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Abstract

Purpose Spina bifida cystica (SBC) is a group of neuro-
developmental defects caused by improper neural tube
closure, which may be responsible for deficits in cognitive
functions. The purpose of this study was to examine
changes in normal appearing deep gray and white matter
brain regions in SBC patients compared with controls
through diffusion tensor imaging (DTI) and correlate these
changes with neuropsychometric tests.

Methods Conventional magnetic resonance imaging and
neuropsychometric tests were performed on 13 patients and
ten controls. DTI-derived fractional anisotropy (FA) and
mean diffusivity (MD) were quantified in different brain
regions in controls and patients.
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Results Significantly decreased FA was observed in caudate
nuclei, putamen, genu, splenium, and increased FA was
found in middle cerebellar peduncle (MCP) in patients
compared with controls. We observed significantly in-
creased MD in genu and splenium. However, increased
MD was found in fornix of patients compared with
controls. Majority of neuropsychological tests were found
to be significantly impaired and some of these showed
significant correlation with DTI metrics in genu, splenium,
and MCP in these patients.

Conclusions We conclude that DTI metrics are significantly
abnormal in deep gray matter nuclei, genu, splenium, and
MCP in SBC patients and may provide microstructural basis
for neuropsychological abnormalities in these patients.
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Introduction

Brain development is a complex process linked with
behavioral, emotional, and cognitive abilities that proceeds
throughout the postnatal phase and continues into adult-
hood [1]. Formation of neural tube is a crucial event in the
development of central nervous system (CNS). Proper
closure of neural tube is extremely important because brain
and spinal cord develops from the neural tube. The failure
of neural tube closure results in congenital malformations
that lead to spontaneous abortion, stillbirth, death in early
infancy, or lifetime disability [2]. Spina bifida is the name
given to any congenital gap in the vertebral column through
which the contents of spinal cord may protrude. It is a
group of neurodevelopmental defects caused by improper
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neural tube closure during 3—4 weeks of gestation with a
rate of 0.5-1 per 1,000 live births in the developed
countries [3]. In spina bifida cystica (SBC), there is
protrusion through the defect of the meninges (meningo-
cele), spinal cord (myelocele), or both (meningomyelocele).
Improper neural tube closure affects the normal brain
development and may be responsible for deficits in
cognitive and memory functions [4]. Cerebellar and corpus
callosum abnormalities are part of the broad spectrum of
deficits seen in neural migrations associated with antenatal
development of children with neural tube defects [4].
Previous studies have reported cognitive dysfunction in
children and adolescents with SBC [5].

Neuronal and axonal vulnerability have been demon-
strated in children with meningomyelocele and shown to be
associated with neurocognitive and behavioral deficits [6].
Corpus callosum is the largest commissural fiber bundle in
the brain and plays an important role in inter-hemispheric
functional integration. It has been reported that corpus
callosum has a protracted growth pattern, with development
continuing into adolescence, although the growth curve
attenuates by adulthood [7]. In children with SBC,
anomalies of corpus callosum have been found to be
associated with dysgenesis of one or more structures [4].

There are only few quantitative conventional magnetic
resonance imaging (MRI) studies describing abnormal
development of the brain in SBC patients [4, 8, 9]. Reigel
et al. have reported that region specific changes in gray and
white matter (WM) in spina bifida occur as a result of
congenital anomalies along with developmental reorgani-
zation in these patients [10]. A regional variation in lobar
brain volume has also been reported in spina bifida [8].

Diffusion tensor imaging (DTI) has the potential to
provide information about tissue microstructural organiza-
tion, including indirect measures of myelination and axonal
growth and is known to be more sensitive than conven-
tional MRI [11]. The commonly used DTI metrics are
fractional anisotropy (FA), which quantifies the preferential
direction of water diffusion along WM tracts and mean
diffusivity (MD), which measures the magnitude of diffu-
sion. DTT along with cognitive measures have been shown
useful in elucidating the relationship between the integrity of
WM pathways and the efficiency of cognitive and neural
processing during brain development [12, 13]. In a recent
study, Hasan et al. quantified microstructural abnormalities
in the major association pathways of the hydrocephalic
brain in children with myelomeningocele using DTI and
suggested age-related abnormal WM development [6].

However, a detailed study of abnormal deep gray and
WM maturation in SBC patients using DTI and its
correlation with neuropsychological (NP) test battery has
not yet been performed. The aim of this study was to
compare changes in DTI metrics quantified from deep gray
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and WM regions of the brain between SBC patients and
controls. We have also attempted to correlate the changes in
DTI metrics with a series of NP test battery using a broad
range of cognitive, learning, and memory tasks related to
different regions of the brain.

Materials and methods
Subjects

The present study was performed on 13 SBC patients (eight
males and five females, aged 10—17 years with a mean age of
14) and 10 age/sex matched healthy controls (7 males and 3
females, aged 10-15 years with a mean age of 13). The
patients either with pre operative SBC or who had surgical
repair for SBC with normal brain imaging on conventional
MRI were included in the study. The following number of
SBC patients were included; lumbo-sacral meningomyelo-
ceole (n=2), lumbo-sacral meningoceole (n=2), dorsal
meningoceole (n=6), and operated lumbar meningoceole
(n=3). These SBC patients underwent a set of NP test battery
to assess cognitive functions. None of the patients had any
history of seizure disorder. Patients with hydrocephalus or
Chiari malformation were excluded from the study to
overcome the confounding effect of these variables on DTI
metrics. All subjects included in this study were right handed.
Informed consent was obtained from parents of the patients
after explaining the purpose of the study to perform MR
imaging and NP tests. This study was performed within the
guidelines of the Institutional ethics committee.

Conventional MRI protocol

Conventional MRI and DTI were acquired in the axial plane
on 1.5 Tesla GE Signa LX MRI scanner (General Electric
Medical System, Milwaukee, WI) using a standard quadrature
birdcage receive and transmit radio-frequency head coil.
Conventional MRI included T2-weighted fast spin echo
(FSE) with repetition time (TR) (ms)/echo time (TE) (ms)/
echo train length/no. of excitations (NEX)=6,000/85/16/4 and
spin echo (SE) Tl-weighted images with TR/TE/NEX=
1,000/14/2. Both T1- and T2-weighted images were acquired
from contiguous, 3 mm thick axial sections with 240x
240 mm? field of view (FOV) and image matrix of 256 x256.

DTI protocol

DTI data was acquired using a single-shot echo-planar dual
SE sequence with ramp sampling [14]. Diffusion-weighted
acquisition parameters were: b-factor=0 and 1,000 s/mm?,
slice thickness=3 mm with no interslice space, number of
slices=34-38, FOV=240x240 mmz, TR=8s, TE=100 ms,
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and NEX=8. The acquisition matrix was 128x80 and the
homodyne algorithm was used to construct the k-space data
to 128x128 and zero-filled to generate an image matrix of
256%256. A balanced and rotationally invariant diffusion-
encoding scheme with ten non-collinear directions over the
unit sphere was used for generating the DTI data [14].
DTT data was processed and evaluated using JAVA-based
program as described elsewhere [15]. DTI-derived maps were
displayed and overlaid on images with different contrasts to
facilitate the region-of-interests (ROIs) placement. Threshold
value of the color-coded FA map for display was kept at 0.2
above which the color-coded regions reflect the WM only.
We have selected those brain regions which are known to
influence neurocognitive deficits in these patients [12, 16—
18]. Elliptical/or rectangular ROIs were placed in different

regions of the brain including deep gray matter i.e. basal
ganglia (caudate nuclei (CN), thalamus, and putamen at the
level of third ventricle) and WM (cingulum (Cing) at the
level of corona radiata, fornix, genu, and splenium at the
level of massa intermedia) in SBC patients and controls
(Fig. 1). We have also placed elliptical ROI on middle
cerebellar peduncle (MCP) (Fig. 1) and the level was defined
on the basis of the anatomic landmarks visible on DTI color
maps. The size of ROI varied from 2x%2 and 6%6 pixels.

Neuropsychological test
Neuropsychological tests were performed on controls and

patients to assess the cognitive function, memory, and learning.
The age/sex, education, and socio-economic status matched

Fig. 1 Axial and sagittal images of a 14-year-old patient with spina
bifida cystica showing normal appearing cerebral and cerebellar
regions of the brain. T2-weighted image, mean diffusivity (MD),
fractional anisotropy (FA), and color-coded FA maps at the level of
third ventricle (a—d), corona radiata (e-h), pons (i-1), and massa
intermedia (m—p) showing region-of-interest placed on color-coded

FA maps on caudate nuclei, thalamus, and putamen, cingulum, middle
cerebellar peduncles, genu, and splenium of corpus callosum and
fornix, respectively. The threshold value of the color-coded FA map
for display was kept at 0.2 above which the color-coded regions
reflect the white matter only (red (right-left), green (anterior—
posterior), and blue (superior inferior))
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healthy controls were included in this study. NP tests included
number connection test (NCT A and B) and figure connection
test (FCT A) and subset of modified Wechsler Intelligence
Scale for children—third edition (WISC-III; ages 6-17) [19];
five tests (picture completion test (PCT), digit-symbol test
(DST), picture arrangement test (PAT), object assembly test
(OAT), and block design test (BDT)). These tests have been
validated and used in several other studies [19]. In NP tests,
scores of <40, <70, and <40 were considered as normal limit
for NCT A, B, and FCT respectively. Above these limits test
were considered as abnormal. While in WISC-III (PCT, OAT,
PAT, BDT, and DST) the scores >10 were considered as
normal and below to this limit were abnormal. In NCT and
FCT, lower scores represent better performance where as in
WISC higher score represents better performance. Time
duration for performing NP tests ranged from 55 to 60 min
in patients and 40-45 min in controls.

Statistical analysis

We performed paired “7” test between values of DTI metrics in
left and right regions of controls and did not find any
statistically significant difference. For the purpose of statistical
analysis, values from left and right measurements in all
regions were pooled together in patients and controls. An
independent Student’s ¢ test was performed to evaluate the
differences in FA and MD values between patients and
controls. Pearson’s correlation coefficient was also used to
determine the association between NP test scores and FA and
MD values in SBC patients. A p value of less than 0.05 was
considered to be statistically significant. All the statistical data
computations were performed using statistical package for
social sciences (SPSS, version 16.0 SPSS, Inc, Chicago, USA).

Results

On conventional MRI, no abnormality was observed in any
region of the brain in these patients. The mean FA and MD

values obtained from different regions of the brain in
patients and controls are summarized in Table 1.

FA and MD values obtained from ROI analysis in deep
gray and white matter regions

In CN and putamen, significantly decreased FA with no
significant change in MD values was observed in patients
compared with controls. However the changes in FA and
MD values did not show any statistical significance in
thalamus of patients compared with controls. In genu and
splenium, significantly decreased FA with increased MD
values was observed in patients compared with controls. In
Cing and fornix, though FA showed an increasing trend in
patients compared with controls, it did not reach the level of
statistical significance. Significantly decreased MD values
in patients were only found in fornix compared with
controls. We observed significantly increased FA with no
significant change in MD values in MCP in patients
compared with controls (Table 1).

Neuropsychological tests

NCT A, NCT B, and FCT scores were significantly higher
while PCT, OAT, PAT, BDT, and DST scores were
significantly lower in patients as compared with controls
(Fig. 2). We correlated FA and MD values with NP test
scores in patients with SBC.

Correlation between DTI Metrics and NP Test scores

Significantly inverse correlation was found between NCT B
scores and FA values obtained from genu (r=-0.78; p=
0.00). FA values in MCP showed a significant positive
correlation with NCT A (#=0.75; p=0.01) and a significant
inverse correlation with PAT scores (r=—0.72; p=0.02).

A significantly positive correlation was observed be-
tween MD values and NCT A scores (r=0.61; p=0.04) in
splenium.

Table 1 Comparison of

fractional anisotropy and mean Regions Fractional anisotropy Mean diffusivity (x10~> mm?%/s)

diffusivity in different regions

of the brain between age/sex Control SBC p value Control SBC p value

match healthy controls and spina

bifida cystica patients Caudate nuclei 0.16+0.02 0.10+0.02 0.001 0.76+0.08 0.74+0.03 0.14
Putamen 0.12+0.03 0.10£0.03 0.03 0.71+0.02 0.71+0.08 0.14
Thalamus 0.15+0.05 0.15+0.05 0.75 0.80+0.12 0.77+0.12 0.47
Genu 0.56+0.03 0.52+0.05 0.04 0.71£0.04 0.76+0.06 0.04
Splenium 0.58+0.03 0.51+0.08 0.03 0.67+0.06 0.73+0.03 0.01
Fornix 0.36+0.06 0.39+0.05 0.16 0.87+0.07 0.76+0.07 0.02
Cingulum 0.38+0.07 0.44+0.08 0.07 0.75+0.02 0.74+0.03 0.41

MCP middle cerebellar pedun- MCP 0.59£0.04  0.63=0.04 0.03 0.74£0.07  0.76=0.05 0.37

cle, SBC spina bifida cystica
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Fig. 2 Bar diagrams showing scores of various neuropsychometric
tests (NVPT) in normal as well as in SBC patients. Number and figure
connection test (/ number connection test A, 2 number connection test
B and 3 figure connection test A) and WAISC (/ picture connection
test, 2 digit symbol test, 3 block design test, 4 picture arrangement
test, and 5 object assembly test), respectively. *p<0.05 significant
difference in NP test scores

Discussion

Present study demonstrates abnormal DTI metrics (FA and
MD) in deep gray and white matter regions and NP test
scores in SBC patients compared with controls. A signifi-
cantly decreased FA was observed in CN and putamen in
patients compared with controls. This study showed a
significantly increased MD along with decreased FA in
genu, splenium and increased FA in MCP. The NP test scores
were found to be significantly impaired in patients and
showed significant correlation with FA in the genu,
splenium, and MCP in these patients.

It has been reported that posterior corpus callosum is
selectively prone to injury in myelomeningocele due to
diffuse CNS injury sustained in life or during gestation [7].
Reduced FA in corpus callosum in previous studies have
been explained on the basis of WM damage due to
increased cerebrospinal fluid (CSF) pressure secondary to
acute hydrocephalous in patients with meningomyelocele
[20, 21]. In the current study as none of the patient had
hydrocephalous, the explanation of increased CSF pressure as
a cause of decreased FA in corpus callosum in these patients
appears to be unlikely. In a recent DTI study in patients with
chiari II malformation, lower FA in corpus callosum has been
reported in patients even in the absence of hydrocephalous
[21]. A number of factors such as injury to corpus callosum
during development, abnormal myelination, and degenera-
tive changes secondary to abnormal periventricular WM
development may be responsible for this reduced FA with
increased MD in genu and splenium in this study.

There are a few DTI reports describing cerebellar WM
maturation in normal children [22]; however, abnormal
developmental studies in MCP have not been reported so

far. A recent study has demonstrated increased FA along
with decreased MD in MCP in normal children as they
grow from birth to 11 years [22]. A previous MRI-based
volumetric analysis has shown significant reductions in
cerebellar volume in children with SBC [8]. In the current
study, we observed significantly high FA in MCP in
patients compared with controls and this may be explained
in the light of previous imaging studies in patients with
different neurodevelopmental anomalies like Williams’s
syndrome and Arnold Chiari malformation [23]. The
cellular mechanisms behind increased FA are unknown. There
are several factors which may be responsible for increased FA;
such as increased myelination or microscopic deficits of
axonal structures or decreased axonal diameter, packing
density, branching, increased microfilament density, and
reduced volume of cortical regions might contribute to high
FA in certain regions in this study [23]. It is known that
during brain development some axonal projections are
established only transiently which subsequently get elimi-
nated [23]. According to this theory it can be hypothesized
that in case of SBC; elimination of such transient projections
in the MCP gets disturbed and reflects in the form of
abnormally high FA in these patients. However, this
phenomenon has only been studied in animals at this point
and it is not clear if it happen in humans as well.

The caudate nuclei plays a critical role in supporting,
planning, and execution of strategies and behavior, required for
achieving complex goals i.e. in action-outcome learning that
subserves goal-directed action. This is in contrast to putamen,
which appears to sub serve cognitive functions limited to
stimulus—response [24]. Hasan et al. have reported increased
FA in CN in patients of myelomeningocele with hydro-
cephalous and explained it on the basis of delayed synapto-
genesis [13]. However, increased FA in the WM areas lateral
to ventricles in patients with acute hydrocephalous was
observed and has been explained on the basis of periventricular
tissue compression secondary to the dilated ventricles [20]. In
current study, we observed decreased FA and increased MD
in CN of SBC patients. The difference in selection of patient
population is probably the reason for discrepancy in the
results of this study compared with Hasan et al. [13].

Limited data is available on neurocognitive and motor
learning in SBC patients. In general, SBC patients
commonly experience problem with a variety of nonverbal
skills [6, 24]. It has been reported that SBC patients
demonstrate lower levels of functioning in all brain regions,
with impaired motor, perception, and visuospatial skills
[25]. On neuropsychological studies, authors have shown
differences in temperament, memory, and learning patterns
in SBC patients even with average intelligence [18, 25]. In
the current study we observed significantly impaired NP
test scores in SBC patients compared with controls, even
when their brain appeared normal on conventional imaging.
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In the current study, SBC patients showed significantly
poor performance in all components of NP tests. It has been
reported that these connection tests reflect mental attention
and visuo-spatial skills. For these skills, trans-hemispheric
integration between primary and supplementary visual area
of both hemisphere is required. A recent DTI study has
reported reduced visuo-spatial skills and FA values in
corpus callosum in the patients with Chiari II malformation
even in the absence of hydrocephalous [21]. The observed
significant inverse correlation between FA values in genu and
MCP, with NCT B and NCT A, respectively, suggests that the
control, organization, and quality of gross and fine motor
movements of the upper extremities are mediated by the
cerebellum and partly by visual cortex and parietal areas [25].

Small sample size and lack of histological confirmation of
the changes seen on DTI are the limitations of this pilot study.

In conclusion, our study reveals abnormal DTI metrics in
certain regions of the brain in SBC patients even on their
normal presentation on conventional MRI. These DTI
metrics show significant correlation with some of the NP
test scores and may provide a microstructural basis for
neuropsychological abnormalities in these patients.
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