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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 is unknown. To assess the rela-
tionship of tectal structure and connectivity to frontal and parietal cortical regions, probabilistic diffusion tractog-
raphy was performed on 106 individuals (80 SBM, 26 typically developing [TD]) 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 with TD individuals. The group with SBM also showed greater within-subject discrepancies be-
tween frontal and parietal WM integrity compared with the TD group. Of those with SBM, qualitative classifica-
tion 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 brain re-
gions in SBM, and quantifiably relate tectal volume, tectocortical WM integrity, and tectal malformations in
this population.
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Introduction

Spina bifida meningomyelocele (SBM), the most com-
mon congenital birth defect affecting the central nervous

system worldwide, occurs in 0.3–0.5 per 1000 births annually
in North America (Au et al., 2010). SBM is characterized as a
neural tube defect leading to malformations of both spine and
brain. Meningomyelocele is the most common and severe
form of spina bifida, representing a protrusion of the spinal
cord and meninges caused by incomplete fusion of the
spine (Barkovich, 2005; Barkovich and Raybaud, 2012;
Fletcher and Brei, 2010; Talamonti et al., 2007). The neuroan-
atomical abnormalities usually include atypical development
and caudal herniation of the cerebellum and hindbrain (the
Chiari II malformation) (Tubbs et al., 2004), which occurs in

90% of individuals with SBM (Barkovich, 2005; Barkovich
and Raybaud, 2012; Juranek et al., 2010; Juranek and Salman,
2010). The aberrant configuration of the hindbrain resulting
from the Chiari II malformation obstructs the flow of cerebro-
spinal fluid at the level of the fourth ventricle, leading to hy-
drocephalus in 80–90% of children with SBM, 50–80% of
whom require the insertion of a shunt (Bowman and McLone,
2010; Reigel and Rotenstein, 1994).

The Chiari II malformation is associated with a spectrum of
abnormalities that appear variably in SBM, including kinking
of the medulla, and midbrain anomalies, such as beaking of
the tectum ( Juranek and Salman, 2010; Tubbs et al., 2004).
The consequences of tectal beaking (Fig. 1), frequently visual-
ized in imaging studies of individuals with SBM, are unclear;
for example, it is not known whether the aberrant structural
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formation of the tectum contributes to compromised or al-
tered connectivity of white matter (WM) between this region
and its cortical projections. Regardless, there are consistent
findings linking qualitative abnormalities of the tectum to
deficits in attention orienting in SBM (Dennis et al., 2005a).

Attention orienting in SBM

Functionally, the tectum is considered critical to spatial at-
tention as a component of the posterior attention network
subserving attention orienting and shifting (Posner and
Petersen, 1990). Earlier research has demonstrated specific
deficits in attention orienting in children with SBM, with tec-
tal beaking associated with a greater degree of attentional im-
pairment. In particular, children with SBM and tectal beaking
show deficits in covert orienting, as well as a higher cost of
disengagement from currently selected stimuli when com-
pared with controls, and with children with SBM and no tec-
tal dysmorphometry (Dennis et al., 2005a). Children with
SBM also demonstrate attenuated inability to re-engage a
new target on a task measuring inhibition of return, with
greater decrements in performance among children exhibit-
ing tectal beaking (Dennis et al., 2005b). These types of atten-
tion problems can be observed even in infancy, because basic
orienting ability is impaired in infants with SBM (Taylor et al.,
2010). Despite the evidence for tectal dysmorphometry con-
tributing to decrements in attentional ability in SBM, there
have been no quantitative analyses of tectal dysmorphmetry
and the integrity of efferent pathways subserving attentional
processing in SBM, which involve tectal structures.

Anatomy and function of the tectum

The tectum (comprising both inferior and superior colli-
culi) is the only midbrain structure that resembles the laminar
organization and hierarchical processing evidenced in
higher-order cortex (Merker, 2007). The superior colliculi
are topographically organized to contain layered spatial
maps from various sensory modalities, which overlap and
correspond to one another via spatial coordinates. Anatomi-
cally, the superior colliculus (SC) is divided into a superior
and intermediate division, differentiated by neuronal struc-
ture and function. The superficial layer of the SC only receives
direct, one-way input from primary sensory regions, includ-
ing the retina, visual cortex, and extrastriate pathways
(Knudsen, 2011), with outputs projecting to visuomotor and
motor neurons located immediately inferior within the inter-
mediate layer of the SC. The intermediate layer has been de-
termined a critical site for the convergence and integration of
primary sensory inputs with other higher-order projections

from visual and nonvisual cortical regions involved in spatial
attention, including the parietal, prefrontal, and temporal re-
gions (Merker, 2007).

Modulating spatial attention is an important function of
the human brain and subserves attending to salient cues in
the environment, along with the selection of relevant stimuli
as the focus for subsequent cognitive processing. The mid-
brain SC, in conjunction with fronto-parietal cortical net-
works, supports attention orienting (Knudsen, 2011).
Although the SC is classically considered important for the
generation of saccadic eye movements during both voluntary
and reflexive visual orienting, primate studies have identified
the importance of the SC in covert shifts of attention without a
motor response(Ignashchenkova et al., 2004), as well as a crit-
ical role in attentional selection (Lovejoy and Krauzlis, 2010)
and perceptual bias of visual stimuli (Nummela and 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 et al.,
2006). A study utilizing functional magnetic resonance imag-
ing (fMRI) revealed significant activation of the SC in an
exploratory attention paradigm, identifying functional con-
nectivity between the SC and the right frontal eye field, and
bilateral parietal and occipital cortices (Gitelman et al.,
2002). Thus, evidence from both human and primate studies
indicates that the SC is involved in the process of target selec-
tion for both overt orienting eye movements (shift of gaze to
orient toward salient visual stimuli) and the allocation of co-
vert spatial attention (a shift of visuo-spatial attention with-
out eye movements) (Knudsen, 2011; Mysore and Knudsen,
2011).

Rationale for the present study

In SBM, congenital hydrocephalus primarily disrupts WM
in posterior regions (Simpson et al., 2011), potentially impact-
ing functional connectivity between parietal visuo-spatial
processing regions and the midbrain tectum, modulating at-
tentional selection. In addition, congenital tectal malforma-
tions and decreased cortical gray matter in the posterior
lobes of children with SBM ( Juranek and Salman, 2010)
may also contribute to previously observed difficulties with
attention orienting. Thus, SBM permits investigation into po-
tential dissociations of underlying WM connectivity subserv-
ing theoretically proposed anterior versus posterior
tectocortical pathways of attention orienting, while also pro-
viding a quantitative structural examination of the midbrain
tectum.

FIG. 1. Depiction of a normal appearing
tectum in an individual with SBM (left) ver-
sus an individual with SBM demonstrating
tectal beaking (right). SBM, spina bifida
meningomyelocele.
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The current study examined the structural integrity of WM
tectocortical pathways between the colliculus and frontal/pa-
rietal cortical regions implicated in attention orienting using
diffusion tensor imaging (DTI) probabilistic tractography
procedures, as well as volumetric analysis of the tectum in
children with SBM. We hypothesized:

1. Because individuals with SBM show volumetric reduc-
tions in WM primarily in posterior as opposed to ante-
rior brain regions, we predicted that individuals with
SBM (both with and without tectal beaking) would
have reduced indices of WM integrity along parietal
but not frontal tectocortical pathways compared with
typically developing (TD) individuals. In addition, we
predicted that those with tectal abnormalities would
have reduced WM integrity within both frontal and pa-
rietal tectocortical pathways compared with individuals
with SBM and a normal appearing tectum.

2. Mean DTI metrics of frontal versus parietal tectocortical
pathways are difficult to meaningfully compare within
participants, because raw values may be confounded
by differing degrees of tract length and variations in ex-
tent of crossing fibers along each tract. Therefore, a ratio
was calculated for each participant dividing frontal by
parietal DTI metrics as a within-subject indicator of dis-
crepancy between frontal and parietal tract integrity. We
predicted greater discrepancy between frontal and pari-
etal WM indices in individuals with SBM relative to con-
trols.

3. We predicted a significant reduction in overall tectal vol-
ume between SBM individuals with qualitative tectal
beaking compared with SBM cases with a normal
appearing tectum and TD controls.

Methods

Participants

The sample consisted of 80 individuals with SBM and 26 TD
comparisons. The volunteers in the comparison group were se-
lected in the same age range (8–29 years) as the group with
SBM, and had no history or evidence of neurologic or neurode-
velopmental disorders. Participants with SBM were recruited
through clinics and parent advocacy groups for SBM.

All of the participants with SBM were medically stable and
had IQ scores above the level associated with intellectual dis-
abilities (standard scores > 70). Of the 80 individuals with
SBM, 29 showed a normal appearing tectum (SBM-NT),
while 51 exhibited tectal beaking based on radiological re-
view (SBM-TB). Table 1 shows that the groups with SBM
and the TD group did not differ in age, F(2,103) = 1.12,
p = 0.33; sex, v2(2) = 1.04, p = 0.60; or Hispanic versus non-
Hispanic ethnicity, v2(2) = 0.299, p = 0.86. Sex or ethnicity did
not explain a significant amount of outcome variance in any
of the models and were not included as covariates. Consistent
with earlier studies (Fletcher et al., 2005), the groups differed
on a measure of socioeconomic status (SES), F(2,102) = 4.0,
p = 0.02, with TD individuals having a significantly higher
SES than both the SBM group with a normal appearing tec-
tum t(53) = 2.65, p = 0.01, and the SBM group exhibiting tectal
beaking t(74) = 2.30, p = 0.02; the two SBM groups did not dif-
fer from one another. However, SES was not significantly cor-
related with any of the outcome variables as well.

Table 2 shows that the majority of those with SBM were ra-
diologically coded with a Chiari II malformation of the hind-
brain accompanied by a hypoplastic or dysgenetic corpus
callosum. Exceptions included three participants with a
Chiari I malformation, and seven participants with no ob-
served Chiari malformation of either type. Of those seven
with no Chiari, aqueductal stenosis accounted for hydroceph-
alus in six participants. Overall, the sample of individuals
with SBM and hydrocephalus is representative of the overall
population with the majority evidencing predominantly
lower spinal lesions, ambulatory difficulties, no seizure his-
tory, and two to four shunt revisions (Fletcher et al., 2005).
The number of shunt revisions did not significantly account
for variance in outcome variables in any of the models and
was not utilized as a covariate.

MRI data acquisition

T1-weighted acquisition. A three-dimensional, whole-
brain high-resolution, T1-weighted scan was collected for
each participant in the coronal plane using Sensitivity Encoding
(SENSE) technology. Scans were acquired using a Philips 3.0
T Intera system with the following parameters: repitition time
(TR)/echo time (TE) = 6.5–6.7/3.04–3.14 msec; flip angle = 8�;

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])1,* 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)

1One SBM participant missing data for SES.
*p < 0.01.
M, mean; SD, standard deviation; SBM, spina bifida meningomyelocele; NT, normal appearing tectum; TB, tectal beaking; TD, typically de-

veloping; SES, socio-economic status; IQ, Stanford Binet Composite score; MRI, magnetic resonance imaging.
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square field of view (FOV) = 24 cm3; matrix = 256 · 256; slice
thickness = 1.5 mm; in-plane pixel dimensions (x,y) = 0.94,
0.94; and number of excitations (NEX) = 2.

DTI acquisition. DTI image acquisition employed a single-
shot spin-echo diffusion sensitized echo-planar imaging se-
quence with the balanced Icosa21 encoding scheme, which uses
21 uniformly distributed diffusion encoding orientations, with
the following DTI parameters: TR = 6100 msec; TE = 84 msec; 44
slices total; square FOV = 24 cm3; acquisition matrix = 256 · 256;
slice thickness = 3 mm; and b value = 1000 sec/mm2. A single
nondiffusion weighted or ‘‘low b’’ image with a b value =
0 sec/mm2 was acquired as an anatomical reference volume.
In addition, each encoding was repeated twice and magni-
tude-averaged to enhance the signal-to-noise ratio. The total
DTI acquisition time was *7 min, with the entire MRI exam
less than 30 min to accommodate pediatric participants.

MRI and DTI processing

T1-weighted imaging analysis. T1-weighted images were
processed using the FreeSurfer image analysis suite (http://
surfer.nmr.mgh.harvard.edu/) for the labeling of cortical re-
gions of interest used as tractography endpoint masks (Dale
et al., 1999; Fischl et al., 1999, 2001, 2002, 2004a, 2004b). The
T1-weighted image and corresponding cortical segmentation
labels were nonlinearly co-registered and transformed into
native DTI space to serve as anatomical endpoints for tractog-
raphy procedures, and then slightly dilated to extend 2 mm
deeper into directly adjacent WM to aid in fiber tracking.

DTI preprocessing procedures. DTI data processing uti-
lized diffusion tools available as a part of the FreeSurfer
and FSL (www.fmrib.ox.ac.uk.ezp-prod1.hul.harvard.edu/
fsl) processing streams. Diffusion volumes underwent eddy
current and motion correction. The diffusion tensor was
then calculated for each voxel using a least-squares fit to
the log of the diffusion signal. The T2-weighted lowb volume
was skull stripped (Smith, 2002), and served as a brain mask
for all other diffusion maps. Maps for fractional anisotropy
(FA), axial diffusivity [k1] (AD), and radial diffusivity
[(k2 + k3)/2] (RD) were then isolated for further FSL tractogra-
phy processing and analysis.

Labeling of collicular seed region. Hand-drawn regions
of interest (ROI) defining the complete left and right divi-
sions of the midbrain tectum were created for each subject
(by a single rater blinded to diagnosis), to serve as seed re-
gions in subsequent probabilistic tractography procedures
and to determine tectal volume. Although the SC is the pri-
mary structure of interest, the label included the entire tec-
tum (both superior and inferior colliculi) to accommodate
individuals with SBM who exhibited tectal beaking where
both inferior and superior sets of colliculi merge to form
an indistinguishable ‘‘beak’’ of tissue (Fig. 1). Hand-drawn
ROIs were created using a mouse to label voxels in fslview
within the axial acquisition plane of the T2-weighted lowb
image acquired as an anatomical reference volume within
the DTI sequence. The number of axial slices to demarcate
the tectum ranged from 3–5, with a slice thickness of
3 mm. By directly labeling the T2-weighted lowb image ac-
quired in each subject’s native DTI space, the resultant
label directly corresponded to the intended collicular trac-
tography seed point, requiring no transformations reliant
on co-registration procedures. Due to common structural
brain abnormalities in children with SBM, nonlinear co-
registration techniques appeared less robust than would
be expected with a typical adult brain, and minimizing the
need for registration-based transformations was considered
advantageous in the labeling of subcortical midbrain struc-
tures in this population. Intra-rater reliability was assessed
using the Dice similarity coefficient (DSC), which is a varia-
tion of the kappa statistic commonly used in reliability anal-
ysis. The DSC procedure assesses not only the reliability of
the number of voxels between tracings, but also the spatial
overlap of retraced voxels. The mean intra-rater DSC calcu-
lated using a randomly selected 10% of cases was 0.894
(range, 0.850–0.927), where values of DSC above 0.7 are usu-
ally considered a satisfactory level of agreement between
two segmentations (Entis et al., 2012; Xue et al., 2007; Zijden-
bos et al., 1994).

Diffusion tensor seed-based probabilistic tractography.
In preparation for tractography procedures, four-dimen-
sional data, including both diffusion-weighted and lowb vol-
umes, were fed into FSL’s bedpostx tool to calculate the
Bayesian estimate of diffusion parameters obtained using
sampling techniques. Monte–Carlo sampling accumulated
distributions of diffusion parameters at each voxel (allowing
for multiple fiber orientations per voxel) and created neces-
sary files to run probabilistic tractography. Probabilistic trac-
tography was subsequently performed using probtracx, as a
part of the FMRIB’s Diffusion Toolbox (Behrens et al., 2003).

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
1 21 31
2–4 51 43
5–9 7 8
> 10 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
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The seed point for these connectivity distributions was
generated from hand-drawn labels of the midbrain tectum
as defined earlier. An endpoint was also specified to limit
tractography procedures only to defined WM pathways ter-
minating within these cortical labels. Visualization of manu-
ally traced collicular seed labels and FreeSurfer-derived
automated cortical labels are presented in Figure 2. Probabil-
istic tractography was conducted for each hemisphere in-

dependently using either left or right collicular seed
points. For each hemispheric seed point, two probabilistic
tractography iterations were performed defining WM con-
nectivity from the colliculi to parietal or frontal cortical
regions independently.

Since tectal 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 itera-
tions per voxel), a normalization postprocessing procedure
was implemented to standardize final tract output across par-
ticipants. This was accomplished by dividing the probability
density function for each voxel by the total number of suc-
cessful iterations performed within subject (waytotal), result-
ing in a normalized value that could be interpreted as the
tract probability given the prior knowledge that the tract ex-
ists on that voxel. Normalization procedures aimed at control
for volumetric differences in seed regions between partici-
pants, 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 connec-
tivity. After normalization of tracts, a standardized threshold
was determined by excluding voxel intensities below the 95th
percentile value of the normalized distributions, averaged
across all participants and pathways (mean = 0.01, SD = 0.02).
Results of thresholding at the average 95th percentile yielded
robust pathways of interest for all participants while exclud-
ing extraneous pathways. Subsequent to waytotal normali-
zation, resulting maps were further thresholded to remove
voxels in which the FA value is less than 0.2 to limit inclu-
sion of non-WM tissue such as ventricles, shunt pathways,
and cortex. Similar normalization and thresholding proce-
dures have been implemented in earlier studies utilizing
FSL probabilistic tractography procedures (Caspers et al.,
2011; Li et al., 2010). Finally, thresholded output was then

FIG. 2. Example of manually traced collicular seed point la-
bels (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. DTI, diffusion tensor imaging; LH, left hemi-
sphere; RH, right hemisphere.

Table 3. Means and Standard Deviations of Dependent Variables

SBM

Tectal beaking (n = 51) Normal tectum (n = 29) TD (n = 26)

M SD M SD M SD

Fractional anisotropy ( · 10�6 mm2/sec)
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 ( · 10�3 mm2/sec)1

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 ( · 10�3 mm2/sec)1

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 (mm3)
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 (mm3)
Frontal pathway 12297a 2772 12513a 2327 12921a 1131
Parietal pathway 10624a 2241 10941a 2307 11176a 1135

1Value multiplied by factor of 1000; differences in alphabetic superscript for means denotes significant analysis of covariance between
groups at p < 0.01, means with the same superscript do not significantly differ; diffusion tensor imaging metrics include age as covariate, vol-
umetric measurements include brain volume excluding CSF as covariate.

CSF, cerebrospinal fluid.
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binarized and served as tractography-derived masks to
extract the mean fractional anisoptopy, RD, and AD for
each participant.

Results

Output of probabilistic diffusion tractography

Average diffusivity metrics were calculated for each par-
ticipant based on the output of seed-based probabilistic
tractography procedures modeling tectocortical connectivity
for each hemisphere. No group showed significant hemi-
spheric differences with regard to indicators of WM tract in-
tegrity, so left and right hemisphere measurements were
averaged within participants to provide a single indicator
depicting frontal versus parietal tract characteristics. Mean
values of FA, RD, and AD for each pathway for the groups

with SBM (with and without tectal beaking) and the TD
group are presented in Table 3. Analysis of variance
(ANOVA) indicated that groups did not significantly differ
in the number of voxels resulting from probabilistic tractogra-
phy procedures defining frontal [F(2,103) < 1] or parietal
[F(2,103) < 1] tectocortical pathways.

Output of resultant tectocortical pathways from a repre-
sentative participant within each group is presented in Figure
3. A qualitative examination of resulting pathways across
both TD and SBM individuals revealed bilateral projections
emanating from the colliculus to cortical endpoints. Tractog-
raphy constrained to frontal lobe endpoints showed fiber
pathways ascending through the thalamus, anterior continu-
ation along the internal capsule, with the majority of fibers
terminating in WM subjacent to precentral, rostral middle
frontal, and superior frontal cortex. Parietal pathways also

FIG. 3. Sample of probabilistic tractography results of frontal (red) and parietal (blue) tectocortical pathways in TD and SBM
individuals with and without tectal abnormalities. TD, typically developing.

FIG. 4. Mean values of FA, RD, and AD showing a 95% confidence interval between TD and SBM individuals grouped by
tectal beaking along frontal (gray) and parietal (black) tectocortical pathways. *p < 0.01. AD, axial diffusivity; FA, fractional
anisotropy; RD, radial diffusivity.
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traversed anteriorly through the thalamus, with projections
that quickly ascended along medial tracts of the posterior tha-
lamic radiation following the lateral ventricles, and terminat-
ing in WM subjacent to the cortex within postcentral, inferior,
and superior parietal regions.

Hypothesis 1: frontal and parietal tectocortical pathways

Group means and standard deviations of FA, RD, and AD
along frontal and parietal pathways are presented in Table 3.
Analysis of covariance (ANCOVA) was conducted between
TD participants and individuals with SBM subdivided into
those with a normal appearing tectum, and those exhibiting
qualitative tectal beaking, with age as a covariate. The fami-
ly-wise error rate for the first hypothesis was controlled
using the Bonferonni approach (0.5/6, critical alpha = 0.008),
with follow-up pairwise comparisons maintained at a critical
alpha of 0.05 based on Fisher’s Least-Significance Difference
test with three groups (Maxwell and Delaney, 2004). Mean
values of DTI metrics fitted with a 95% confidence interval
for each group are presented as a bar graph in Figure 4.

Fractional anisotropy. 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.

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) = 6.0, p = 0.001],
with a significant main effect of group [F(2,102) = 6.23,
p = 0.003]. Post-hoc pairwise analyses revealed significantly
higher mean FA along parietal tracts among TD individuals
compared with those with SBM both with a normal appearing
tectum, [t(52) = 3.01, p = 0.01] and those with tectal beaking
[t(74) = 3.27, p = 0.004]. There were no differences in parietal
FA between the two SBM groups.

Radial diffusivity. Along frontal tectocortical pathways,
16% of the variance in mean RD could be attributed to the
overall model specifying group and age [Adj. R2 = 0.16;
F(3,102) = 7.65, p < 0.001], with the group showing a signifi-
cant main effect [F(2,102) = 6.75, p = 0.002]. Pairwise compari-
sons (Fig. 4) indicated significantly higher mean RD along
frontal tracts in individuals with SBM evidencing tectal beak-
ing compared with TD participants [t(74) = 3.66, p = 0.001].
Individuals with SBM classified by a normal appearing tec-
tum did not significantly differ in mean RD along frontal
pathways from those with tectal beaking [t(77) = 1.02,
p = 0.94], or TD participants [t(52) = 2.38, p = 0.06].

The overall model explained a significant amount of the var-
iance in RD (29.3%) along parietal tectocortical tracts [Adj.
R2 = 0.293; F(3,102) = 7.65, p < 0.001]. The main effect of the
group was statistically significant [F(2,102) = 15.48, p < 0.001].
Follow-up analyses indicated significantly lower mean RD in
TD individuals compared with those with SBM classified with
a normal appearing tectum [t(52) = 3.65, p = 0.001], or tectal beak-
ing [t(74) = 6.014, p < 0.001]. Of those with SBM, mean RD in pa-
rietal pathways did not significantly differ when classified by
normal or atypical tectal formation [t(77) = 1.96, p = 0.16].

Axial diffusivity. 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) = 13.91, p < 0.001], with a significant group
effect [F(2,102) = 18.28, p < 0.001]. Pairwise comparisons (Fig.
4) revealed no significant difference in mean frontal AD be-
tween TD participants and those with SBM with a normal
appearing tectum [t(52) = 2.17, p = 0.10]. Individuals with tectal
beaking evidenced significantly higher mean AD than both the
TD group [t(74) = 5.85, p < 0.001] and those with SBM showing
a normal appearing tectum [t(77) = 3.50, 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) = 11.68, p < 0.001], with a significant group effect
[F(2,102) = 14.670, p < 0.001]. Pairwise comparisons along parie-
tal pathways revealed no significant difference in mean AD
between the TD and the SBM group with a normal appearing
tectum [t(52) = 1.90, p = 0.18]. Those with tectal beaking revealed
significantly higher mean AD when compared with both TD
participants [t(74) = 5.23, p < 0.001] and those with SBM evi-
dencing a normal appearing tectum [t(77) = 3.17, p = 0.006].

Hypothesis 2: within-subject ratios of mean frontal
by mean parietal diffusivity metrics

To assess the degree of discrepancy between frontal and
parietal tectocortical WM integrity within individuals, a
ratio relating mean frontal to mean parietal diffusivity mea-
sures was calculated for each participant per DTI metric
(FA, AD, and RD):

Ratio =
Mean Frontal DTI Metric

Mean Parietal DTI Metric

The means of the calculated ratios fitted with a 95% confi-
dence interval for each group are presented as a bar graph in
Figure 5. A ratio value of 1 represents no within-subject dif-
ference in DTI metrics between pathways, where ratios > 1
represent higher values in frontal compared with parietal
and < 1 indicates higher DTI metrics in parietal compared
with frontal tracts. To compare within-subject ratios between

FIG. 5. Mean frontal:parietal ratio for DTI metrics (FA, RD,
and AD) by group, with error bars representing a 95% confi-
dence interval. TD individuals had significantly less discrep-
ancy between frontal and parietal mean RD and frontal FA
compared with 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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the three groups, a one-way ANOVA was conducted, with
family-wise error controlled using the Bonferonni approach
(0.5/3, critical alpha = 0.016). Significant main effects of
group were followed up with post-hoc pairwise comparisons,
correcting for multiple comparisons using the Least-Signifi-
cant Difference test with three groups, maintaining a critical
alpha of 0.05 (Maxwell and Delaney, 2004). Since the depen-
dent variable (frontal/parietal ratio) is a within-subject com-
parison, age was not included in the model as a covariate.

FA ratio. Ratios relating frontal to parietal mean FA
within subjects significantly differed by group [Adj.
R2 = 0.120; F(2,103) = 7.65, p < 0.001]. Follow-up pairwise com-
parisons indicated that individuals with SBM either with
[t(75) = 2.43, p = 0.05] or without tectal beaking [t(53) = 4.17,
p < 0.001] had a significantly greater ratio that was indicative
of higher FA in frontal compared with parietal tracts than TD
individuals, who showed the opposite pattern with a ratio
less than 1. There were no significant differences in FA ratios
between the two SBM groups [t(78) = 1.33, p = 0.54].

RD ratio. A between-group comparison of ratios relating
within-subject frontal to parietal mean RD indicated a signif-
icant group effect [Adj. R2 = 0.139; F(2,103) = 9.483, p < 0.001].
Follow-up pairwise comparisons revealed smaller ratios re-
lating frontal to parietal mean RD values for individuals
with SBM exhibiting tectal beaking [t(75) = 4.34, p < 0.001],
and those with SBM showing a normal appearing tectum
[t(53) = 2.67, p = 0.03], compared with TD participants. There
was no significant difference in RD frontal:parietal discrep-
ancy between the two SBM groups [t(78) = 1.46, p = 0.40].

AD ratio. A between-group comparison of ratios relating
frontal to parietal mean AD within subjects revealed no sig-
nificant differences between TD participants, and those
with SBM with or without tectal beaking [Adj. R2 = 0.016;
F(2,103) = 0.156, p = 0.856].

Hypothesis 3: tectal volume

To assess differences in tectal volume, total brain volume
excluding cerebrospinal fluid (CSF) was included as a covari-
ate to control for variations in tectal volumetric measure-
ments related to cranial size. Total brain volume (as
opposed to intracranial volume) was determined as the best
common denominator for scaling in both cohorts to avoid bi-
asing due to enlarged ventricles/craniums among individu-
als with SBM. In the overall model, group and total brain
volume without ventricles accounted for 14.9% of the vari-
ance in total tectal volume [Adj. R2 = 0.15; F(3,102) = 7.13,
p < 0.001]. Results indicated a significant effect of group
[F(2,102) = 6.61, p = 0.002]. Follow-up pairwise comparisons
revealed a significantly larger tectal volume in TD individuals
compared with individuals with SBM, both those exhibiting
tectal beaking [t(74) = 3.51, p < 0.001], and those with a normal
appearing tectum [t(52) = 2.97, p = 0.004]. There was no signif-
icant group difference in tectal volume between individuals
with SBM with and without tectal beaking [t(77) < 1].

Discussion

Tectal beaking is poorly understood, with descriptions
largely clinical and no existing volumetric or connectivity an-

alyses. In this study, there were significant associations be-
tween variations in both qualitative and quantitative
properties of the midbrain tectum in SBM, and connectivity
of this structure to cortical networks subserving attention
processes. These results have two major implications. First,
there is greater disruption of posterior brain morphology in
those with SBM compared with TD individuals, which is con-
sistent with earlier research. Second, tectal beaking in SBM
was associated with decreased indices of WM integrity across
both frontal and parietal tectocortical pathways compared
not only with TD controls, but also with individuals with
SBM and a normal appearing tectum. Tectal beaking was as-
sociated with increased AD, in which individuals with SBM
and a normal appearing tectum did not significantly differ
from the TD comparison group. Thus, changes in AD along
all pathways emanating from the colliculus may be uniquely
related to developmental malformation of this structure in
SBM and not simply to the mechanical effects of hydroceph-
alus, thus providing a potential mechanism for spatial atten-
tion deficits in SBM (Dennis et al., 2005a, 2005b).

Discrepancy in frontal and parietal WM in SBM

In support of the first hypothesis, individuals with SBM
(regardless of tectal beaking) exhibited significantly de-
creased mean FA and increased mean RD along parietal tec-
tocortical pathways, with fewer differences along frontal
tracts (Fig. 4). Although earlier 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 hypo-
genesis along with the vulnerability of periventricular WM to
structural insult after hydrocephalus may explain such decre-
ments. Comparable FA along frontal WM pathways among
the groups with SBM and TD individuals is supported by
the preservation of anterior structural features in regions
spared from the periventricular insults of hydrocephalus,
such as preserved cortical thickness within the frontal lobes
in SBM ( Juranek et al., 2008). Thus, results were congruent
with earlier studies indicating preferential insult to posterior
pathways in SBM while adding the new information that an-
terior WM is relatively intact.

Consistent with the second hypothesis, individuals with
SBM significantly differed on within-subject frontal:parietal
tectocortical tract ratios than TD participants (Fig. 5). Individ-
uals with SBM, regardless of the presence of tectal beaking,
exhibited decreased FA and increased RD along parietal
tracts relative to frontal tectocortical pathways. Thus, signifi-
cant group differences observed in diffusivity metrics along
individual tracts may also be interpreted based on within-
subject discrepancies between frontal and parietal WM
integrity.

In animal models, observed alterations in posterior WM
morphology have been largely attributed to the mechanical
effects of hydrocephalus because of the accumulation of cere-
bral spinal fluid in the lateral ventricles, which exerts pressure
and expands tissue along a posterior to anterior gradient.
Periventricular WM, especially long pathways extending be-
tween the brainstem and cortical regions much similar to the
parietal tectocortical tract observed in the present study, are
distinctly vulnerable to the effects of hydrocephalus.
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Hydrocephalus alters myelin integrity in hydrocephalic rat
models through a loss of oligodendrocytes (Olopade et al.,
2012), which is congruent with findings of the current study
revealing increased RD as a possible indicator of altered my-
elin integrity among individuals with SBM (Budde et al.,
2007; Concha et al., 2006; Song et al., 2003).

A similar pattern of decreased FA and increased RD was
previously observed in a DTI study examining children
with hydrocephalus (Yuan et al., 2013). Earlier human imag-
ing and autopsy studies have also related a disruption of
myelination processes consequential to the occurrence of hy-
drocephalus and associated increases in intracranial pressure
(Gadsdon et al., 1979; Hanlo et al., 1997). The endurance of
neuronal changes after acute intervention for ventriculome-
galy has been addressed within hydrocephalic animal models
investigating the potential restoration of impaired axonal
connectivity to cortical regions. These studies revealed some
evidence of improvement, but not complete recovery of
axons after ventricular shunting procedures (Aoyama et al.,
2006; Eskandari et al., 2004).

Changes in WM integrity unique to tectal beaking in SBM

Another salient finding was that mean AD was uniquely
associated with the presence of tectal malformation. Individ-
uals with SBM and tectal beaking had higher mean AD along
both frontal and parietal pathways when compared with
SBM individuals with a normal tectum and with TD controls;
the latter two groups with normal tecti were not distinguish-
able in measures of AD (Fig. 4). Interestingly, the discrepancy
ratio between frontal and parietal pathways in measures of
mean AD did not significantly differ between any of the
groups, which contrasts with assessments of FA and RD indi-
cating a greater reduction of WM integrity in posterior com-
pared with anterior pathways in both groups with SBM
compared with TD (Fig. 5). Despite no differences in ratios be-
tween groups, individuals with SBM and tectal beaking
revealed a consistent overall increase in mean AD along
both pathways when compared with TD controls and with
individuals with SBM with a normal appearing tectum.

AD reflects the degree of diffusivity along the primary dif-
fusion axis, and it has been previously related to variations of
axonal integrity in animal models (Song et al., 2003). Thus, in-
creased AD along both anterior and posterior tectocortical
pathways unique to individuals with tectal beaking may im-
plicate compromised axonal integrity secondary to develop-
mental malformation of the tectum itself. The association
between developmental structural malformation of the tec-
tum and resulting decrements in DTI indicators of WM integ-
rity along emanating tectocortical pathways is a novel
finding, and may suggest a distinct correlate of change
apart from the mechanical effects of hydrocephalus. Previous
findings of supratentorial forebrain changes in individuals
with SBM (such as ‘‘hypothalamic adhesion,’’ abnormal
placement of the anterior commissure, and gross abnormali-
ties of the corpus callosum—distinguishable from classical
commissural agenesis) have also supported a developmental
basis for abnormalities in this population, arising distinct
from changes commonly incurred by hydrocephalus (Miller
et al., 2008). Ongoing studies implementing prenatal surgery
to repair spinal meningomyelocele in SBM before birth may
serve to clarify such issues. Although the precise mechanism

relating tectal malformation to reductions in effective connec-
tivity of this region is not well understood, tectal beaking is
generally accepted to be indicative of greater severity of
SBM and the Chiari II malformation, possibly suggesting an
indirect link between the two (Barkovich and Raybaud, 2012).

Comparison of tectal volume

Contrary to the third hypothesis, regardless of qualitative
evidence of tectal malformations, tectal volume was signifi-
cantly decreased in individuals with SBM compared with
TD controls. In other nonclinical literature, interest in the
structure and function of the SC has been 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 re-
duced tectal volume in those with SBM, regardless of qualita-
tive malformations in this region, is a novel contribution and
provides evidence for potential neural correlates underlying
attentional deficits observed in this population.

Conclusions

The current study helps elucidate the unique changes to
tectocortical WM observed in SBM in the presence of hydro-
cephalus, with or without tectal malformation. Observed dec-
rements in DTI metrics (FA and RD) indicative of WM
integrity in SBM are most salient in posterior tectocortical
pathways and may be more closely related to effects of con-
genital hydrocephalus. In addition, individuals with tectal
beaking show increased AD along all tectocortical pathways,
suggesting that some WM disruption may precede structural
changes implicated by hydrocephalus. Furthermore, individ-
uals with SBM, regardless of tectal malformations, show re-
ductions in tectal volume compared with TD comparisons,
which may also contribute to previously documented atten-
tional processing deficits observed in this population.

Although the current study was limited by a 3 mm DTI
slice thickness, which is not ideal for tractography success,
output was observed to adequately reflect the pathways
intended to be captured by the procedure. It would be of in-
terest to replicate tectocortical pathway tractography in DTI
scans with higher voxel resolution in future studies. Further-
more, constrained by the purely anatomical scope of the cur-
rent study, inferences cannot be made directly linking
structural findings to behavioral measures of attention. How-
ever, earlier research supports such a link, informing hypoth-
eses tested in the current study predicting underlying
neurostructural correlates of cognitive performance deficits
observed in SBM. Future directions should incorporate be-
havioral attention data alongside DTI indices of WM struc-
tural integrity to further parse the unique contributions of
the colliculus and emergent tectocortical pathways to cogni-
tive function.
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