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Neocortical reorganization in spina bifida
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Normal brain development throughout childhood and adolescence is
usually characterized by decreased cortical thickness in the frontal regions
as well as region-specific patterns of increased white matter myelination
and volume. We investigated total cerebral volumes, neocortical surface
area, and neocortical thickness in 16 children with a neural tube defect,
spina bifida myelomeningocele (SB), and 16 age-matched typically
developing controls using a semi-automated, quantitative approach to
MRI-based brainmorphometry. The results revealed no significant group
differences in total cerebral volume. However, group differences were
observed in the global distribution of distinct tissue classes within the
cerebrum: the SBgroupdemonstrated a significant 15%reduction in total
white matter and a 69% increase in cerebrospinal fluid, with no dif-
ferences in total gray matter. Group comparisons of neocortical surface
area assessments were significantly smaller in the occipital regions for SB,
with no significant group differences in the frontal regions. Group com-
parisons of cortical thickness measurements demonstrated reduced
cortical thickness in all regions except the frontal regions, where the SB
group exhibited an increase relative to the PC group. Although regional
patterns of thinning may be associated with the mechanical effects of
hydrocephalus, the overall reduction in white matter and increased neo-
cortical thickness in the frontal regions suggest that SB reflects a long-
term disruption of brain development that extends far beyond the neural
tube defect in the first weeks of gestation.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Normal brain development is characterized by a complex set of
age-related transitions that involve regional calibration of the
relative thickness of gray and white matter. Converging lines of
evidence from histological (Yakovlev and Lecours, 1967) and
neuroimaging studies (reviewed by Paus et al., 2001) indicate that
white matter increases in overall volume with increased myelina-
tion occurring in a region-specific manner throughout childhood
and adolescence. Specifically, spatially and temporally specific
patterns of changes in gray matter density relative to white matter
density occur earlier in parietal regions than frontal regions, while
temporal regions mature later than other cortical regions (Giedd
et al., 1999; Gogtay et al., 2004, 2002; Sowell et al., 2003). In a
recent report (O’Donnell et al., 2005), cortical thickness of the
frontopolar area was described in typically developing children
and adolescents. Specifically, a linear decrease in cortical thick-
ness of the frontopolar regions was observed as a function of age
that was not influenced by gender or hemispheric interactions.
Thus, generalized patterns of posterior to anterior gradient changes
in gray and white matter densities as a function of chrono-
logical age have been previously described as part of normal
development.

Studies of abnormal brain development have largely focused on
losses in the brain (e.g. volume, cortical thickness, and myelin).
However, abnormal brain development could involve more
complex patterns of reorganization in which some brain regions
are smaller than expected, while others are larger than expected.
Spina bifida (SB) is a congenital disorder that affects the spine and
brain when the spinal lesion is a myelomeningocele (Reigel and
Rotenstein, 1994). At the level of the brain, a characteristic mal-
formation of the cerebellum and hindbrain (Chiari II malformation)
obstructs the flow of cerebrospinal fluid (CSF) and leads to sig-
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nificant hydrocephalus in children born with SB and the open
spinal lesion known as a myelomeningocele. Furthermore, due to
the decreased size of the posterior fossa (Salman et al., 2006),
children with SB often have midbrain anomalies (e.g., beaking of
the tectum). Finally, many with SB have a congenital partial ab-
sence of the corpus callosum that affects the rostrum, posterior
body and splenium, or both (Barkovich, 2005).

In terms of neurobehavioral outcomes, relatively few childrenwith
SB sustain severe mental retardation; in fact, many have specific
cognitive strengths as well as weaknesses (Fletcher et al., 2005).
These strengths include word recognition, vocabulary and grammar,
facial recognition, persistence of attention and effort, and certain
social skills. Weaknesses involve reading and language compre-
hension, spatial construction skills, attention orientation and en-
gagement, and behavioral regulation.

Less clear are the neural correlates of these outcomes. There are
only a few quantitative studies of anomalous structural development of
the brain in SB (Dennis et al., 2005, 2006; Fletcher et al., 1996). Most
of these studies were volumetric and implemented semi-automated
methodologies to segment the brain. Major findings of these previous
studies included significantly smaller cerebellar volumes and area
measurements of the corpus callosum in SB compared to age-matched
controls. In contrast, differences in total volume of the cerebrum were
not apparent. Rather, reductions in gray and white matter, with a
corresponding increase in CSF, were restricted to large regions of the
brain posterior to the genu of the corpus callosum; no differences were
found in regional subdivisions anterior to the genu (Fletcher et al.,
2005). However, these studies did not involve specific anatomically
defined brain regions; only en bloc regional definitions were available
to subdivide the cerebrum into pre-, peri-, and retro-callosal regions
with superior and inferior aspects of each (Filipek et al., 1994).

The present study is concerned with neocortical volume, cortical
thickness, and surface area measurements in children with SB. Even
more importantly, this study seeks answers to questions regarding
anatomically defined regional patterns of thickening or thinning,
and their implications for reorganization of the brain after multiple
structural malformations and hydrocephalus associated with SB.

Hydrocephalus in SB results from an obstruction produced by the
Chiari IImalformation, which blocks the flow ofCSF at the level of the
fourth ventricle (Reigel and Rotenstein, 1994). Internal hydrocephalus
occurs inwhich the subarachnoid spaces are filledwith CSF, leading to
ventricular dilation that distends the brain, stretching axons and killing
cells (Del Bigio, 2004). Since the CSF flow proceeds from the site of
the obstruction in the posterior brain forward into anterior regions,
hydrocephalus may underlie thinning of the cortical mantle maximally
in more posterior temporal, parietal, and occipital regions (Del Bigio,
2004; Raimondi, 1994). Such reports would be consistent with older
studies based on pneumoencephalography and cerebral tomography
that visualized a thinner cortical mantle in SB, especially in more
posterior regions in some children (Dennis et al., 1981; Tromp et al.,
1979). A recent study also suggests selective thinning of the cortical
mantle based on visualization and measurement of individual MRI
scans (Miller et al., in press). As Miller et al. noted, these observations
have not been supported by information from quantitative measures.

We used contemporary neuroimaging and quantitative methods
to determine whether group differences are evident in the spatial
patterns of cortical thickening or thinning in SB. We hypothesized
that, relative to controls, cortical thickness would be comparable in
the frontal regions and thinner in the parietal and occipital regions,
reflecting a developmental reorganization of the SB brain. In ad-
dition, we hypothesized that measures of the surface area of the
neocortex would be smaller in more posterior regions, reflecting
shrinkage of the cerebral white matter.

Materials and methods

Participants

As part of two ongoing studies, 16 children with SB and 16
age-matched pediatric controls completed the same MRI protocol
lasting less than 45 min. Children with SB were born with myelo-
meningocele (verified by medical record review of pathology and
neurosurgical operative reports) and shunted for hydrocephalus.
All participants with SB had the characteristic Chiari II malforma-
tion and had been shunted on the right side.

The controls were recruited as typically developing volunteers
through advertisements as part of a separate study examining re-
covery from traumatic brain injury, but received the same imaging
sequence at the same imaging center. Since we did not expect gender
or ethnicity to contribute as much as age to variability across par-
ticipants, group selection focused on matching children with SB and
controls within 4 months of age. Children with SB averaged 12.4
(SD=2.9) years of age at time of imaging (range of 8.75–17.1 years);
those selected as controls averaged 12.3 (SD=3.0) years of age
(range 7.9–16.7 years). The SB and control groups did not signifi-
cantly differ on age of MRI scan, t(29.96)=0.19; pN0.92. Gender
ratios (M:F) were 9:7 for the groupwith SB and 6:10 for the controls.
Based on a handedness survey, 13 participants with SB were right-
handed (8 male and 5 female), while 14 controls were right-handed
(4 male and 10 female). Participants with SB received the four subtest
form of the Stanford–Binet Intelligence test, 4th Edition (Thorndike
et al., 1986), from which a composite was generated. Controls re-
ceived the two-subtest version of the Wechsler Abbreviated Scales of
Intelligence (Weschler, 1999). Given the use of differentmeasures, we
did not compare these participants directly, although as expected,
participants with SB had lower IQ scores (mean=80.4, SD=14.7)
than controls (mean=111.8, SD=14.9).

All children were primarily English speaking and medically
stable at the time of the assessments. Written informed consent was
obtained from the guardians and adolescents and assent from the
children participating in these studies per the University of Texas
Health Science Center at Houston and University of Houston
regulations for the protection of human research subjects.

MRI acquisition

High resolution brain MR images were acquired on a Philips 3 T
scanner with SENSE (Sensitivity Encoding) technology. After
conventional sagittal scout and coronal T2-weighted sequences, a
three-dimensional T1-weighted sequence was performed to obtain
whole brain coverage. Acquisition parameters of the 3D turbo fast
spin echo sequence were as follows: repetition time/echo time=6.5–
6.7 /3.04–3.14; flip angle=8°; field of view=240×240 mm; ma-
trix=256×256; slice thickness=1.5 mm; in-plane pixel dimensions
(x, y)=0.94, 0.94 mm; number of excitations (NEX)=2.
MRI processing

Individual scan preparation
All scans were analyzed blind to diagnosis, age, and gender. T1-

weighted images were reviewed for image quality prior to per-
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Fig. 1. Group comparisons of three-class segmentation volumetrics of the
cerebrum (e.g. cerebellum is not included): white matter (WM), gray matter
(GM), cerebrospinal fluid (CSF). White matter volume is significantly
reduced in SB relative to PC (⁎); CSF volume is increased in SB relative to
SB; GM is comparable in both groups. Values shown are mean±SD (mm3).
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forming morphometric analyses. Using Freesurfer v3.0.4 software
(www.surfer.nmr.mgh.harvard.edu) on a 64-bit Linux computer, a
fully automated process was used to skull-strip and segment each
brain into 3 classes of voxels: gray matter, white matter, and CSF
(Dale and Sereno, 1993; Dale et al., 1999).

Results of each of the automatic segmentations were visually
inspected for accuracy using Freesurfer’s Tkmedit viewer. Subse-
quently, within Freesurfer, a fully automated cortical reconstruction
procedure was executed for producing a detailed geometric de-
scription (e.g. regular tessellation of the cortical surface consisting of
~150,000 equilateral triangles known as vertices in each hemi-
sphere) of the CSF/GM/WM boundaries of the neocortical mantle.
Cortical thickness values were automatically quantified within
Freesurfer on a vertex-by-vertex basis by computing the average
shortest distance between the white matter boundary and the pial
surface (Fischl and Dale, 2000).

Within each hemisphere, 32 cortical parcellation units of the
neocortex were automatically identified and labeled according to
the Desikan atlas of gyral-based definitions included within Free-
surfer’s automatic cortical parcellation routine (Desikan et al.,
2006). A total of three morphometric variables were investigated in
each parcellation unit: cortical thickness, neocortical volume, and
surface area. Each of the three morphometric variables was aver-
aged across all vertices within each parcellation unit for each sub-
Table 1
Group comparisons of regional volume (mm3), surface area (mm2), and neocortic

Region Volume (mm3) Su

PC SB PC

CINGULATE_LH 2734.61 (332.68) 2527.02 (484.85) 8
CINGULATE_RH 2723.13 (424.09) 2240.45 (433.20) 8
CINGULATE_BI 2728.87 (325.19) 2383.74 (385.67) 8
FRONTAL_LH 8987.98 (706.55) 8943.47 (1084.59) 27
FRONTAL_RH 9143.84 (742.07) 9238.41 (1321.14) 28
FRONTAL_BI 9065.91 (701.61) 9090.94 (1189.98) 28
TEMPORAL_LH 7058.20 (644.06) 6552.97 (739.84) 19
TEMPORAL_RH 7107.81 (653.63) 6238.84 (759.41) 20
TEMPORAL_BI 7083.01 (629.03) 6395.90 (725.39) 20
PARIETAL_LH 12,641.05 (1159.10) 11,347.45 (1428.72) 42
PARIETAL_RH 12,734.81 (1277.45) 11,222.16 (1449.40) 44
PARIETAL_BI 12,687.93 (1192.84) 11,284.81 (1400.68) 43
OCCIPITAL_LH 6560.20 (861.78) 5792.95 (1283.20) 28
OCCIPITAL_RH 6169.66 (687.97) 5633.31 (955.15) 27
OCCIPITAL_BI 6364.93 (734.38) 5713.13 (1048.37) 27

Values are presented as mean (±SD). LH: left hemisphere; RH: right hemisphere;
ject, yielding three separate matrices of 32 average measurements
per hemisphere per subject per morphometric variable. For regional
analyses, cortical parcellation units were aggregated into one of the
following regions in each hemisphere: frontal, parietal, temporal,
occipital, or cingulate.

Surface-based visualization of group analyses
To depict between group differences in cortical thickness mea-

surements, an average subject was generated within Freesurfer by
inflating, registering, and morphing all 32 individual brains into an
average spherical surface representation (Fischl et al., 1999a,b). The
average subject created from all participants in the study served as
the target image, or common space, for displaying the results of
group-level analyses. Subsequently, surface smoothing was per-
formed using a full-width/half-maximum Gaussian kernel of 10 mm.

Freesurfer’s mri_glmfit command was executed to fit a general
linear model at each vertex in the cortical mantle to perform between
group averaging and statistical inference on the cortical surface. This
process models the data as a linear combination of effects explained
by variables of interest, confounds, and errors. The design matrix
specified each class to have its own offset but all classeswere forced to
have the same slope (doss; different onset, same slope). The specified
contrast vector (e.g. [−1, 1, 0]) tested for significant group differences
without any regressors. In order to correct for multiple comparisons, a
fullMonte Carlo Simulationwithin Freesurferwas utilized to simulate
white Gaussian noise data under the null hypothesis, with the results
smoothed and repeated for 10,000 iterations.

Statistical analyses

Global volumetrics defined as total brain volume of the cere-
brum, excluding the cerebellum, were evaluated for group differ-
ences in the distribution of tissue type within the cerebrum (e.g. gray
matter, white matter, and CSF) with ANOVAwhere tissue type was
the within subject variable and group membership was the between
subject variable. Group effects on neocortical thickness, volume,
and surface area were evaluated independently using a multivariate
approach to a mixed model design with Region of Interest (ROI;
Frontal, Parietal, Temporal, Occipital, Cingulate) and hemisphere
al thickness (mm)

rface area (mm2) Thickness (mm)

SB PC SB

13.47 (104.09) 795.75 (108.96) 2.91 (0.12) 2.91 (0.30)
07.22 (130.67) 743.63 (124.12) 2.90 (0.16) 2.87 (0.23)
10.34 (109.64) 769.69 (93.80) 2.91 (0.13) 2.89 (0.24)
90.93 (294.88) 2607.84 (328.14) 2.76 (0.14) 3.01 (0.23)
35.15 (289.63) 2657.53 (397.55) 2.79 (0.16) 3.07 (0.22)
13.04 (284.49) 2632.68 (359.33) 2.78 (0.15) 3.04 (0.22)
99.65 (205.02) 1858.04 (230.08) 2.99 (0.15) 2.97 (0.20)
28.58 (207.52) 1823.77 (234.37) 2.98 (0.15) 2.91 (0.11)
14.11 (202.21) 1840.91 (225.04) 2.99 (0.14) 2.94 (0.14)
93.21 (365.12) 4072.09 (476.60) 2.59 (0.15) 2.46 (0.21)
23.56 (452.52) 4061.24 (492.63) 2.53 (0.16) 2.40 (0.22)
58.39 (403.48) 4066.66 (469.64) 2.56 (0.15) 2.43 (0.21)
73.02 (379.20) 2474.11 (394.64) 2.02 (0.12) 2.06 (0.22)
10.48 (326.90) 2305.91 (340.63) 2.03 (0.10) 2.12 (0.22)
91.75 (343.40) 2390.01 (341.41) 2.03 (0.11) 2.09 (0.21)

BI: bilateral.
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Fig. 2. Average neocortical volume (mm3) for five ROIs in SB (n=16) and
PC (n=16) groups. In all but the frontal region, the trend is for the SB group
to exhibit decreased volume relative to the PC group, reaching significance
(⁎) in the cingulate, parietal, and temporal regions.

Fig. 4. Average neocortical thickness (mm) for five ROIs in SB (n=16) and
PC (n=16) groups. Significant interaction effects between Group and ROI
are limited to the frontal region where SBNPC (⁎).
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(Left, Right) as within subject variables and Group (PC, SB) as the
between subject variable. Initial analyses indicated no main effects
or interactions involving hemisphere, so left and right ROIs were
collapsed across hemispheres. Only significant effects (overall αb
0.05) involving group differences are reported. Bonferroni cor-
rection was used for multiple comparisons.

Results

Global volumetrics

To ensure that group differences in regional measures did not
reflect group differences in brain size, an initial analysis compared
groups in total cerebrum size. The cerebellum was deliberately ex-
cluded from this analysis since previous studies have clearly demon-
strated significant reductions in cerebellar volume in SB (Fletcher
et al., 2005). No significant group differences in total cerebral brain
volume were observed [mean, SD: SB=1077 cm3, ±120.2 cm3;
PC=1144 cm3, ±99.9 cm3, t (29.03)=−1.71, pN0.09]. These results
are consistent with published reports of global volumetric analyses in
much larger samples of SB (Fletcher et al., 1996, 2005).
Fig. 3. Average neocortical surface area (mm2) for five ROIs in SB (n=16)
and PC (n=16) groups. Significant main effect of Group (PCNSB).
Significant interaction effects between group and ROI are limited to the
occipital region (⁎).
As shown in Fig. 1, volumetric analyses of three-class seg-
mentation of the cerebrum (cortical and subcortical) into gray matter,
white matter, or CSF yielded a significant tissue class by group effect,
F(2,29)=6.64, pb0.005. Follow-up analyses evaluated group effects
within tissue-class using a critical level of alpha of pb0.016 (0.05/3).
There were significant group differences in white matter volumes,
F(1,30)=10.11, p=0.0034. However, no significant differences in
gray matter volumes were apparent as values for the two groups were
within 1% of each other, F(1, 30)=0.09, p=0.77. The evaluation of
CSF differences showed increased CSF in SB, but did not meet the
critical threshold of alpha, F(1,30)=6.21, p=0.0184. While the av-
erage CSF volume was increased by 69% and was more variable in
the SB group, the averagewhitematter volumewas decreased by 15%
in the SB group relative to the control group. Group comparisons of
gray:white matter ratios demonstrated that the SB group had a
significantly higher ratio (1.77) than the PC group (1.51), highlighting
group differences,F(1,30)=10.26, pb0.004, in white matter volumes
(SBbPC) in the presence of similar gray matter volumes.
Regional comparisons of neocortical morphometrics

Mean and standard deviations for volume, surface area, and
thickness for each of the neocortical ROIs (cingulate, frontal, tem-
poral, parietal, and occipital regions) are reported in Table 1 for each
Fig. 5. Example single subject surface maps of quantified cortical thickness
shown on the right pial surface reconstructed from a PC (A) and an SB
(B) subject. Color-coded scale bar (C) indicates cortical thickness values.
Top row displays lateral surface. Bottom row displays medial surface.
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of the two groups (SB and controls). For volume there was a
significant ROI by Group interaction, F(4,27)=10.03, pb .0001.
Follow-up analyses evaluated group effects within each ROI
collapsed across hemispheres, which did not generate significant
interactions or main effects, using a critical alpha level of pb .01 for
each ROI (0.05 /5). There were significant group effects showing
smaller volumes in the group with SB for all ROIs except frontal:
temporal, F(1,30)=8.19, pb .008, parietal, F(1,30)=9.31, pb .005,
cingulate, F(1,30)=7.49, pb0.01, and occipital, F(1,30)=4.15,
pb0.05. Themean neocortical volume for the five ROIs is plotted by
group in Fig. 2, showing that cortical volumes in the five ROIs
tended to be greater in the controls as compared to the group with SB
in all of the ROIs except for the frontal region, where the SB group
was comparable in volume relative to the PC group.

For surface area, there was a significant ROI by group inter-
action, F(4,27)=4.35, pb0.008. Follow-up analyses evaluated the
effects of group within ROI collapsed across hemispheres (given
the absence of an interaction with hemisphere) using a critical
value of pb0.01 (0.05 /5). The only significant group effect in-
volved the occipital region, F(1,30)=11.01, pb0.003. Surface area
in each of the five ROIs is plotted as a function of group in Fig. 3,
showing a trend for surface area to be generally decreased in the
SB group relative to the PC group in each of the ROIs, including
the frontal region, where cortical thickness values are comparable
between groups.

For cortical thickness, there was again a significant ROI by
group interaction, F(4,27)=23.75, pb0.0001, with no significant
interactions or main effects involving hemisphere. Follow-up anal-
yses evaluated the effects of group within ROI collapsed across
hemispheres using a critical value of pb0.01 (0.05 /5). The only
significant effect of group was for the frontal region, F(1,30)=
16.32, pb0.0003. Cortical thickness across ROIs are plotted as a
function of group in Fig. 4, showing that the group with SB de-
monstrated increased cortical thickness relative to the controls in
the frontal region. Example single-subject cortical thickness maps
are depicted in Fig. 5 for a PC and an SB subject.

Fig. 6 provides the results of vertex-by-vertex group compar-
isons displayed on the study-specific average brain generated within
Freesurfer using all 32 subjects. Significant group differences in
Fig. 6. Significant group differences in average cortical thickness displayed
on average pial surface of all subjects (n=32): top row=lateral aspect; bot-
tom row=medial aspect. Displayed clusters have been corrected for multiple
comparisons: red clusters indicate SBNPC ( pb0.001); blue clusters,
SBbPC ( pb0.001).
cortical thickness are depicted based on clusters corrected for mul-
tiple comparisons using a full Monte Carlo simulation (as described
in the Materials and methods section). The frontal region is unique
for large clusters of increased cortical thickness in the group with
SB. In contrast, parietal, occipital, and temporal regions are charac-
terized by focal clusters of decreased cortical thickness in the group
with SB.

Discussion

These findings suggest substantial structural reorganization of
the brain in children with SB relative to typically developing age-
matched controls. Whereas O’Donnell et al. (2005) and others
(Sowell et al., 2007) reported decreased frontal cortical thickness
in normal development as well as in children and adults with ADHD
(Makris et al., 2007; Shaw et al., 2006), an opposite pattern of
increased frontal cortical thickness was observed in the group with
SB, independent of age. Furthermore, group comparisons of surface
area demonstrated a significant reduction in SB, especially in the
occipital lobe, which may be directly related to the global reduction in
cerebral white matter observed in the group with SB. The findings do
not reflect differences in the size of the cerebrum, which did not
significantly differ between controls and the group with SB. Thus,
while decreased surface area and neocortical volume tend to follow an
anterior to posterior gradient of increasing group differences and
increased variability within the SB group, neocortical volume in the
frontal region is similar between both groups. This finding is con-
sistent with published studies of animal models of hydrocephalus and
postmortem studies of humans with hydrocephaluswhere destruction
of periventricular white matter was associated with increased ven-
tricular size and the frontal region was predominately spared (Del
Bigio et al., 2003).

Although the posterior to anterior gradient of thinning is
consistent with the mechanical effects of hydrocephalus on the
brain (Del Bigio, 2004), hydrocephalus does not explain why
cortical thickness is increased in frontal regions for children with
SB. Since decreased cortical thickness has been reliably associated
with increased age, it is not likely that this finding is an artifact of
the morphometric methods. Moreover, a recent diffusion tensor
imaging study of anisotropy in association pathways (Hasan et al.,
2008) reported an absence or reversed pattern of age-related
changes in SB relative to controls. Therefore, one possible ex-
planation is that the increased cortical thickness is compensatory
and develops in a manner that mediates areas of preserved function
in SB. Since cognitive skills involving language, word recognition,
and inhibitory control are mediated by neural networks that involve
the frontal regions, the preservation of these skills in many with SB
may reflect more reliance on the frontal components of these net-
works. Evidence from recently published studies in ADHD adults
and children, populations characterized by poor inhibitory control,
are consistent with this hypothesis as the authors reported de-
creased cortical thickness in the frontal–striatal regions (Makris
et al., 2007; Shaw et al., 2006).

There are other indications that the disruption of brain devel-
opment and reorganization in SB extends beyond the effects of
hydrocephalus and the Chiari II malformation. In addition to a high
frequency of stenogyria and gray matter heterotopias (Gilbert et al.,
1986; Miller et al., in press), it is well known that many children
with SB show abnormalities of the corpus callosum that reflect
hypogenesis of the rostrum and posterior body and splenium
(Barkovich 2005; Miller et al., in press). Since the corpus callosum
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is usually thinned by chronic hydrocephalus, these abnormalities
imply that the reduction in white matter observed in this study
reflects a more general disruption of white matter development that
is exacerbated by hydrocephalus, with regional differences in white
matter distribution reflecting the mechanical effects of hydro-
cephalus that will vary across individual children. Such findings
are consistent with diffusion tensor imaging studies of SB, which
find reduced anisotropy in several white matter structures (e.g.
corpus callosum, arcuate fasciculus) and in different association
fibers suggestive of reduced myelination (Hasan et al., 2008;
Hasan et al., 2006). However, in the caudate nucleus, transverse
diffusivity is decreased and fractional anisotropy is increased,
which may be due to a delay in synaptogenesis. These additional
findings show that other imaging modalities also find increases and
decreases in different quantitative indices of brain integrity in SB.

An important implication of this study is that the early disruption
of brain development that begins in utero in children with SB and
that produces the stigmata of the Chiari II malformation is followed
by a second wave of disrupted brain development that causes both
hypoplasia (likely from hydrocephalus) and aberrant, regionally
specific configurations of gray and white matter. Although purely
volumetric studies of gray matter in vivo have failed to capture the
dynamic relation among volume, cortical thickness, and surface area
in the neocortex of the human brain, recent advances in neuroima-
ging acquisition and analysis converge in demonstrating this re-
lation. The regional specificity of our findings (e.g., greatest group
differences observed in the posterior regions and comparable or
trend reversal in the frontal regions) suggests that cognitive strengths
and weaknesses in the SB population may be related to these
regional patterns of reorganization. What is not known is whether
the pattern of increased cortical thickness is adaptive or related to an
aberrant pattern of brain development. To evaluate this possibility, a
larger sample is needed to determine if intersubject variability in
morphometric variables is predictive of cognitive performance in a
domain-specific fashion.
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