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Abstract 

Abnormalities of the midbrain tectum are common, but variable, malformations in 

spina bifida meningomyelocele (SBM), and have been linked to neuropsychological deficits 

in attention orienting. The degree to which variations in tectum structure influence white 

matter (WM) connectivity to cortical regions implicated in attention processes is unknown. 

To assess relations of tectal structure and connectivity to frontal and parietal cortical 

regions, probabilistic diffusion tractography was performed on 106 individuals (80 SBM, 26 

typically developing (TD)) using FSL’s probtracX to isolate anterior versus posterior 

tectocortical WM pathways. Results showed that those with SBM exhibited significantly 

reduced tectal volume, along with decreased fractional anisotropy (FA) in posterior but not 

anterior tectocortical WM pathways when compared to TD individuals. The group with 

SBM also showed greater within-subject discrepancies between frontal and parietal WM 

integrity compared to the TD group. Of those with SBM, qualitative classification of tectal 

beaking based on radiological review was associated with increased axial diffusivity across 

both anterior and posterior tectocortical pathways, relative to individuals with SBM and a 

normal appearing tectum. These results support previous volumetric findings of greater 

impairment to posterior versus anterior structures in SBM, and quantifiably relate tectal 

volume, tectocortical WM integrity, and tectal malformations in this population. 

Keywords: attention, diffusion tensor imaging, spina bifida meningomyelocele, white 

matter, tectocortical pathways, superior colliculus 
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Examination of Frontal and Parietal Tectocortical Attention Pathways in Spina Bifida 

Meningomyelocele Using Probabilistic Diffusion Tractography 

 

Introduction 

Spina bifida meningomyelocele (SBM) is the most common congenital birth defect 

affecting the central nervous system worldwide, with a prevalence rate in North America of 

0.3-0.5 per 1000 births each year (Williams, Rasmussen, Flores, Kirby, & Edmonds, 2005). 

Because SBM has been linked to folate deficiencies in the mother during pregnancy, 

preventative steps have been taken to reduce the occurrence of SBM by requiring folate 

supplementation in various consumer food products (Au, Ashley-Koch, & Northrup, 2010). 

Although nutritional fortification has reduced the frequency of SBM births in North 

America, SBM still ranks as one of the most commonly occurring birth disorders, 

necessitating further examination of both neuroanatomical and neuropsychological 

outcomes within this population.  

 

CNS Abnormalities in SBM 

The pathology of SBM begins early in embryonic development as a defect in neural 

tube closure during formation of the central nervous system. The most common and severe 

form of spina bifida (meningomyelocele), is characterized by a protrusion of the spinal cord 

and meninges caused by incomplete fusion of the spine, often requiring surgical intervention 

(Barkovich, 2005; Fletcher & Brei, 2010; Talamonti, D'Aliberti, & Collice, 2007).  In 

addition to physical abnormalities in the spinal cord, disruption of neuroembryogenesis in 

SBM also initiates a progression of structural abnormalities in the brain.  
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Neuroanatomical abnormalities usually include atypical development and caudal 

herniation of the cerebellum and brainstem known as the Chiari II malformation (Tubbs, et 

al., 2004), which is a key structural malformation in SBM and occurs in 90% of individuals 

(Barkovich, 2005; Juranek, Dennis, Cirino, El-Messidi, & Fletcher, 2010; Juranek & 

Salman, 2010). The aberrant configuration of the hindbrain resulting from the Chiari II 

malformation obstructs the flow of cerebrospinal fluid out of the brain at the level of the 

fourth ventricle, often leading to acute hydrocephalus. The vast majority (90%) of children 

with SBM acquire hydrocephalus, with 50-80% of those requiring the insertion of a shunt 

redirecting CSF in order to relieve pressure on the brain (Del Bigio, 1993, 2010).  

Other structural abnormalities as evidenced by visualization of brain images include 

partial dysgenesis of the corpus callosum (Barkovich, 2005; Fletcher, et al., 2005; Hannay, 

Dennis, Kramer, Blaser, & Fletcher, 2009), and beaking of the midbrain tectum (Juranek & 

Salman, 2010; Tubbs, et al., 2004). Although tectal beaking is a prominent neural defect in 

SBM that has been noted qualitatively in prior studies, it remains unknown whether the 

aberrant structural formation of the tectum in this population contributes to compromised or 

altered connectivity of white matter between this region and it’s cortical projections.  

In addition to the presence of the Chiari II malformation and secondary 

hydrocephalus, previous research has also demonstrated cortical and white matter 

differences between those with SBM and typically developing children. One quantitative 

structural magnetic resonance imaging (MRI) study showed that children with SBM exhibit 

cortical thinning in posterior brain regions, coupled with a thickening of cortex in the frontal 

lobe when compared to typically developing children (Juranek, et al., 2008). Quantitative 

structural MRI and diffusion tensor imaging (DTI) methods have shown an overall reduction 
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in white matter volume, along with decreased fractional anisotropy along white matter 

association pathways in those with SBM compared to typically developing children (Hasan, 

et al., 2008). Other DTI studies have shown those with SBM to also exhibit reduced FA and 

mid-sagital area measurements within the genu of the corpus callosum (Herweh, et al., 

2009), along with thinning and atypical tractography along the fornix and cingulum 

(Vachha, Adams, & Rollins, 2006), when compared to controls. Reduced WM integrity in 

those with SBM have also been noted within the posterior limb of the internal capsule in a 

small sample of adolescents with SBM and Chiari II malformation (Ou, Glasier, & Snow, 

2011). Furthermore, individuals with a Chiari II malformation not specific to SBM 

demonstrated reductions in crude white matter thickness measurements within posterior 

slices of the cerebral mantle (Miller, Widjaja, Blaser, Dennis, & Raybaud, 2008).  

 

Cognitive outcomes in SBM 

Despite the extensive cerebral abnormalities in brain structure highlighted above, 

children and adults with SBM often show levels of general cognitive function in or 

approaching the average range, with relatively few outcomes showing evidence of severe 

intellectual deficiencies (Fletcher, et al., 2005). Cognitive domains in which many children 

with SBM perform adequately include language skills such as vocabulary, word recognition 

and grammar; spatial skills such as facial recognition; and social skills. On the other hand, 

SBM also leads to cognitive weaknesses in the areas of reading and language 

comprehension, math, complex spatial processing, disengaging and orienting attention, and 

difficulties with behavioral regulation (Dennis & Barnes, 2010).  
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Attention in SBM 

Of the neurobehavioral deficits observed in those with SBM, problems with attention 

are of particular interest. Nearly one third of all children with SBM meet rating scale criteria 

consistent with Attention-Deficit/Hyperactivity Disorder (ADHD), which is nearly five 

times the 4-6% prevalence rate of ADHD in the general population (Burmeister, et al., 

2005). These problems largely involve inattention and not hyperactivity/impulsivity. Thus, 

difficulties in attentional processing comprise one of the central deficits in individuals 

diagnosed with SBM. 

Attention is an important underlying function of the human brain as it sub serves 

basic interactions between humans and their surrounding environment. The ability to attend 

to salient cues in the environment is a fundamental component of survival as it allows 

orienting towards potential threats, along with the selection of relevant stimuli in our 

everyday environment as the focus for subsequent cognitive processing. One of the leading 

models attempting to elucidate the neural and cognitive underpinnings of attention in the 

human brain was put forth by Posner and colleagues (Posner & Petersen, 1990), 

emphasizing the deconstruction of attention into three discrete anatomical networks: 1) 

orienting to sensory stimuli, 2) maintaining vigilance/alertness and 3) implementation of 

executive/volitional control.  

The division of attention into anatomically distinct yet interactive networks implies 

that attention relies on functional contributions from all components, each of which may be 

susceptible to differential insults and resulting deficits. Prior research based on the Posner 

paradigm examining attentional processing in SBM reveals deficits specific to attentional 

orienting (Brewer, Fletcher, Hiscock, & Davidson, 2001; Dennis & Barnes, 2010; Dennis, 
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Edelstein, et al., 2005a). In these studies, children with SBM show marked impairments in 

attention orienting evidenced through difficulty disengaging from currently selected stimuli 

(Dennis, Edelstein, et al., 2005a), along with attenuated inability to re-engage a new target 

on a task measuring inhibition of return (Dennis, Edelstein, et al., 2005b). Another study 

specifically comparing children with hydrocephalus predominately secondary to SBM to 

children with ADHD revealed that children with hydrocephalus tended to exhibit deficits in 

shifting and focusing attention, and implicated a pattern of impairment in posterior networks 

considered critical in the disengagement of attention. On the other hand, children with 

ADHD and no acquired brain abnormalities showed greater difficulty in sustaining attention, 

a process most commonly associated with functions carried out by more frontal/executive 

attention networks (Brewer, et al., 2001). In addition to deficits in attention orienting, 

children with SBM also show atypical right and inferior hemispace bias in line bisection 

tasks assessing spatial attention when compared to controls (Dennis, Edelstein, Frederick, et 

al., 2005). Attention problems can be observed even in infancy as basic orienting ability in 

infants (as measured by habituation and dishabituation to external stimuli) is impaired when 

compared to age matched controls (Taylor, et al., 2010). Furthermore, functional outcome 

studies in adults with SBM reveal attention and working memory as the most affected 

cognitive domains throughout the lifespan (Jenkinson, et al., 2011), adding to the 

importance of understanding attentional deficits in this population. 

 

Neural Correlates of Orienting and Spatial Attention  

In both humans and primates, the fronto-parietal network model of attention 

orienting is the most widely accepted, which involves connections between the midbrain 
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superior colliculus (SC) and frontal and parietal cortices (Bisley, 2011). Previous research 

into the neuroanatomical correlates of attention orienting has predominately focused on the 

cortical contributions within fronto-parietal networks, specifically the lateral intraparietal 

area and frontal eye fields. However, recent work has begun to elucidate the importance of 

the midbrain superior colliculus in conjunction with the fronto-parietal cortical network as a 

guiding mechanism of attention orienting (Knudsen, 2011). Although the superior colliculus 

is classically considered vital to the generation of saccadic eye movements during both 

voluntary and reflexive visual orienting, evidence for a more integral role of the optic tectum 

in the selection of attended stimuli is steadily increasing in the literature. Single-unit 

recordings in primates have demonstrated that the intermediate layer of the SC responds to 

covert shifts of cued spatial attention, even in the absence of a visuo-motor response 

(Ignashchenkova, Dicke, Haarmeier, & Thier, 2004). Furthermore, focal inactivation of the 

superior colliculus in primates leads to attentional bias away from the affected visual field 

(as the superficial layer of the superior colliculus retains a topographic organization of visual 

space) (Nummela & Krauzlis, 2010), along with impairments in the covert selection of 

signals for perceptual judgments when the target appeared among competing stimuli 

(Lovejoy & Krauzlis, 2010).  

In humans, isolated lesions to the SC are rare, although a case study of a patient with 

thiamine deficiency accompanied by a collicular lesion showed a complete absence of 

inhibition of return on a covert spatial orienting task (Sereno, Briand, Amador, & Szapiel, 

2006). Further supporting a link between collicular function and orienting, a functional 

magnetic resonance imaging (fMRI) study in humans revealed significant activation of the 

superior colliculus in an exploratory attention paradigm within the search versus saccade 



TECTOCORITCAL ATTENTION PATHWAYS IN PEDIATRIC SPINA BIFIDA 
   

 

7 

contrast, and additionally identified effective functional connectivity between the superior 

colliculus and cortical regions within the fronto-parietal networks including the right frontal 

eye field, and bilateral parietal and occipital cortices (Gitelman, Parrish, Friston, & 

Mesulam, 2002). Thus, evidence from both human and primate studies have identified the 

SC to be involved in the process of target selection for both overt orienting eye movements 

(shift of gaze to orient towards salient visual stimuli) and the allocation of covert spatial 

attention (a shift of visuo-spatial attention without eye movements), highlighting the 

importance of the midbrain tectum for choosing the target of spatial attention in addition to 

generating motor-based saccades (Knudsen, 2011; Mysore & Knudsen, 2011). 

 

Anatomy and Function of the Superior Colliculus 

 The structural organization of the SC lends itself to functioning as a bottleneck in 

determining the selection of spatial attention as influenced by both top-down and bottom-up 

neuronal processes. The tectum (comprising both inferior and superior colliculi) is the only 

midbrain structure that resembles the laminar organization and hierarchical processing 

evidenced in higher order cortex (Merker, 2007). Furthermore, the SC is topographically 

organized to contain layered spatial maps from various sensory modalities, which overlap 

and correspond to one another via spatial coordinates. Anatomically, the superior colliculus 

(SC) is divided into a superior and intermediate division, differentiated by neuronal structure 

and function. The superficial layer of the SC only receives direct, one-way input from 

primary sensory regions including the retina, visual cortex and extrastriate pathways 

(Knudsen, 2011). Sparing of this region in patients with cortical blindness contributes to the 

phenomenon of blindsight as arriving projections from the retina bypass the occipital cortex 
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and allows subconscious processing of visual information (Leh, Johansen-Berg, & Ptito, 

2006). Output of the superficial layer projects to visuomotor and motor neurons located 

immediately inferior within the intermediate layer of the SC. The intermediate layer has 

been determined a critical site for the convergence and integration of primary sensory inputs 

with other higher-order projections from visual and non-visual cortical regions involved in 

spatial attention including the parietal, prefrontal, and temporal regions (Merker, 2007). 

 

Rationale for the Present Study 

Despite the well-documented deficits in attention shifting and orienting in 

individuals with SBM, little is known about underlying neuroanatomical mechanisms 

possibly contributing to such weaknesses. Secondary hydrocephalus in SBM primarily 

affects neuronal structural integrity in posterior regions critical to attention orienting, while 

leaving anterior regions sub serving sustained attention relatively intact. Models of attention 

orienting demonstrate networks of functional connectivity between frontal gaze control 

centers, parietal visuo-spatial processing regions, and the midbrain tectum modulating 

attentional selection. Given prior research linking attention orienting processes to neural 

networks connecting midbrain and parietal brain regions (Simpson, et al., 2011), coupled 

with the congenital midbrain malformations and decreased cortical gray matter in the 

posterior lobes of children with SBM (Juranek & Salman, 2010), observed challenges for 

this population in orienting attention may tend to follow from select structural defects in the 

brain. In addition to compromised connectivity between regions, the displacement of the 

midbrain that is part of the spectrum of structural abnormalities induced by the Chiari II 

malformation specifically involving the tectum (often leading to a beaked appearance 
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classified as tectal beaking), may also contribute to reductions in orienting ability through 

compromised function in attentional selection. Thus, this population allows for investigation 

into the dissociation of underlying white matter connectivity sub serving theoretically 

proposed anterior versus posterior tectocoritcal pathways of attention orienting, while also 

providing a quantitative examination of the midbrain tectum. 

Although the midbrain tectum is a critical component in attention orienting, and is a 

common site for structural abnormality in those with SBM, there have been no known 

studies thus far providing quantitative analysis of effective connectivity and structural 

properties of this region. Prior work has found greater impairment of attention, as well as 

reduced volume in posterior brain regions in children with SBM who exhibit tectal breaking, 

(Dennis, Edelstein, et al., 2005a). However, attentional outcomes related to tectal beaking in 

this population have only been assessed through qualitative categorization and it is not yet 

understood whether attentional deficits may be better explained as a continuous variable 

defined quantitatively through tectal volume. Alternatively, attentional deficits may arise 

from the secondary effects of hydrocephalus related to cortical thinning in posterior regions 

and stretching of white matter ascending pathways resultant from pressure of the expanding 

ventricles (Del Bigio, 2010; Fletcher, et al., 2005; Juranek, et al., 2008). Thus,  

Recent advances in neuroimaging techniques involving the reconstruction of white 

matter pathways utilizing DTI-based tractography procedures may allow further insight into 

the relation between midbrain and cortical connectivity within attention orienting networks. 

The current study examined the structural integrity of white matter tectocortical pathways 

between the colliculus and frontal/parietal cortical regions implicated in attentional orienting 

using DTI probabilistic tractography procedures, as well as tectum volumetric analysis, in 
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children with SBM.  

 

Hypotheses 

1. Comparison of Mean DTI Metrics for Frontal and Parietal Tectocortical Pathways

 Because individuals with SBM show volumetric reductions in white matter primarily 

in posterior as opposed to anterior brain regions, it was predicted that individuals with SBM 

(both with and without tectal beaking) will have reduced indices of white matter integrity 

along parietal but not frontal tectocortical pathways compared to TD individuals. Second, 

among individuals diagnosed with SBM, it was predicted that those with tectal abnormalities 

will have reduced WM integrity within both frontal and parietal tectocortical pathways when 

compared to individuals with SBM and a normal appearing tectum.  

 

2. Group Comparisons of Within-Subject Discrepancy between Mean Frontal and 

Parietal Diffusivity Metrics 

Mean DTI metrics of frontal and parietal tectocortical pathways cannot be 

meaningfully compared within participants as raw values of mean DTI metrics may be 

confounded by differing degrees of tract length and variations in crossing fibers between 

frontal and parietal pathways. To account for this problem, a ratio was calculated for each 

participant dividing frontal by parietal DTI metrics as an indicator of discrepancy between 

frontal and parietal tract integrity within-subject. Greater discrepancy between frontal and 

parietal white matter indices in those with SBM was predicted, when compared to the 

typically developing controls.  

 



TECTOCORITCAL ATTENTION PATHWAYS IN PEDIATRIC SPINA BIFIDA 
   

 

11 

3. Comparison of Collicular Volume: TD and Individuals with SBM with and without 

Tectal Abnormalities  

A significant reduction in overall collicular volume was predicted between those 

SBM individuals with qualitative tectal beaking compared to SBM cases with a normal 

appearing tectum and typically developing controls. No differences in collicular volume 

were expected between the TD group and those with SBM exhibiting a normal appearing 

tectum. 

 

4. Lateral Ventricular Volume as a Predictor of WM Integrity Metrics in SBM 

Finally, it is unknown whether residual ventricular volume in individuals with 

shunted hydrocephalus is indicative of white matter structural integrity in posterior pathways 

most affected by hydrocephalus. It was hypothesized that within individuals with SBM, 

post-acute lateral ventricular volume would be inversely correlated with white matter 

integrity such that larger ventricles predict reduced structural integrity in posterior 

tectocortical pathways. 

 

Methods 

Participants 

 The sample consisted of 80 individuals with Spina Bifida Meningomyelocele (SBM), 

and 26 typically developing (TD) comparisons. The individuals in the comparison group 

were selected in the same age range (8-29 years) as the group with SBM, and had no history 

or evidence of neurologic or neurodevelopmental disorders. Participants in the TD group 

were voluntarily recruited through advertising in the local community. Participants with 
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SBM were recruited through two clinics serving children in the Houston area: the Spina 

Bifida Clinic at Texas Children’s Hospital, and the Shriner’s Hospital for Children-Houston. 

All children in both SBM and TD groups were medically stable and fluent in the English 

language.  

Demographic information is presented in Table 1. Of the 80 individuals with SBM, 

29 showed a normal appearing tectum, 51 exhibited abnormal tectal beaking based on 

radiological review. The groups with SBM and TD individuals did not significantly differ in 

age, F(2,103)=1.116, p=0.332; gender, χ2(2)=1.035, p=0.596; or Hispanic versus non-

Hispanic ethnicity, χ2(2)=0.299, p=0.861. The three groups did differ on a measure of socio- 

economic status (SES), F(2,102)=3.996, p=0.021 (1 participant in SBM tectal beaking group 

missing SES data), with TD individuals having a significantly higher SES than both the 

SBM group with a normal appearing tectum t(53)=2.65, p=0.008, and SBM group exhibiting 

tectal beaking t(74)=2.298, p=0.024. SES was not significantly correlated with any of the 

outcome variables. Groups also significantly differed on measures of IQ F(2,103)=25.96, 

p<0.001. SBM individuals with tectal beaking showed significantly lower IQ scores than 

those with SBM and a normal appearing tectum t(78)=2.664, p=0.009, as well as those in 

the TD group (t(53)=4.133, p<0.001), performance which has previously been observed in 

individuals with SBM.  

Table 2 reports medical characteristics associated with SBM, reflecting a sample 

similar to the larger cohort from which these participants were drawn and representative of 

individuals with SBM. The majority of those with SBM were radiologically coded with a 

Chiari II malformation of the hindbrain accompanied by a hypoplastic or dysgenetic corpus 

callosum. Exceptions included 3 participants with a Chiari I malformation, and 7 
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participants with no observed Chiari malformation of either type. Of those 7 with no Chiari 

diagnosis, aqueductal stenosis accounted for hydrocephalus in 6 participants. Overall, the 

sample of individuals with SBM and hydrocephalus is representative of the overall 

population with the majority evidencing lower spinal lesions, ambulatory difficulties, no 

seizure history, and the necessitation for 2-4 shunt revisions. 

 

MRI Data Acquisition 

T1 Acquisition 

  A three-dimensional, whole-brain high-resolution, T1-weighted scan was collected 

for each participant in the coronal plane using SENSE (Sensitivity Encoding) technology. 

Scans were acquired using a Philips 3.0 T Intera system with the following parameters: 

TR/TE=6.5-6.7/3.04-3.14 ms; flip angle=8°; square FOV=24 cm3; matrix=256 x 256; slice 

thickness=1.5 mm; in-plane pixel dimensions (x,y)=0.94, 0.94; NEX=2.  

 

DTI Acquisition 

DTI image acquisition employed a single-shot spin-echo diffusion sensitized echo-

planar imaging (EPI) sequence with the balanced Icosa21 encoding scheme using the 

following DTI parameters: TR=6100 ms; TE=84 ms; 44 slices total; square FOV=24 cm3; 

acquisition matrix=256 x 256; slice thickness=3 mm; b-value=1000 s/mm2. A single non-

diffusion weighted or “low b” image with a b-value=0 s/mm2 was acquired as an anatomical 

reference volume. In addition, each encoding was repeated twice and magnitude-averaged to 

enhance the signal-to-noise (SNR) ratio. 
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MRI and DTI Processing 

T1-weighted imaging analysis 

 T1-weighted images were processed using the FreeSurfer image analysis suite, 

which is documented and fully available for download online 

(http://surfer.nmr.mgh.harvard.edu/) for the labeling of cortical regions of interest to be used 

as tractography endpoint masks in subsequent analyses. The technical details of these 

procedures are described in prior publications (Dale et al., 1999; Fischl and Dale, 2000; 

Fischl et al., 2001; Fischl et al., 2002; Fischl et al., 2004a; Fischl et al., 1999a; Fischl et al., 

1999b; Fischl et al., 2004b; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 2004). 

Briefly, this processing includes motion correction of volumetric T1-weighted images, 

removal of non-brain tissue using a hybrid watershed/surface deformation procedure 

(Segonne et al., 2004), automated Talairach transformation, segmentation of the subcortical 

white matter and deep gray matter volumetric structures (including hippocampus, amygdala, 

caudate, putamen, ventricles) (Fischl et al., 2002; Fischl et al., 2004a) intensity 

normalization (Sled et al., 1998), tessellation of the gray matter white matter boundary, 

automated topology correction (Fischl et al., 2001; Segonne et al., 2007), and surface 

deformation following intensity gradients to optimally place the gray/white and 

gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines 

the transition to the other tissue class (Dale et al., 1999; Fischl and Dale, 2000). T1-weighted 

image and corresponding tissue segmentation labels of cortical regions were non-linearly co-

registered and transformed into native DTI space to serve as anatomical endpoints for 

tractography procedures. The predefined cortical labels were then slightly dilated to extend 

2mm deeper into directly adjacent white matter to aid in fiber tracking. Results of 
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FreeSurfer’s automated, morphologically derived tissue segmentation provided volumetric 

indicators of hemispheric lateral ventricular volumes, which were utilized as predictors in 

subsequent statistical analyses. 

 

DTI preprocessing procedures 

DTI data processing utilized diffusion tools available as part of the FreeSurfer 

(http://surfer.nmr.mgh.harvard.edu) and FSL (http://www.fmrib.ox.ac.uk.ezp-

prod1.hul.harvard.edu/fsl) processing streams. Diffusion volumes underwent eddy current 

and motion corrected using FSL's Eddy Correct tool. The diffusion tensor was then 

calculated for each voxel using a least-squares fit to the diffusion signal using FSL’s 

DTIFIT tool. The T2-weighted lowb volume was skull stripped using FSL's Brain 

Extraction Tool (BET) (Smith, 2002), and served as a brain-mask for all other diffusion 

maps. The lowb structural volume was collected using identical sequence parameters as the 

directional volumes with no diffusion weighting, and was thus in register with the final 

diffusion maps. Maps for fractional anisotropy (FA), axial diffusivity [λ1] (AD) and radial 

diffusivity [(λ2 + λ3)/2] (RD), were then isolated for further FSL tractography processing 

and analysis (Budde et al., 2007; Song et al., 2003; Song et al., 2002). 

 

Labeling of Collicular Seed Region 

Hand-drawn regions of interest defining the complete left and right divisions of the 

midbrain tectum were created for each subject (with investigator blinded to diagnosis), to be 

used as seed regions in subsequent probabilistic tractography procedures. These tectal labels 

also served as masks to determine tectal volume. Although the superior colliculus is the 
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primary structure of interest in this study, the label included the entire tectum (both superior 

and inferior colliculi) to accommodate individuals in the SBM sample who exhibited tectal 

malformations in which both inferior and superior sets of colliculi merge to form an 

indistinguishable “beak” of tissue. Hand drawn ROIs were created from the T2-weighted 

lowb image acquired as an anatomical reference volume within the DTI sequence. By 

directly labeling the T2-weighted lowb image acquired in each subject’s native DTI space, 

the resultant label directly corresponded to the intended collicular structure requiring no 

transformations reliant on co-registration procedures. Due to commonly occurring structural 

brain abnormalities in those with SBM, co-registration techniques may be less robust than 

would be expected with a normal brain, and minimizing the need for registration-based 

transformations was considered advantageous in the labeling of midbrain structures. 

In support of the proposed procedure using the tectum as a seed region, the superior 

colliculus was successfully utilized as a seed region in a previous DTI study in humans 

investigating blindsight in individuals who have undergone hemispherectomies compared to 

controls. Successful tractography was performed using similar methodology as proposed for 

the current study (using FSL seed-based tractography with DTI image resolution 

approximately 2.2 mm isotropic), with observed ipsilateral connections from the superior 

colliculus to visual association areas, parietal cortex, and prefrontal regions including 

regions close to the frontal eye fields within a healthy control population (Leh et al., 2006).  

 

Diffusion Tensor Seed-Based Probabilistic Tractography 

In preparation for tractography procedures, 4-dimensional data including both 

diffusion-weighted and lowb volumes were fed into FSL’s bedpostx tool to calculate the 
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Bayesian estimate of diffusion parameters obtained using sampling techniques. Briefly, this 

procedure runs Monte Carlo sampling to accumulate distributions of diffusion parameters at 

each voxel (allowing for multiple fiber orientations per voxel) and creates the files necessary 

to run probabilistic tractography. Probabilistic tractography was subsequently performed 

using probtracx, as part of the FMRIB’s Diffusion Toolbox (FDT). The technical details of 

these procedures are described in prior publications (Behrens, et al., 2003). In short, this 

procedure repeatedly samples from the distributions on voxel-wise principal diffusion 

directions, where uncertainty present in the modeling of the local principal diffusion 

direction allows for fiber divergence and contributes to underlying distributions of fiber 

orientations. Each sample from the distribution then contributes to determining a 

probabilistic streamline through these local samples. After many such iterations, the 

procedure then uses the resultant posterior distribution on the location of the dominant fiber 

pathway to estimate the global connectivity distribution, providing the probability of an 

anatomical fiber connection through the data field spanning any two given points.  

The seed point for these connectivity distributions were generated from predefined, 

hand-drawn labels of the midbrain tectum as defined above. In addition to providing a 

collicular seed region defining the beginning of tracts, an endpoint was also specified to 

limit tractography procedures to only define white matter pathways that are determined to 

end within these cortical labels. Visualization of manually traced collicular seed labels and 

FreeSurfer-derived automated cortical labels is presented in Figure 1. Probabilistic 

tractography was conducted for each hemisphere independently using either left or right 

collicular seed points. For each hemispheric seed point, two probabilistic tractography 

iterations were performed defining white matter connectivity from the colliculi to parietal 
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and frontal cortical regions independently. Thus, a total of four tracts were assessed for each 

participant: right hemisphere (RH) tectal-frontal, RH tectal-parietal, left hemisphere (LH) 

tectal-frontal, and LH tectal-parietal. 

Post-processing was performed on generated output of seed-based probabilistic 

tractography procedures with tracts constrained by inclusion/exclusion criteria limiting 

samples by hemisphere and termination endpoints. Because collicular volume varies 

between individuals, and as the number of tractography iterations performed was a function 

of the number of voxels within the seed-region (5000 iterations per voxel), a normalization 

procedure was implemented to standardize final tract output across participants. Since 

voxels in the tractography output map represent the total number of samples that passed 

through that voxel during successful connection between the seed and end-point regions, 

tract normalization was accomplished by dividing each voxel by the total number of 

successful iterations performed within subject (waytotal output in FSL). Normalization 

procedures aimed to control tractability differences between subjects, in addition to 

providing a common-scale indicator of tract strength allowing for proportional thresholding 

across all individuals to isolate regions with the most robust connectivity. Thus, voxels in 

which the proportion of passing samples to waytotal was less than 1% were pruned from 

tractography results. Subsequent to waytotal thresholding to remove voxels with insufficient 

connectivity probability, resulting maps were further thresholded to remove voxels in which 

the FA value is less than 0.2 to limit inclusion of non white matter tissue such as ventricles, 

shunt pathways, and cortex. Similar normalization and thresholding procedures have been 

implemented in prior studies utilizing FSL probabilistic tractography procedures (Caspers, et 

al., 2011; Li, et al., 2010). Finally, FA and waytotal thresholded output was then binarized 
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and served as tractography-derived masks to extract the mean fractional anisotropy, radial 

diffusivity, and axial diffusivity for each participant to be utilized as dependent variables in 

subsequent statistical analysis.  

 

Statistical Analysis Approach 

 Statistical approaches utilized were variants of Analysis of Variance (ANOVA) and 

the General Linear Model (GLM). Dependent variables presented in Table 3 were tested to 

assess for violations of assumptions for ANOVA and regression (independence of 

observations, normality of distribution, and homogeneity of error variance between groups) 

that may influence the validity of statistical findings. To assess normality, a histogram of 

observations referenced with a Gaussian curve was visually inspected, along with rejection 

of normality given by calculated z-scores of skew or kurtosis greater than an absolute value 

of 1.96. In analyses in which covariates were included in the model, normality was 

additionally assessed through Q-Q plots of the residuals. For ANCOVAs, homogeneity of 

error variance was assessed using Levene’s test for equality of variance, in which a resulting 

significance value of < 0.05 indicated non-equality of variance across groups. Although 

sample sizes were unequal between groups, variants of ANOVA are robust when all other 

assumptions are met, and thus the validity of statistical significance in the following 

analyses are considered to be appropriate. 

 

Results 

Probabilistic Diffusion Tractography 

Average diffusivity metrics were calculated for each participant based on the output 
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of seed-based probabilistic tractography procedures modeling tectocortical connectivity for 

each hemisphere. As none of the groups revealed significant hemispheric differences on 

indicators of white matter tract integrity, left and right hemisphere measurements were 

averaged within participants to provide a single indicator depicting frontal versus parietal 

tract characteristics. Mean values for fractional anisotropy (FA), radial diffusivity (RD), and 

axial diffusivity (AD) for each pathway are presented in Table 3 for SBM (with and without 

tectal beaking) and the TD group. Group averages of DTI metrics for each pathway followed 

a normal distribution as both kurtosis and skewness descriptors fell within a range of -2 to 2, 

with no significant outliers. Family-wise error rate was determined using the Bonferonni 

approach (0.5/5), with a critical alpha-value set to 0.01 for all five hypotheses.  

Output of resultant tectocortical pathways from a representative participant within 

each group is presented in Figure 2. Qualitative examination of resulting pathways across 

both TD and SBM individuals revealed bilateral projections emanating from the colliculus 

to cortical endpoints. Tractography constrained to frontal lobe endpoints showed fiber 

pathways ascending through the thalamus, anterior continuation along the internal capsule, 

with the majority of fibers terminating in white matter subjacent to precentral, rostral middle 

frontal, and superior frontal cortex. Parietal pathways also transversed anteriorly through the 

thalamus, with projections that quickly ascended along medial tracts of the posterior 

thalamic radiation following the lateral ventricles, and terminating in white matter subjacent 

to cortex within postcentral, inferior and superior parietal regions.  

 

1.  Frontal and Parietal Tectocortical Pathways 

To investigate group differences on measures of FA, AD, and RD along frontal and 
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parietal tectocortical pathways, analysis of covariance (ANCOVA) was conducted between 

typically developing participants and individuals with SBM subdivided into those with a 

normal appearing tectum, and those exhibiting qualitative tectal beaking, with age included 

as a covariate. Significant group main effects were followed up with post-hoc pairwise 

comparisons of estimated marginal means controlling for age, and significance levels were 

adjusted for multiple comparisons utilizing the Bonferonni procedure. Mean values of DTI 

metrics fitted with a 95% confidence interval for each group are presented as a bar graph in 

Figure 3.  

 

Mean FA 

 Results of ANCOVA indicated a significant overall model fit as group and age 

accounted for 12.5% of variance along parietal tectocortical pathways (Adj. R2=0.125; 

F(3,102)=5.990, p=0.001), with a significant main effect of group (F(2,102)=6.289, 

p=0.003). Post-hoc pairwise analyses revealed significantly higher mean FA along parietal 

tracts among typically developing individuals compared to those with SBM both with a 

normal appearing tectum (t(102)=3.01, p=0.01) and tectal beaking (t(102)=3.27, p=0.004). 

There were no differences in parietal FA between the two SBM groups. 

Variance of mean FA along frontal pathways was not significantly accounted for by 

age and group, and the overall model did not reach the critical level of alpha, Adj. R2=0.021; 

F(3,102)=1.759, p=0.160. 

 

Mean RD 

Along frontal tectocortical pathways, 16% of the variance in mean RD could be 
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attributed to the overall model specifying group and age (Adj. R2=0.160; F(3,102)=7.653, 

p<0.001), with group showing a significant main effect (F(2,102)=6.753, p=0.002). Pairwise 

comparisons indicated significantly higher mean RD along frontal tracts in individuals with 

SBM evidencing tectal beaking compared to typically developing participants 

(t(102)=3.664, p=0.001). Individuals with SBM classified by a normal appearing tectum did 

not significantly differ in mean RD along frontal pathways from those with tectal beaking 

(t(102)=1.016, p=0.936), or typically developing participants (t(102)=2.377, p=0.058).  

The overall model explained a significant amount of the variance in RD (29.3%) 

along parietal tectocortical tracts (Adj. R2=0.293; F(3,102)=7.653, p<0.001). The main 

effect of group was statistically significant (F(2,102)=15.478, p<0.001). Follow-up analyses 

indicated significantly lower mean RD in typically developing individuals compared to 

those with SBM classified with a normal appearing tectum (t(102)=3.654, p=0.001), or 

tectal beaking (t(102)=6.014, p<0.001). Of those with SBM, mean RD in parietal pathways 

did not significantly differ when classified by normal or atypical tectal classification 

(t(102)=1.956, p=0.160). 

 

Mean AD 

 In frontal pathways, 26.9% of the variance in mean AD could be accounted for by 

the overall model (Adj. R2=0.269; F(3,102)=13.911, p<0.001), with group showing a 

significant main effect (F(2,102)=18.284, p<0.001). Pairwise comparisons revealed no 

significant difference in mean frontal AD between typically developing participants and 

those with SBM with a normal appearing tectum (t(102)=2.170, p=0.097). Individuals with 

tectal beaking evidenced significantly higher mean AD than both the typically developing 
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group (t(102)=5.849, p<0.001) and those with SBM showing a normal appearing tectum 

(t(102)=3.497, p=002). 

Along parietal pathways, 23.4% of the variance in mean AD could be explained by 

the overall model (Adj. R2=0.234; F(3,102)=11.681, p<0.001), with group showing a 

significant main effect (F(2,102)=14.670, p<0.001). Pairwise comparisons between groups 

along parietal pathways revealed no significant difference in mean AD between the typically 

developing and the SBM group with a normal appearing tectum (t(102)=1.897, p=0.182). 

Those with tectal beaking revealed significantly higher mean AD when compared to both 

typically developing participants (t(102)=5.226, p<0.001) and those with SBM evidencing a 

normal appearing tectum (t(102)=3.173, p=0.006). 

 

2. Within-Subject Ratios of Mean Frontal by Mean Parietal Diffusivity Metrics 

To assess the degree of discrepancy between frontal and parietal tectocortical white 

matter integrity within individuals, a ratio relating mean frontal to mean parietal diffusivity 

measures were calculated for each participant per DTI metric (FA, AD, RD): 

Ratio =  Mean Frontal DTI Metric  
  Mean Parietal DTI Metric 

The means of the calculated ratios fitted with a 95% confidence interval for each 

group are presented as a bar graph in Figure 4. A ratio value of 1 represents no within-

subject difference in DTI metrics between pathways, where ratios >1 represents higher 

values in frontal compared to parietal and <1 indicates higher DTI metrics in parietal 

compared to frontal tracts. To compare within-subject ratios between the three groups, a 

one-way analysis of variance was conducted. Significant main effects of group were 

followed up with post-hoc pairwise comparisons, corrected for multiple comparisons using 
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the Bonferonni approach. Since the dependent variable (a frontal/parietal ratio) is a within-

subject comparison, age is an intrinsically controlled factor and is not needed as a covariate. 

Significant group main effects were followed up with post-hoc pairwise comparisons, and 

significance levels were adjusted for multiple comparisons utilizing the Bonferonni 

procedure. 

 

FA Ratio 

 Ratios relating frontal to parietal mean FA within-subjects significantly differed by 

group (Adj. R2=0.120; F(2,103)=7.653, p<0.001). Follow-up pairwise comparisons 

indicated that typically developing participants had significantly less discrepancy between 

mean FA values within frontal and parietal tracts than individuals with SBM either with 

(t(103)=2.429, p=0.050) or without tectal beaking (t(103)=4.167, p<0.001). There were no 

significant differences observed in FA ratio between the two SBM groups (t(103)=1.333, 

p=0.537). 

 

RD Ratio 

Between-group comparison of ratios relating within-subject frontal to parietal mean 

RD indicated a significant main effect of group (Adj. R2=0.139; F(2,103)=9.483, p<0.001). 

Follow-up pairwise comparisons revealed less discrepancy between frontal and parietal 

mean RD values for typically developing participants compared to individuals with SBM 

exhibiting tectal beaking (t(103)=4.364, p<0.001), and those with SBM showing a normal 

appearing tectum (t(103)=2.667, p=0.034). There was no significant difference in RD 

frontal:parietal discrepancy between the two SBM groups (t(103)=1.455, p=0.398). 
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AD Ratio 

 Between-group comparison of ratios relating frontal to parietal mean AD within-

subject revealed no significant differences between typically developing participants, and 

those with SBM with or without tectal beaking (Adj. R2=0.016; F(2,103)=0.156, p=0.856).  

 

3. Collicular Volume  

To assess differences in tectal volume between individuals with and without 

qualitative tectal beaking within the SBM group, and typically developing participants, an 

analysis of covariance approach was implemented to test for the main effect of group. Total 

brain volume excluding CSF was included as a covariate to control for variations in 

collicular volumetric measurements related to cranial size. Significant group main effects 

were followed up with post-hoc pairwise comparisons of estimated marginal means 

controlling for total brain volume, and significance levels were adjusted for multiple 

comparisons utilizing the Bonferonni procedure.  

Mean collicular volume for each group fitted with a 95% confidence interval is 

presented as a bar graph in Figure 5, as well as within Table 3. The overall model reached a 

level of significance, with group and intracranial volume accounting for 14.9% of the 

variance in total collicular volume (Adj. R2=0.149; F(3,102)=7.125, p<0.001). Results 

indicated a significant main effect of group (F(2,102)=6.612, p=0.002). Follow-up pairwise 

comparisons revealed a significantly larger collicular volume in typically developing 

individuals compared to those with SBM exhibiting tectal beaking (t(102)=3.506, p<0.001), 

and compared to those SBM individuals with a normal appearing tectum (t(102)=2.973, 
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p=0.004). There was no significant group difference in tectal volume between individuals 

with SBM with and without tectal beaking (t(102)=0.102, p=0.999). 

 

4. Lateral Ventricular Volume as a Predictor of DTI Metrics in SBM 

To assess the association between ventricular volume and indices of white matter 

structural integrity, simultaneous multiple regression analyses were performed, restricted 

only to those within the SBM group. Regression analyses were conducted per hemisphere to 

account for within-subject variation in right and left lateral ventricular volume. Age was 

included as an additional predictor in the model to control for age-related variations in white 

matter integrity.  

Results of the analyses indicated that among individuals with SBM, increasing 

ventricular volume was a significant predictor of higher mean FA and reduced mean RD 

along frontal and parietal tectocortical tracts for both hemispheres, controlling for the effects 

of age. Overall model significance and standardized beta weights for predictors are provided 

in Table 4. Association of ventricular volume and DTI metrics are presented as scatter plots 

in Figure 6. Although ventricular volume was a significant predictor of indices of white 

matter integrity in those with SBM, individuals evidencing atypically enlarged ventricles 

appear to heavily influence the regression model. Also of note, although hemispheric 

asymmetry revealing significantly larger left compared to right lateral ventricular volume 

was apparent across all three groups, the pattern of greater left ventricular volume is a 

common neurostructural observation not suggestive of pathology (Gyldensted, 1977).  

 

Discussion 
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The present study demonstrated significant associations between variation in both 

qualitative and quantitative properties of the midbrain tectum in SBM, and connectivity of 

this structure to cortical networks sub serving attention processes. These results have three 

major implications. First, findings coincide with previous research implicating a greater 

disruption of posterior brain morphology in those with SBM compared to TD individuals. 

Second, the presence of tectal beaking in SBM is associated with decreased indices of WM 

integrity across both frontal and parietal tectocortical pathways compared to individuals with 

SBM and a normal appearing tectum. In particular, tectal beaking in SBM is associated with 

increased axial diffusivity, in which individuals with SBM and a normal appearing tectum 

did not significantly differ from the TD comparison group. Thus, changes in axial diffusivity 

along all pathways emanating from the colliculus may be uniquely related to developmental 

malformation of this structure in SBM as opposed to mechanical effects of hydrocephalus. 

Finally, current lateral ventricular volume is predictive of DTI metrics indicative of white 

matter integrity in SBM, although individuals exhibiting atypically enlarged ventricles were 

noticed to heavily influence the regression. Increasing FA in the presence of enlarged 

ventricles may be suggestive of attenuating sub-clinical hydrocephalus in those with SBM, 

and may potentially provide useful insight when considering shunt intervention or revision.  

Indicators of white matter structural integrity in this study were derived from DTI 

metrics calculating fractional anisotropy, radial diffusivity and axial diffusivity. Fractional 

anisotropy (FA) is one of the more commonly reported DTI metrics in the literature, 

quantified as a scaled difference between isotropic and linear diffusion within a voxel, and is 

thought to reflect properties such as axonal diameter, fiber density, and myelination in white 

matter (Basser & Pierpaoli, 1996). The calculation of axial and radial diffusivity indices 
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from tensor maps provides additional information for interpreting changes in fractional 

measures of anisotropy by providing more specific indications of axonal structure than 

allowed for by other commonly reported DTI metrics (such as mean diffusivity). Axial 

diffusivity (AD) is defined as the degree of diffusivity along the primary diffusion axis, and 

has been related to variations of axonal integrity in animal models. Conversely, radial 

diffusivity (RD) is calculated as the average of the two secondary diffusion axes, and is 

thought to approximate the degree of flow restriction provided by membranes and myelin 

integrity (Concha, Gross, Wheatley, & Beaulieu, 2006; Song, et al., 2003). Increasing values 

of both axial and radial diffusivity are considered indicators of decreased tissue integrity, 

and typically demonstrate an inverse relation to FA values.  

 

Frontal and Parietal Tectocortical Pathways  

Discrepancy Among Frontal and Parietal WM in SBM 

Results of the current study indicate that radial and axial diffusivity metrics provide a 

more sensitive measure of detecting white matter integrity in this sample than fractional 

anisotropy, and allow for differentiation of axonal properties between those with and 

without tectal beaking. In support of the first hypothesis, individuals with SBM were found 

to exhibit significantly decreased mean FA and increased mean RD along parietal 

tectocortical pathways, with fewer differences along frontal tracts, when compared to TD 

individuals. Although prior studies have demonstrated opposing findings of decreased FA in 

isolated frontal regions of interest within the genu of the corpus callosum, fornix and 

cingulum in those with SBM (Herweh, et al., 2009; Vachha, et al., 2006), congenital 

malformations such as callosal hypogenesis along with the vulnerability of periventricular 
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white matter to structural insult following hydrocephalus may explain such decrements. 

Findings of the present study revealing comparable FA along frontal WM pathways among 

those with SBM and TD individuals is supported by the observed preservation of anterior 

structural features in regions spared from the periventricular insults of hydrocephalus, such 

as demonstrated by preserved cortical thickness within the frontal lobes in SBM (Juranek, et 

al., 2008). Thus, results were congruent with prior studies indicating preferential insult to 

posterior pathways in SBM while also demonstrating relatively intact WM in anterior 

regions.  

Discrepancies between anterior and posterior indices of WM integrity were further 

explored within-subject through the calculation of a ratio relating posterior to anterior mean 

diffusivity metrics for each participant. Consistent with the second hypothesis, those with 

SBM showed a greater discrepancy on DTI metrics between frontal/parietal tectocortical 

tracts than TD participants. Individuals with SBM, regardless of the presence of tectal 

beaking, exhibited decreased FA and increased RD along parietal tracts in relation to frontal 

tectocortical pathways. Thus, significant group differences observed in diffusivity metrics 

might be interpreted based on within-subject discrepancies between frontal and parietal 

white matter integrity.  

In animal models, observed alterations in posterior white matter morphology have 

been largely attributed to the mechanical effects of hydrocephalus, as the accumulation of 

cerebral spinal fluid in the lateral ventricles exerts pressure and expands tissue along a 

posterior to anterior gradient. Periventricular white matter, especially long pathways 

extending between the brainstem and cortical regions much like the parietal tectocortical 

tract observed in the present study, are distinctly vulnerable to damage incurred by 
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hydrocephalus (Del Bigio, 1993; Del Bigio, da Silva, Drake, & Tuor, 1994). In particular, 

hydrocephalus has been noted to alter myelin integrity in induced hydrocephalic rat models 

through a loss of oligodendrocytes (Olopade, Shokunbi, & Siren, 2012), which supports 

findings of the current study revealing increased RD as a possible indicator of altered myelin 

integrity among individuals with SBM.  

A similar pattern of decreased FA and increased RD was previously observed in a 

DTI study examining hydrocephalic children (Yuan, et al., 2012). Prior human imaging and 

autopsy studies have also related a disruption of myelination processes consequential to the 

occurrence of hydrocephalus and associated increases in intracranial pressure (Gadsdon, 

Variend, & Emery, 1979; Hanlo, et al., 1997). The endurance of neuronal changes following 

acute intervention for ventriculomegaly have been addressed within hydrocephalic animal 

models investigating the potential restoration of impaired axonal connectivity to cortical 

regions which reveal some evidence of improvement, but not complete recovery of axons 

following ventricular shunting procedures (Aoyama, Kinoshita, Yokota, & Hamada, 2006; 

Eskandari, et al., 2004).  

 

Changes in WM Integrity Unique to Tectal Beaking in SBM 

Another salient finding of the current study revealed mean AD as an indicator of 

white matter integrity uniquely associated with the presence of tectal malformation. 

Interestingly, the discrepancy between frontal and parietal pathways on measures of mean 

AD did not significantly differ between any of the groups. In other words, the ratio 

describing frontal to parietal mean AD was comparable across groups and did not show 

preferential decrements in posterior regions in those with SBM, in contrast to observations 
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of FA and RD. Despite no apparent discrepancies in AD between frontal and parietal 

regions, individuals with SBM classified with tectal beaking did reveal a consistent overall 

increase in mean AD along both pathways when compared to typically developing controls 

and to those with SBM with no tectal malformations. Conversely, SBM individuals with a 

normal appearing tectum were similar to typically developing individuals on measures of 

AD along both frontal and parietal tectocortical pathways. These findings suggest that the 

presence of tectal beaking in SBM uniquely accounts for significantly elevated measures of 

AD when compared to those with SBM and typically developing individuals with a normal 

appearing tectum. The association between developmental structural malformation of the 

tectum and resulting decrements in DTI indicators of white matter integrity along emanating 

tectocortical pathways is a novel finding, and may suggest a distinct correlate of change 

apart from the mechanical effects of hydrocephalus.  

Individuals with SBM present with congenital brain malformations such as the 

Chiari II malformation, of which disruption to neonatal development are accepted to precede 

the development of hydrocephalus. It is currently unclear whether observable patterns of 

neuropsychological deficits in individuals with SBM follow from developmental 

malformation of brain structures, or whether both functional and structural deficits are 

purely subsequent to mechanical neuronal insult secondary to hydrocephalus. Despite 

indications of axonal changes in SBM that may be attributable to the mechanical effects of 

hydrocephalus, neurostructural changes have also been related to meningomyelocele despite 

the presence of ventriculomegaly (Juranek, et al., 2010; Juranek & Salman, 2010; Variend & 

Emery, 1973, 1974, 1979). These studies have predominately focused on cerebellar and 

corpus callosum malformations, and the present investigation into collicular abnormalities 
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may broaden the understanding of anatomical correlates of the Chiari II malformation. 

Although the precise mechanism relating tectal malformation to reductions in effective 

connectivity of this region is not well understood, tectal beaking is generally accepted to be 

indicative of the severity of SBM and the Chiari II malformation, possibly suggesting an 

indirect link between the two (Barkovich, 2005).  

 

Comparison of Tectal Volume  

In addition to examining changes in tectocortical pathways between groups, 

quantitative measures of tectal volume were also investigated. Findings suggest that 

regardless of presenting with tectal malformations, collicular volume is significantly 

decreased in individuals with SBM compared to typically developing controls. This finding 

is contrary to that predicted, as tectal volume is best predicted given the overarching 

diagnosis of SBM, and not the occurrence or absence of tectal beaking where differences 

were initially postulated to occur. 

Of particular interest to attentional processing, the colliculus is a midbrain structure 

that is frequently atypical in individuals with SBM. Despite tectal beaking comprising a 

hallmark feature of the Chiari II malformation, structural imaging studies have 

predominately focused on callosal, cerebellar and gross cortical morphology, with no known 

investigations into quantitative properties of the colliculus in this population. In other non-

clinical literature, interest into the structure and function of the superior colliculus is steadily 

growing fueled by animal models recognizing the tectum as a critical component in non-

reflexive attentional processing, with particular functional utility in attentional selection 

(Knudsen, 2011). Findings of reduced tectal volume in those with SBM, regardless of 
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qualitative malformations in this region, is a novel contribution and provides evidence for 

potential neural correlates underlying attentional deficits observed in this population.  

 

Relation of Ventricular Volume to DTI Metrics in SBM 

The final hypothesis addressed the relation of current lateral ventricular volume to 

DTI indices of white matter integrity among individuals with SBM. Contrary to predictions, 

increased lateral ventricular volume was associated with elevated FA and decreased RD 

along both frontal and parietal tectocortical pathways bilaterally. However, a subset of the 

SBM sample exhibited atypically enlarged ventricles, potentially indicative of subclinical 

ventriculomegaly, and the inclusion of these significant outliers was observed to influence 

the regression model. Despite those with enlarged ventricles being considered as outliers in 

this analyses, observations of increasing FA and decreasing RD in these individuals is still 

an interesting finding.  

Although elevations in FA are generally interpreted as positive indicators of white 

matter integrity, in the case of atypically enlarged ventricles, these observations may be 

more indicative of elevated intracranial pressure resulting in axonal compression. Such 

changes in DTI metrics are similarly observed after closed head injuries accompanied by 

brain swelling (Del Bigio, 2010). Furthermore, these findings are consistent with previous 

reports of individuals with SBM and Chiari II malformation evidencing preferentially higher 

white matter FA values in brain hemispheres with ventricular enlargement, compared to 

those with normal ventricular size (Ou, et al., 2011). Increased lateral ventricular volume 

following hydrocephalus in children with SBM and aqueductal stenosis has also been 

associated with decreased performance on cognitive tasks in which nonverbal measures 



TECTOCORITCAL ATTENTION PATHWAYS IN PEDIATRIC SPINA BIFIDA 
   

 

34 

correlated with right, and verbal measures correlated with left lateral ventricular volume 

(Fletcher, et al., 1992). Thus, non-acute hydrocephalic enlargement of ventricles may 

contribute to ongoing cognitive and neurostructural insult. In the current study, as enlarged 

lateral ventricles were positively associated with increased FA (a finding possibly 

attributable to axonal compression due to raised intracranial pressure), DTI metrics may 

provide a useful noninvasive indicator for consideration of shunt placement and revision in 

this population.  

 

Limitations of the Present Study 

As with any study, results should be interpreted in the context of known 

shortcomings and limitations. Although advances in brain imaging techniques have provided 

a novel and insightful methodology for examining correlates of brain tissue structure both 

noninvasively and in vivo, these methodologies are far from being irreproachable. DTI in 

particular makes assumptions linking diffusivity characteristics of water molecules within 

the brain as a proxy for white matter tissue integrity. Although animal models along with 

postmortem investigations relating physical axonal structure and DTI indices have supported 

such assumptions, relying on such distant indicators to be reflective of actual anatomy 

should be carefully interpreted as extrapolation (Wheeler-Kingshott & Cercignani, 2009).  

Although changes in DTI metrics observed in this study do show significant 

correlations with predictor variables, both the instigating and causal underlying mechanisms 

responsible for such observed effects are speculative. Specific problems inherent to DTI that 

have been extensively reviewed in prior literature include the limitations of partial voluming 

and the treatment of crossing fibers in tractography. Although procedures implemented in 
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this study reflect the use of algorithms designed to minimize such issues, additional post-

processing steps were also undertaken. Normalization of tracts to account for differences in 

seed volume and “tractability” between participants was performed, along with thresholding 

to minimize the inclusion of periventricular voxels that may have partially consisted of CSF. 

In addition, non-isotropic voxel acquisition stands to potentially bias the calculation of 

diffusivity metrics, although this has not been fully explored and DTI analysis of non-

isotropic voxel sizes is frequently encountered in the literature.  

 

Conclusions and Future Directions  

When taken together, findings from the current study help to elucidate the unique 

changes to tectocortical white matter observed in SBM in the presence of hydrocephalus, 

with or without tectal malformation. Observed decrements in DTI metrics indicative of 

white matter integrity in SBM are most salient in posterior tectocortical pathways and may 

be more closely related to possible damage incurred by hydrocephalus. In addition, of those 

with SBM, individuals with tectal beaking evidence increased AD along all tectocortical 

pathways, potentially suggesting a neurodevelopmental mechanism of white matter 

disruption that may precede structural changes implicated by hydrocephalus. Furthermore, 

individuals with SBM, regardless of tectal malformations, show reductions in collicular 

volume compared to TD comparisons, which may also contribute to previously documented 

attentional processing deficits observed in this population. Finally, increasing lateral 

ventricular volume was a significant predictor of elevated FA (although this association 

appears to be heavily driven by cases of possible sub-clinical ventriculomegaly), potentially 

reflecting axonal compression in the presence of enlarged ventricles. 
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Overall, this study aimed to clarify the relation between white matter structural 

connectivity along tectocortical attention pathways, and how such effective connectivity 

may relate to structural tectal abnormalities or malformations in SBM. Constrained by the 

purely anatomical scope of the current study, inferences cannot be made directly linking 

structural findings to behavioral measures of attention. However, prior research supports 

such a link, informing hypotheses tested in the current study predicting underlying 

neurostructural correlates of cognitive performance deficits observed in SBM. Future 

directions indicate incorporation of behavioral attention data alongside DTI indices of white 

matter structural integrity to further parse the unique contributions of the colliculus and 

emanating tectocortical pathways to cognitive function. Additionally, it would be of interest 

to include a comparison group of individuals with hydrocephalus who are free from the 

confounding neurodevelopmental abnormalities seen in SBM (such as those with aqueductal 

stenosis distinct from SBM) to disentangle changes in white matter integrity attributable to 

hydrocephalus versus congenital abnormalities.  
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Table 1. Demographic Information 

 
TD 

(n=26) SBM-NT (n=29) SBM-TB (n=51) 
Years of Age at MRI (M[SD]) 13.89 (5.70) 15.11 (5.78) 13.40 (4.00) 
SES (M[SD]) ✚* 41.02 (10.36) 31.90 (14.14) 34.03 (12.68) 
Gender (% Male) 62 48 57 
Ethnicity (% of group)    

Hispanic 58 59 53 
Non-Hispanic 42 41 47 

African American 11 3 14 
Asian 8 0 0 
Caucasian 19 38 31 
Other 4 0 2 

IQ (M[SD]) * 102.92 (10.23) 88.34 (14.84) 80.25 (13.25) 
Note: M=mean; SD=standard deviation; SBM=Spina Bifida Meningomyelocele; NT=normal 
appearing tectum; TB=tectal beaking; TD=typically developing; SES=socio-economic status; 
IQ=Stanford Binet Composite score. 
✚ 1 SBM participant missing data for SES  
* p < 0.01    
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Table 2. SBM Characteristics 

 
% of SBM-NT 

(n=29) 
% of SBM-TB 

(n=51) 
Lesion Level   

Above L1  0 28 
Below T12  100 72 

Chiari Malformation   
None 21 2 
Type I 10 0 
Type II 69 98 

Corpus Collosum   
Normal 7 2 
Hypoplastic 72 60 
Dysgenetic 21 38 

Shunt Revisions   
Unknown 0 2 
None 21 14 
One 21 31 
Two - Four 51 43 
Five - Nine 7 8 
> Ten 0 2 

Ambulatory Status   
Normal  14 0 
Independent 24 26 
With Support 41 31 
Unable 21 43 

Seizure Disorder   
No  84 90 
Past  3 8 
Present 3 2 

Note: SBM=Spina Bifida Meningomyelocele; NT=normal 
appearing tectum; TB=tectal beaking. 
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Table 3. Means (M) and Standard Deviations (SD) of Dependent Variables  
 SBM TD  

 
Tectal Beaking 

(n=51) 
Normal Tectum 

(n=29) 
 

(n=26) 
 M SD M SD M SD 
Fractional Anisotropy       

Frontal 0.4416a 0.0349 0.4365a 0.0429  0.4431a 0.0178 
Parietal 0.4310a 0.0295 0.4326a 0.0365 0.4543b 0.0168 

Radial Diffusivity✚       
Frontal 598.3a 43.6 584.8a 48.7    562.2b 21.7 
Parietal 641.3a 57.6 614.8a 49.5  571.5b 21.6 

Axial Diffusivity✚       
Frontal 1227.7a 57.4  1189.1b 30.1   1165.2b 20.8 
Parietal 1284.0a 75.4 1238.7b 34.6 1212.6b 22.3 

Tectal Volume       
Right Tectal Volume   773.8a 204.7   781.7a 199.9   993.8b 286.2 
Left Tectal Volume   793.4a 202.4   790.4a 213.1 1022.0b 316.8 
Total Tectal Volume 1567.3a 394.7 1572.0a 398.7 2015.9b 587.7 

Pathway Volume       
Frontal Pathway 12297a 2772 12513a 2327 12921a 1131 
Parietal Pathway 10624a 2241 10941a 2307 11176a 1135 

Lateral Ventricle Volume       
Left 16149a 18516 19815a 21521 5731b 2435 
Right 11965a 12124 13476a 15262 5185b 2481 

Note:  ✚value multiplied by factor of 1000; SBM=Spina Bifida Meningomyelocele; 
TD=typically developing; differences in alphabetic superscript for means denotes 
significant ANCOVA between groups at p<0.01, means with the same superscript do 
not significantly differ; DTI metrics include age as covariate, volumetric measurements 
include brain volume excluding CSF as covariate. 
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Table 4. Predicting Mean DTI Metric of Pathway by Lateral Ventricular Volume 

 Overall Model Fit 
Lateral Ventricular 

Volume Age 
 Adjusted R2  F β β 
     
FA     

LH Frontal  0.293 17.402** 0.560** -0.008 
RH Frontal 0.275 15.978** 0.510** 0.097 
LH Parietal 0.261 14.954** 0.502** 0.082 
RH Parietal 0.421 29.742** 0.638** 0.074 

RD       
LH Frontal  0.226 12.529** -0.485** -0.035 
RH Frontal 0.254 14.436** -0.405** -0.246 
LH Parietal 0.161 8.554** -0.372* -0.134 
RH Parietal 0.296 17.602** -0.470** -0.212 

AD       
LH Frontal -0.013 0.483 0.064 -0.109 
RH Frontal 0.076 4.232 0.245 -0.266 
LH Parietal 0.000 0.989 -0.089 -0.110 
RH Parietal 0.052 3.146 0.109 -0.280 

Note: FA=fractional anisotropy; RD=radial diffusivity; AD=axial diffusivity; *p < 0.01; 
**p < 0.001 
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Figure 1. Example of manually-traced collicular seed point labels (right = orange, left = 
yellow) on lowb DTI image, and merging of FreeSurfer’s automated cortical parcellation 
labels to achieve frontal (turquoise) and parietal (purple) cortical endpoint masks. 
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Figure 2. Sample of probabilistic tractography results of frontal (red) and parietal (blue) 
tectocoritcal pathways in TD and SBM individuals with and without tectal abnormalities.  
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Figure 3. Mean values of FA, RD, and AD showing a 95% confidence interval between 
typically developing (TD) and SBM individuals grouped by tectal beaking along frontal 
(red) and parietal (blue) tectocortical pathways. *p<0.01. 
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Figure 4. Mean frontal:parietal ratio for DTI metrics (FA, RD, AD) by group, with error 
bars representing a 95% confidence interval. TD individuals had significantly less 
discrepancy between frontal and parietal mean RD and frontal FA compared to those with 
SBM (regardless of the presence of tectal abnormalities). Groups did not significantly differ 
among AD ratios. * p< 0.01 
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Figure 5. Mean total collicular volume (left and right) by group, with error bars representing 
a 95% confidence interval. TD individuals had significantly larger total collicular volume 
than both SBM groups, controlling for total intracranial volume. * p< 0.01 
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Figure 6. Limited only to individuals with SBM, scatter plots demonstrating association 
between lateral ventricular volume and mean DTI metrics (FA, RD, AD) along frontal and 
parietal pathways per hemisphere. Lateral ventricular volume and age significantly predicted 
mean FA and RD along both frontal and parietal pathways per hemisphere. Ventricular 
volume did not significantly predict AD in either pathway. After removing outlying 
observations with atypical ventricular enlargement, ventricular volume was no longer a 
significant predictor of WM integrity. 
 


