task to be more accurate, while children with 

SBM were not. Previous research has suggested that reaction times increase with task 

difficulty in typically developing populations, as evidenced in undergraduate students with 

varying levels of motivation (Capa, Audiffren, & Ragot, 2008) and young and older adults 

(McDowd & Craik, 1988). For the coordinate task, accuracy and reaction time were not 

significantly correlated for controls, r = 0.32, p = 0.1; however, they were correlated for 

children with SBM, r = 0.26, p = 0.02, indicating that for SBM, slower reaction times were 

associated with increased accuracy. This provides support for the notion that children with 

SBM’s significantly poorer accuracy than controls may be due to their significantly faster 

reaction time than controls. 

An explanation as to why the controls could be taking additional time is that they 

may be trying to remember the correct button to select for the task. Since the buttons 

(spatially located on the left and right) were not intuitive to completing the task (left button 

is for “farther” and right button is for “closer”), controls may have been taking a more 
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careful approach to remember the instructions. Again this is supported by previous research 

demonstrating slower reaction times during more difficult tasks (Capa et al., 2008; McDowd 

& Craik, 1988). Further research should be conducted using other cognitive tasks that 

require reaction speed to determine whether children with SBM in general do not adjust 

their speed for more difficult tasks. If this is the case, then interventions could be 

implemented to help children with SBM slow down during more difficult tasks to improve 

performance.  

Moreover, when lesion level was added to the model, the significant interaction was 

changed such that on the categorical task, controls were faster than SBM children with lower 

lesions, who in turn were faster than SBM children with upper lesions. On the coordinate 

task, SBM children with upper lesions were faster than SBM children with lower lesions, 

who in turn were faster than controls. In the previous interaction, children with SBM were 

faster on the coordinate task than controls. This could provide more support for the notion 

that controls appropriately slow down on a more difficult task. Alternatively, it could be that 

the task was challenging for those with upper level lesions and thus did not put in more 

effort, which would explain the close to chance accuracy. Either way, this provides support 

for previous literature that has found upper level lesions are associated with more difficulties 

than lower level lesions (Fletcher et al., 2005). 

Imaging differences between groups. Hypothesis 2 was supported for all regions of 

interest and all imaging variables (cortical thickness, gray matter volume, and white matter 

volume), with the exception of the SPC for gray matter and white matter volume. In the case 

of cortical thickness for the IPC and SPC and gray and white matter volume for the IPC and 

MTG, children with SBM followed same hemispheric pattern as controls, such that if 
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controls had greater values in one hemisphere than the other, children with SBM would also 

have greater values in that hemisphere but with significantly smaller values than the 

controls. These findings support previous studies which found or suggested posterior 

cortical changes in children with SBM (Dennis et al., 1989, Fletcher et al., 2006; Juranek et 

al., 2008; Juranek & Salman, 2010). 

However, for cortical thickness of the MTG and STG, in addition to the gray and 

white matter of the STG, children with SBM had lower values than controls, but did not 

follow the same hemispheric pattern as the controls. While the controls had greater values in 

the right hemisphere in these areas relative to the left hemisphere, the children with SBM 

had greater values in the left hemisphere in these areas relative to the right hemisphere. This 

finding tells us that these areas are particularly impacted areas in SBM. In a study conducted 

by Juranek et al. (2008), there were no differences regarding hemispheres when using broad 

uncorrected regions of interest (Frontal, Parietal, Temporal, Occipital, Cingulate), so the 

differences between hemispheres in children with SBM for the MTG and STG were 

unexpected. Thus while previous research indicated smaller values in these areas (except for 

the frontal) compared to controls (Juranek et al., 2008; Juranek & Salman, 2010), the current 

study provides an extension of information as to the pattern of cortical changes that occur in 

SBM with regards to differences between hemispheres, specifically in the MTG and STG. 

Further research with other regions of interest should be conducted in order to determine if 

there are other areas that exhibit this hemispheric differentiation in SBM.   

The relation between the corpus callosum and visual perception in SBM. 

Overall, Hypothesis 3 was not supported. For visual perception reaction time, there were no 

relationships found with white matter volume of the corpus callosum. For accuracy, there 
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was only one negative correlation with categorical accuracy and the central portion of the 

corpus callosum when covariates were included. This is in contrast with previous research. 

Fletcher et al. (1996) found a pattern of correlations between a corpus callosum/whole brain 

ratio and performance and nonverbal measures in children with shunted hydrocephalus. 

Moreover, previous research involving children born preterm has found significant 

correlations between white matter volume of the corpus callosum (corrected for total brain 

volume) with IQ, as well as several other neuropsychological measures (Narberhaus et al., 

2008; Peterson et al., 2000); however, it should be noted that these previous studies 

involving children with shunted hydrocephalus and children born preterm utilized broader 

measures than the present study. Additionally, in a study of healthy adult women, there was 

a positive correlation between the surface area of the splenium and only one of three 

visuospatial abilities, in addition to positive correlations between the isthmus and two of the 

three visuospatial abilities (Hines, Chiu, McAdams, Bentler, & Lipcamon, 1992). Thus, the 

neurodevelopmental population, age group, corpus callosum metric, and behavioral measure 

of interest are all potential factors for why there were no significant correlations between the 

corpus callosum and visual perception in the present study. Therefore it remains 

inconclusive as to whether white matter volume in different segments of the corpus callosum 

impacts visual perception in children with SBM to varying degrees. Future research should 

be conducted with adults, surface area of the corpus callosum, or other cognitive variables to 

better determine the relationship between the corpus callosum and behavior in SBM. 

The relation between imaging variables and visual perception in SBM. 

Hypothesis 4 was only marginally supported. Findings varied according to the type of visual 

perceptual task and dependent variable. 
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Categorical accuracy. One consistent pattern was a positive relation with the gray 

and white matter of the right STG and a negative correlation with the gray and white matter 

of the left STG. While this finding does provide support for the Dennis et al. (2006) model 

that changes in the CNS are associated with variability in the cognitive phenotype, it does 

not support previous research showing a specialization for categorical visual perception in 

the left hemisphere (Amorapanth et al., 2010; Baciu et al., 1999; Hellige & Michimata, 

1989; Kosslyn et al., 1989; Trojano et al., 2002). Since the correlations involved the right 

STG, it is possible that for accuracy a dorsal/ventral visual stream approach is more 

appropriate, in which the ventral pathway would be more involved in categorical visual 

perception accuracy (Goodale, 2008; Ikkai, Jerde, & Curtis, 2001; Kravitz, Saleem, Baker, 

& Mishkin, 2011). However, this finding is of particular interest since gray and white matter 

of the right STG happens to be one of the areas that exhibited an exceptionally smaller value 

for children with SBM compared to controls. This could indicate yet another unexpected 

pattern found in children with SBM. Further research is needed to gain an understanding as 

to why this area with particular less gray and white matter volume is more important for 

categorical visual perception accuracy than its higher gray and white matter volume 

counterpart and whether other brain areas follow this same pattern when utilizing other 

cognitive measures. 

Coordinate accuracy. In contrast to categorical accuracy, there were no clear 

patterns for coordinate accuracy, and the performance of the children with SBM was near 

chance. Perhaps the regions of interest of the current study did not include the area(s) of 

most importance for coordinate visual perception accuracy. Additionally, the regions of 

interest used from the Desikan et al. (2006) atlas could have been broader than needed to 
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find a precise area(s) related to coordinate visual perception. Replication of the current study 

using an atlas such as Destrieux, Fischl, Dale, and Halgren (2010) with more precise brain 

regions would be advantageous. Specifically, the angular gyrus (which has its own 

designation in the Destrieux et al. (2010) atlas) would be of particular interest for future 

research investigating visual perception in children with SBM, as it has been found to be 

involved in visual perception (Amorapanth et al., 2010; Baciu et al., 1999). 

The correlations between cortical thickness and categorical and coordinate accuracy 

did not support previous research that compared cortical thickness with visual perception in 

adults with PCA (Lehmann et al., 2011). The present study found an opposite pattern such 

that categorical perception was associated with the IPC and coordinate perception was 

associated with the MTG. However, the present study used a different population, age 

group, and approach, all of which could be explanations for the discrepancy. Westlye, 

Grydeland, Walhovd, and Fjell (2011) studied the relation between attentional functions and 

cortical thickness in healthy adults and found an association between executive control and 

the anterior cingulate cortex, as well as a relation between the frontoparietal regions and 

alerting. The present study adds to this small literature in demonstrating relations between 

cortical thickness and behavior. 

Reaction time. For visual perception reaction time, there were three significant 

correlations, all of which involved cortical thickness and were in the unexpected direction. 

This informs us that greater cortical thickness is associated with slower reaction times in 

children with SBM. This is a logical finding from a developmental perspective, which 

indicates that cortical thickness and gray matter decrease with age so as to increase 

efficiency (Sowell et al., 2004). Additionally, while none of the correlations between white 
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matter volume and reaction time were significant, the majority were in the expected 

direction (faster reaction times associated with more white matter volume). During 

development, synaptic connections are pruned and myelination of the white matter increases 

so as to provide more efficient connections (Paus et al., 2001; Wilke et al., 2007). The 

negative (although not significant) correlations with white matter volume indicate that 

perhaps white matter is more important for faster reaction times, which is supported in 

several studies looking at white matter microstructure (Konrad, Vucurevic, Musso, Stoeter, 

& Winterer, 2009; Tuch et al., 2005). Thus, future studies should be conducted looking at 

fractional anisotropy and mean diffusivity of white matter tracts in relation to visual 

perception reaction time in children with SBM. If diffusion tensor imaging studies were to 

be implemented, relations between fractional anisotropy of the white matter underlying the 

STG and categorical visual perception would be expected. Similarly, if future research 

should be conducted using fMRI techniques, it would be anticipated that areas of the right 

STG would be activated during the categorical visual perception task. 

Impact of the corpus callosum and imaging variables on visual perception. The 

regression models predicting categorical visual perception accuracy presented an 

exceptionally clear pattern. The gray and white matter of the left and right STG and the 

white matter of the right MTG when added with the middle anterior, central, and middle 

posterior segments of the corpus callosum accounted for 35% of the variance in categorical 

accuracy. When age and manual dexterity were added to this same model, 66% of the 

variance was accounted for. Similarly, when predicting categorical reaction time, the 

cortical thickness of the left IPC and the right MTG with the anterior and middle anterior 

segments of the corpus callosum accounted for 34% of the variance. When age and simple 
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reaction time were added as covariates, the variance accounted for increased to 53%. For 

coordinate accuracy, while only 10% of the variance was accounted for by cortical thickness 

of the left MTG and white matter volume of the left IPC, when age and manual dexterity 

were included, 48% of the variance was accounted for. Together, these findings provide 

strong evidence for the Dennis et al. (2006) model by demonstrating the impact of core 

deficits and CNS insults on visual perception performance.  

Limitations and future directions. The current study had some limitations that may 

have impacted the findings. For the first two hypotheses which investigated group 

differences between children with SBM and controls, the sample size of the controls was 

substantially smaller than that of the children with SBM. Future research would benefit from 

having more similar sample sizes between groups; however, the present study utilized a 

large sample of children with SBM, providing strong support regarding within group 

findings. Another potential limitation is the use of structural indices as opposed to diffusion 

tensor imaging or function magnetic resonance imaging. However, the present study 

investigated several different structural indices, used several regions of interest based on 

previous literature, and explored the correlations with visual perception performance. 

Therefore, the current study demonstrates the necessity of using various approaches to 

explore the impact of neural changes on behavior. 

Furthermore, the near chance performance for the children with SBM on the 

coordinate task raised some concern. Future research would benefit from modifying the task 

in such a way to determine whether the coordinate accuracy was a result of forgetting the 

appropriate button response. This could be achieved by having the child give a verbal 

response out loud as (s)he is completing the task while an administrator records them. 
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Alternatively, a question such as, “Is the ball further than 3mm from the bat?” could be 

placed as a reminder at the top of the screen for every trial. Then the child could respond via 

button press for “yes” with a green button or “no” with a red button. While this would not 

remove the issue of forced choice, it would ease instruction recall and would eliminate the 

spatial element of remembering whether the left or right button was to be pressed for the 

“further” or “closer” response. This would allow for an extension of the present study and 

would further our understanding of visual perception performance in children with SBM.  

In addition to the ideas for future research previously mentioned, our knowledge 

would also benefit from extending the investigation of visual perception performance in 

relation to brain areas in SBM to the adult population and other neurodevelopmental 

populations with visual perception deficits, such as Williams Syndrome (Wang et al., 1995). 

Additionally, extending the approach of the present study to other cognitive domains that are 

a weakness in children with SBM would be beneficial for furthering our understanding of 

the Dennis et al. (2006) model. Furthermore, activation and diffusion tensor imaging studies 

would add corroborating evidence for the present study as to the brain regions and white 

matter microstructure involved in visual perception in SBM. Finally, intervention studies are 

needed to decipher what strategies are most beneficial to helping improve visual perception 

in children with SBM.  

Conclusion. The present study on visual perception performance and the neural 

differences in children with SBM tested and supported the Dennis et al. (2006) framework 

within a single cognitive domain. The findings enhanced our understanding as to the 

hemispheric differences in cortical changes that occur in children with SBM and provided 

insight as to the brain regions associated with visual perception in children with SBM. 
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Lastly, the current research may help to inform interventions concerning the need for 

children with SBM to reduce speed during more challenging tasks.   
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Table 2. SBM Characteristics   

Variable SBM 

Lesion Level (%) (N = 81) 

      Upper 16 

     Lower 84 

Chiari II Malformation (%) (N = 80) 96 

Hydrocephalus Type (%) (N = 81) 

      Hydrocephalus 98 

     Arrested 2 

Number of Shunt Revisions (%) (N = 

72) 

      0 15 

     1 31 

     2-4 40 

     5-9 11 

     10+ 3 

Seizure (%) (N = 70) 

      Current 6 

     Past 8 

     None 86 

Ambulation (%) (N = 73) 

      Normal 2 

     Independent 19 

     Partial 41 

     Unable 38 

Note:  N = number of participants   
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Figure 1. Significant Interaction between Group and Task for Reaction Time 

 

 

Note: Reaction time is significantly slower for controls on the coordinate task (◊). There was 

no difference in categorical reaction time between groups. 

 

 

 

  



VISUAL PERCEPTION IN CHILDREN WITH SPINA BIFIDA 59 
 

Table 4. Descriptive Statistics for Cortical Thickness and Uncorrected Gray and White 

Matter Volumes 

  

SBM (N = 54) Controls (N = 19) Cohen's d 

Variable   Mean (SD) Mean (SD)   

CT IPC LH  

 

2.76 (0.24) 2.96 (0.20) -0.91 

CT IPC RH 

 

2.72 (0.27) 2.88 (0.22) -0.65 

CT SPC LH 

 

2.60 (0.23) 2.52 (0.25) 0.33 

CT SPC RH 

 

2.57 (0.22) 2.45 (0.23) 0.53 

CT MTG LH  

 

3.24 (0.19) 3.23 (0.17) 0.06 

CT MTG RH  

 

3.17 (0.26) 3.40 (0.20) -0.99 

CT STG LH  

 

2.97 (0.17) 3.12 (0.15) -0.94 

CT STG RH  

 

2.87 (0.18) 3.22 (0.18) -1.94 

GMV IPC LH  

 

12085.05 (2654.94)° 16773.89 (2614.01) -1.78 

GMV IPC RH  

 

15799.73 (2757.68)° 19309.74 (3024.38) -1.21 

GMV SPC LH  

 

16207.55 (3400.10)° 16165.37 (2825.25) 0.01 

GMV SPC RH  

 

16037.38 (3612.18)° 16354.05 (2664.94) -0.10 

GMV MTG LH  

 

12051.91 (2874.75)  13897.00 (2343.05) -0.70 

GMV MTG RH  

 

12866.15 (2174.38)  15361.32 (2581.93) -1.05 

GMV STG LH  

 

12433.02 (2840.69)  14478.95 (2217.13) -0.80 

GMV STG RH  

 

  9359.78 (2398.44)  14474.58 (2239.15) -2.20 

WMV IPC LH  

 

11064.87 (2597.85)° 14967.16 (2084.22) -1.66 

WMV IPC RH  

 

14603.64 (2514.39)° 17532.79 (2686.06) -1.13 

WMV SPC LH  

 

15892.02 (3399.87)° 14473.63 (1856.43) 0.52 

WMV SPC RH  

 

15646.45 (3602.98)° 14827.11 (2137.01) 0.28 

WMV MTG LH  

 

12336.65 (2926.07)  14241.32 (2214.80) -0.73 

WMV MTG RH  

 

13094.56 (2259.87)  15718.74 (2473.33) -1.11 

WMV STG LH  

 

12598.76 (2868.65)  14408.00 (2052.81) -0.73 

WMV STG RH      9467.33 (2446.03)  14240.58 (2129.80) -2.08 

Note: CT = Cortical Thickness; GMV = Gray Matter Volume; WMV = White Matter 

Volume; IPC = Inferior Parietal Cortex; SPC = Superior Parietal Cortex; MTG = Middle 

Temporal Gyrus; STG = Superior Temporal Gyrus; LH = Left Hemisphere; RH = Right 

Hemisphere; °N = 55 
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Table 7. Correlations between Cortical Thickness and Uncorrected Gray and White Matter 

Volumes with Visual Perception Performance for Children with SBM when controlling for 

Age, Manual Dexterity (for Accuracy), and Simple Reaction Time (for Reaction Time) 

    Visual Perception Performance 

Region of Interest   CAT VP ACC COOR VP ACC CAT VP RT COOR VP RT 

CT IPC LH 

 

0.34*  0.06 0.31* 0.20 

CT IPC RH 

 

0.29 0.13 0.24 0.20 

CT SPC LH 

 

0.26 -0.24 0.06 -0.0004 

CT SPC RH 

 

0.08 -0.22 0.08 0.04 

CT MTG LH 

 

0.19 0.32* 0.18 0.26 

CT MTG RH 

 

0.28 0.09 0.46**  0.32* 

CT STG LH 

 

-0.29 0.14 0.01 0.01 

CT STG RH 

 

-0.04 0.09 0.07 0.14 

GMV IPC LH ° 

 

0.26 0.28 -0.15 0.11 

GMV IPC RH ° 

 

0.03 0.17 -0.06 -0.10 

GMV SPC LH ° 

 

0.23  0.18 0.05 -0.05 

GMV SPC RH ° 

 

0.18 0.13 0.12 0.13 

GMV MTG LH 

 

-0.04 0.11 0.14 0.06 

GMV MTG RH 

 

-0.24 -0.28 -0.13 -0.24 

GMV STG LH 

 

-0.44** -0.01 -0.25 -0.23 

GMV STG RH 

 

0.10 0.16 -0.001 0.12 

WMV IPC LH ° 

 

0.16 0.30 -0.21 0.07 

WMV IPC RH ° 

 

-0.16 0.19 -0.14 -0.17 

WMV SPC LH ° 

 

0.04 0.20 -0.04 -0.09 

WMV SPC RH ° 

 

0.05 0.11 0.05 0.10 

WMV MTG LH  

 

-0.12 0.07 0.12 0.03 

WMV MTG RH  

 

-0.38* -0.29 -0.16 -0.28 

WMV STG LH  

 

-0.46** -0.02 -0.25 -0.21 

WMV STG RH    0.07 0.11 0.01 0.13 

Note: N = 39 for CAT; N = 43 for COOR; CAT = Categorical; COOR = Coordinate; VP = 

Visual Perception; ACC = Accuracy; RT = Reaction Time; CT = Cortical Thickness; GMV = 

Gray Matter Volume; WMV = White Matter Volume; IPC = Inferior Parietal Cortex; SPC = 

Superior Parietal Cortex; MTG = Middle Temporal Gyrus; STG = Superior Temporal Gyrus; 

LH = Left Hemisphere; RH = Right Hemisphere; *p <0.05; **p <0.01; ***p <0.0001, °N = 

40 for CAT; N = 44 for COOR 

 


