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Abstract

Although there are many studies of people with complete or partial hypogenesis of the corpus callosum (CC),
little is understood about the hypoplastic CC in which all structures are present but thinned. Spina bifida mye-
lomeningocele (SBM) is a model organism for such studies because many have either a hypogenetic or hypo-
plastic CC. We used diffusion tensor tractography (DTT) to evaluate the hypoplastic CC in SBM and its
relation to interhemispheric functions and intelligence quotient (IQ). Participants were individuals with SBM
and an intact or hypoplastic CC (n=28), who were compared to a typically developing comparison group
(n=32). Total and regional DTT volume and integrity measures (fractional anisotropy, axial diffusivity, and ra-
dial diffusivity) of the CC were related to measures of intelligence (IQ), bimanual motor functioning, and dich-
otic auditory performance. As predicted, DTT showed variations in volume and integrity that were maximized in
the entire CC and the posterior CC. 1Q correlated with entire CC volume, anterior and posterior regional CC vol-
umes, and also with measures of integrity. Bimanual motor functioning correlated with the anterior and posterior
volumes of the CC but not with any integrity measures. Axial diffusivity in the posterior CC was negatively cor-
related with right ear dichotic listening performance. The hypoplastic CC is not macrostructurally or microstruc-
turally intact in SBM, even when it appears radiologically intact. Both volume and integrity of the posterior
regions were related to reductions in IQ and to interhemispheric processing. These findings may transfer to
other disorders characterized by a hypoplastic CC.
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Introduction Because SBM is a disruption of neuroembryogensis, regional
maldevelopment of the brain affects the brainstem, cerebellum,
and CC. The Chiari II malformation, virtually ubiquitous in
SBM, is characterized by a herniation of the brainstem from
the posterior fossa into the cervical spinal canal (Barkovich,
2005); the result is a mechanical blockage of the flow of cere-
brospinal fluid (CSF) out of the skull that results in hydroceph-
alus in about 80% to 90% of children with SBM (Reigel and
Rotenstein, 1994). CC anomalies of various forms occur in vir-
tually all people with SBM (Hannay et al., 2009).

THERE ARE MANY STUDIES of interhemispheric transfer in
people with complete and partial development of the
corpus callosum (CC), or hypogenesis. However, little is
known about neurobehavioral development in people with
a CC that is characterized primarily by thinning in which
all the structures of the CC can be visualized, or hypoplasia.
One disorder of development characterized by both hypo-
genesis and hypoplasia is spina bifida myelomeningocele
(SBM), the most prevalent nonlethal birth defect affecting
the central nervous system (Centers for Disease Control

and Prevention, 2009). SBM is identified at birth by a poste- The CC and spina bifida

rior midline mass that often contains abnormal nerves and The prototype for understanding the effects of damage to
protruding spinal cord, along with meninges and cerebral the CC has generally been research on epilepsy patients who
spinal fluid (Reigel and Rotenstein, 1994). received a corpus callosotomy to treat intractable seizures
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(Jenssen et al., 2006; Lassonde and Sauerwein, 1997) and the
small number of individuals born with congenital absence of
the CC as a result of heterogeneous etiologies (Lassonde
and Jeeves, 1994). Important sources of information about
CC function, and one not confounded by a history of epilepsy
or unknown etiology, are conditions in which a large number
of individuals have congenital disorders of the CC that involve
both congenital processes like agenesis/hypogenesis and sec-
ondary acquired destructive processes, like hypoplasia. Cal-
losal hypogenesis and hypoplasia occur in more than half of
children with SBM, while hypoplasia without hypogenesis oc-
curs in 44% (Fletcher et al., 2005). In callosal hypogenesis, the
rostrum, splenium, and/or posterior body are typically miss-
ing, indicating a primary neural insult originating from a dis-
ruption of neuroembryogenesis; in hypoplasia, the entire CC is
thinned or earlier developed structures, like the body, are
missing, presumptively as a result of hydrocephalus (Barko-
vich, 2005). In SBM, it is possible to differentiate between
CC hypogenesis and CC hypoplasia.

Measurement of the structure of the CC in spina bifida

Despite its potential as a model of CC abnormalities, SBM
has generated few studies specifically assessing the CC struc-
ture and function. Some studies have used morphometric
MRI to obtain a cross-sectional area of the CC in SBM.
For example, Fletcher and colleagues (1992, 1996) found
that area measurements of the CC were significantly smaller
in SBM compared with a typically developing (TD) group. In
an application of diffusion tensor imaging (DTI), Hasan and
colleagues (2008) found reduced fractional anisotropy (FA)
in the CC in a group of 29 children with SBM relative to a
TD comparison group. Herweh and colleagues (2009)
reported that the overall area and FA of the CC was signifi-
cantly reduced relative to controls, and, further, that CC
cross-sectional area and CC FA were highly correlated.
Since axonal membranes contribute the most to the measure-
ment of FA (Beaulieu, 2002), Herweh concluded that re-
duced area and FA indicate a reduced number of axons
traveling through the CCs of the people with SBM.

Castillo and colleagues (2009) used both DTT and magneto-
encephalography to study structural integrity and neurophysi-
ological patterns of the CC, finding an atypical pattern of brain
oscillations in children with SBM as compared to controls,
mainly in the posterior and temporal regions connected by
the splenium. This atypical activity correlated with reduced
CC area in SBM based on DTI assessment. These findings
suggest that the structurally abnormal CC in SBM, including
both hypogenetic and hypoplastic patients, may affect inter-
hemispheric coordination and integration of information.

CC structure-function relations in spina bifida

A few studies have examined CC structure-function rela-
tions in SBM and early hydrocephalus. Fletcher and colleagues
(1992, 1996) reported that an area measure of the CC was cor-
related with intelligence quotient (IQ), nonverbal spatial skills,
and fine motor dexterity, but less correlated with measures of
verbal skills and executive functions. Klaas and colleagues
(1999) investigated interhemispheric transfer of visual, tactile,
and auditory information in children with SBM and hydro-
cephalus with hypogenesis and/or hypoplasia of the CC, find-
ing left visual field superiority for complex forms, which
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suggested disrupted transfer of right visual field information
across the CC from the left hemisphere. Hannay and col-
leagues (2008) reported that TD children demonstrated the
expected right ear advantage (REA) during dichotic stimula-
tion, but that auditory interhemispheric transfer depended on
handedness and the status of the splenium of the CC in
SBM,; right-handed children with hypogenesis of the splenium
showed a nonsignificant left ear advantage while right-handed
children with a hypoplastic CC had a significant REA that was
not significantly different from the REA of the TD sample. In
contrast, children with SBM who were nonright-handed and
had hypogenesis of the splenium did not show REA.

Rationale for the present study

No studies have related quantitative CC measures to inter-
hemispheric processing in individuals with SBM. Prior studies
involving area measurements of the CC have shown only small
reductions in the area of the CC; area measurements may be
limited in their assessment of the integrity of the CC. In partic-
ular, area measurements in the SBM population have not
addressed the specific regions of the CC that may be impaired,
and do not provide regional subvolumes. There are no studies
specifically addressing the hypolastic CC, which in radiological
reviews is often viewed as ““grossly intact”” (Miller et al., 2008).

We used diffusion tensor tractography (DTT) to evaluate the
volume and integrity of the hypoplastic CC in SBM and its re-
lation to neurobehavioral functions, including intelligence (as a
general marker of neurobehavioral outcomes), and interhemi-
spheric transfer and integration. The first objective was to use
DTT to assess the macrostructure, microstructure, integrity,
and connectivity of the fiber tracts of the hypoplastic CC in
SBM. For volume, we hypothesized that the entire CC volume
of the patients with SBM would be significantly reduced when
compared with a TD comparison group. Regionally, the poste-
rior segments (i.e., posterior midbody, isthmus, and splenium)
of the CC should be more altered due to SBM pathology than
the anterior CC. For integrity, we hypothesized that the group
with SBM would show reduced FA, mostly in the posterior
CC, when compared with TD participants. In addition, we hy-
pothesized that the group with SBM would have increased
axial and radial diffusivity values compared with their TD
peers in the entire CC and in the posterior segments of the CC.

The second objective was to relate structure and func-
tion. Following Fletcher and colleagues (1992, 1996), we
expected that reductions in volume measurements of the
CC would be significantly and inversely correlated with IQ
scores. We had no specific hypotheses about correlations
with integrity measures. Following Fletcher and colleagues
(1996) and Johansen-Berg and colleagues (2007), we hy-
pothesized that a bimanual task assessing fine motor dexter-
ity would significantly correlate with the entire CC volume
and with the body of the CC. The anterior body of the CC
has projections to the motor cortex, so we hypothesized
that performance on a bimanual dexterity task would signif-
icantly correlate with DTT assessments of the body of the
CC. Previous research utilizing DTI found significant corre-
lations between percentage of correct reports for the right ear
(REA) and area measures of the entire CC, the isthmus, and
the body of the CC (Westerhausen et al., 2006). Although the
study by Westerhausen and colleagues (2006) utilized nor-
mal adults, we used their results as a guide and hypothesized
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that the performance on DL by the group with SBM would
significantly and inversely correlate with the entire CC vol-
ume, specifically in the posterior CC, including the posterior
body and isthmus of the CC. In addition, we hypothesized
that integrity measures of the posterior CC, especially the
body and isthmus of the CC, would significantly correlate
with DL performance.

Materials and Methods
Participants

The study was approved by the Institutional Review
Boards at the University of Houston and the University of
Texas Health Science Center at Houston. All participants
13 years of age and older provided written informed consent.
Children under 13, gave assent while their parents (or guard-
ians) also provided written informed consent. The sample
consisted of 28 children and adults with SBM and 32 TD par-
ticipants between the ages of 8 and 36 years. Only partici-
pants with SBM and a fully intact CC, hypoplastic CC, or
intact/hypoplastic CC with a missing rostrum were used for
the study. Participants with SBM and evidence of callosal
hypogenesis, especially of the posterior body or splenium,
were excluded because the quantitative measurements used
cannot be applied to a missing structure. A missing rostrum
was not exclusionary provided the rest of the genu was intact;
the rostrum is a small structure that is difficult to reliably vi-
sualize and measure (Barkovich, 2005), and segmentation
schemes for the CC have often not attempted to separate
the rostrum from the rest of the genu (e.g., Clarke and Zaidel,
1994; Hofer and Frahm, 2006).

Participants with SBM were recruited through two pri-
mary sites: The Spina Bifida Clinic at Texas Children’s Hos-
pital in Houston, Texas and the Shriner’s Hospital for
Children in Houston, Texas. Exclusion criteria for the partic-
ipants of this study included the following: (1) a diagnosis
of spina bifida other than SBM, (2) unrelated neurological
disorder, (3) severe psychiatric disorder (e.g., autism, psy-
chosis), (4) uncontrolled seizure disorder, (5) inability to
control upper limbs, (6) serious hearing loss, (7) hypogenesis
of a portion or all of the CC other than the rostrum, and (8)
age range of 8 to 36 years. Participants with SBM had evi-
dence of a Chiari II malformation and/or a myelomeningo-
cele at birth. These determinations were made by review of
medical records and clinical coding of MRI scans performed
by board certified radiologists involved in the ongoing re-
search study (Fletcher et al., 2005).

Of 116 available participants with SBM, 31 (27%) had
CCs that could be fully tracked using DTT. Of these, three
were outside the targeted age range, leaving a total of 28.
A comparison group of TD individuals (n=32) comparable
in age was recruited as part of the overall study largely
through local advertising. The TD group had no evidence
of neurodevelopmental disorder or brain injury, or other ex-
clusionary criteria.

Demographic comparisons and clinical markers

Table 1 shows that SBM and TD groups were comparable
in age, 1 (49.9)=0.96, p=0.34), gender [xz (1, N=60)=0.35,
p=0.55], and ethnicity. Ethnicity was grouped into Hispanic
and non-Hispanic groups for a chi-square analysis due to
the small number of African Americans, Asians, and other
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TABLE 1. DEMOGRAPHIC INFORMATION BY GROUP

TD SBM
N 32 28
Age years: M (SD) 16.73 (9.31) 14.89 (5.22)
Gender: n (%)
Male 17 (53.13) 17 (60.71)
Female 15 (46.88) 11 (39.29)
Ethnicity: n (%)
Black 3(9.38) 6 (21.43)
Asian 1 (3.13) 0
Hispanic 14 (43.75) 16 (57.14)
Caucasian 13 (40.63) 6 (21.43)
Other 1 (3.13) 0
Handedness: n (%)
Right 31 (96.88) 23 (82.14)
Nonright 1(3.13) 5 (17.86)
Socioeconomic

status*: M (SD) 40.73 (11.00) 31.59 (13.58)

*Significant difference between etiologies at p <0.05.
SBM, spina bifida myelomeningocele participants; TD, typically
developing controls.

ethnicities. Results revealed no significant association of eth-
nicity and group, ¥*> (1, N=60)=1.07, p=0.30. The TD
group had higher SES than the SBM group, ¢ (58)=2.88,
p=0.006. Handedness tended to be associated with group,
¥* (1, N=60)=3.601, p=0.06, with more people with
SBM showing evidence of nonright-handedness.

Table 2 describes clinical markers of SBM. Multiple shunt
revision surgeries are common in this population (Reigel and

TABLE 2. CLINICAL MARKERS

N (%) SBM
No. of shunt revisions® 27
No shunt 3(11.11)
0 1 (3.70)
1 5 (18.51)
2-4 15 (55.55)
5-9 3(11.11)
Ambulatory status 28
Normal 2 (7.14)
Independent 9 (32.14)
Partial 12 (42.86)
Unable 5 (17.86)
Corpus callosum status 28
Fully intact 3 (10.71)
Intact and hypoplastic 21 (75.00)
Intact and missing rostrum 4 (14.29)
Chiari malformation 28
Not identified 5 (17.86)
Type 1 2 (7.14)
Type 11 21 (7500)
Lesion level 28
Upper-level lesion:
>T 12 3 (10.71)
Lower-level lesion:
<L 1 25 (89.29)

*Missing information on 1 case.
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Rotenstein, 1994); most in this sample had at least one shunt
revision. Most participants were partially ambulatory; only 2
of 24 had normal ambulation. Based on clinical coding of
MRI scans performed by board certified radiologists (Fletcher
et al., 2005), three-quarters had an intact, but hypoplastic CC.
Most participants with SBM had a Chiari Il malformation and
lower level lesions.

Neurobehavioral measures

Three measures previously correlated with area measure-
ments of the CC (Fletcher et al., 1996) were used for this
study: Stanford-Binet Test of Intelligence (Thorndike et al.,
1986), Purdue Pegboard (Tiffin, 1968), and dichotic listening
(Hannay et al., 2008).

Stanford-Binet test of intelligence, 4" ed. The composite
1Q score from the Stanford-Binet intelligence test (Thorn-
dike et al., 1986) was utilized as a measure of general cogni-
tive ability. Raw scores were four subtests (verbal reasoning,
abstract/visual reasoning, quantitative reasoning, and short-
term memory) converted to standard age scores, which
then were converted to the composite IQ score. The compos-
ite IQ score demonstrates excellent reliability with internal
consistency reliability ranging from 0.95 to 0.99 for 17 dif-
ferent age groups (Thorndike et al., 1986).

Purdue Pegboard. The Purdue Pegboard test assesses
unimanual and bimanual fine motor dexterity (Tiffin, 1968)
by requiring participants to place small pins into a perforated
board as quickly as possible in 30 sec time intervals. Test-
retest reliability estimates for single-trial scores range from
r=0.63 to r=0.82 (Tiffin, 1968). The number of pegs placed
in the board by both hands in 30 sec, the bimanual trial score,
was used as the measure.

Dichotic listening. A verbal DL paradigm was adminis-
tered using a TASCAM 202 MK III cassette deck with an
Optimus SA-155 stereo amplifier (Hannay et al., 2008). Par-
ticipants listened to auditory stimuli in both ears on Sony
MDR-7506 professional quality stereo headphones cali-
brated at 81 dB audio output level. A monotic listening
task was used as a screener to ensure that the participants
could hear and discriminate between the auditory stimuli.
For the DL paradigm, six consonant-vowel (CV) syllables
acted as the auditory stimulus. The syllables were created
from the six stop consonants,/b/,/d/,/g/,/k/,/p/, and/t/and the
vowel/a/, resulting in the sounds/ba/,/da/,/ga/,/ka/,/pa/, and/
ta/(Hugdahl, 2003). Pairs of CV syllables were presented si-
multaneously, a different syllable to each ear. The task was
to report the strongest syllable heard first and then, if possi-
ble, to report the other syllable heard (Hiscock and Decter,
1988). With six CV syllables, 36 pairs of syllables were pos-
sible. A total of 72 trials were administered. All 36 pairs were
presented and then the headphones were reversed and the
pairs were presented again (Hannay et al., 2008). The num-
ber of correct first responses after stimuli presentation to
the right and the left ears on each trial were used as the de-
pendent measures, as in earlier studies of SBM and CC (Han-
nay et al., 2008). This allowed an examination of whether
scores were increasing or decreasing with right or left ear
presentation in the groups.
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Procedures

All participants had the same imaging protocol and neuro-
psychological assessment in a quiet laboratory setting by
trained examiners supervised by licensed neuropsychologists
(Fletcher et al., 2005). A subset of the imaging sequences and
the neuropsychological tests administered were used for the
DTT and correlation analysis.

MRI and DTI acquisition and processing

Whole brains were scanned using a Philips 3.0T Intera
system with a SENSE (Sensitivity Encoding) receive head
coil. The MRI protocol included two conventional MRI
scans and matching diffusion-encoded tensor MRI scans
(DT-MRI). The conventional MRI scans included a 3D
spoiled gradient-echo (FOV =240x 240 mm? and isotropic
voxel size=0.9375mm) and 2D dual fast spin-echo (echo
times: Tgi/Tg>=10/90 ms; repetition time: Tr=5000 ms;
44 axial slices of 3 mm thickness and 0 gap). The DT-MRI
data were acquired axially (superior to inferior from the fo-
ramen magnum to the vertex) using a single-shot spin-echo
diffusion sensitized echo-planar imaging (EPI) sequence
with a balanced Icosa2l encoding scheme (Hasan and Nar-
ayana, 2006). In total, 44 contiguous 3mm thick with
0O mm gap axial slices were acquired, thus matching the spa-
tial coverage of the conventional MRI sequences described
above and providing full coverage of the entire brain.
Acquisition details of the EPI sequence include: diffusion
sensitization of b-factor=1000 sec X mmfz, repetition time
of Tr =6100 msec, echo time of T =84 msec, FOV =240 x
240 mm?, and square matrix of 256 x256 pixels (Hasan,
2007). The encoding scheme used 21 uniformly distributed
directions, which was consistent with scanner capabilities
at the time of the study and the need to reduce overall time
in the scanner for child participants. The number of nondif-
fusion weighted (b ~ 0) magnitude image averages=38 and
each encoding was repeated twice and averaged to enhance
the signal-to-noise ratio. Total DTI acquisition time was
about 7 min. The DTI image processing and DTI quality con-
trol measures are described in Hasan (2007).

DTI metrics

The integrity of the fiber tracts of the CC was assessed
using DTI-derived rotationally invariant metrics. Three in-
tegrity measures [FA, axial (parallel) diffusivity, and radial
(perpendicular or transverse) diffusivity] were calculated
from the average values of all the voxels that were contained
in the fiber tracts of interest (Hasan and Narayana, 2006). FA
is a measure of anisotropy or the orientation preference in a
voxel (Chanraud et al., 2010); it expresses the proportion of
the largest eigenvalue, /;, to the two smaller eigenvalues, /,
and /3, in an ellipsoid. Axial diffusivity is a measure of the
largest eigenvalue, 4;, and radial diffusivity is a measure
of the average of the two smaller eigenvalues, 4, and /3.
Higher axial and radial diffusivity values mean greater
water diffusivity, which indicates reduced myelination, tis-
sue organization, and possible axonal pathology.

DTT of the CC

Fiber tracking of the CC was performed using DTIStudio
software (http://cmrm.med.jhmi.edu), which uses the fiber
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FIG. 1. (a) Illustration of
the diffusion tensor imaging-
based fiber tracking of the
eight subvolumes (CC1-
CC8) of the human corpus
callosum (CC) based upon a
modification of the Witelson
(1989) and Aboitiz and col-
leagues (1992) segmentation
schemes (Adapted from
Hasan et al., 2009). (b) View
of fiber track projections from
one typically developing
participant. (¢) View of fiber
track projections from one
participant with spina bifida
myelomeningocele and a hy-
poplastic CC.

assignment by continuous tracking algorithm (Mori et al.,
1999). A principal eigenvector angle stopping threshold of
60° and a FA threshold for initial seeding and stopping of 0.2
was used. The details of the tracking procedure are described
in Hasan and colleagues (2009). The CCs were divided into
eight subregions (see Fig. 1) based upon both the original
segmentation scheme proposed by Witelson (1989) and the
10 sector method proposed by Aboitiz and colleagues (1992).
Fibers from the genu and rostrum of the CC travel to the
prefrontal cortex and were labeled CC1. The body of the CC
was divided into CC2, CC3, and CC4 with fibers in these
segments traveling to the anterior frontal lobe, superior
frontal lobe, and posterior frontal lobe respectively. The
isthmus was labeled CCS5 and fibers from here travel to the
anterior parietal lobe. The splenium was divided into CC6,
CC7, and CC8 with fibers traveling to the posterior parietal
lobe, temporal lobe, and occipital lobe respectively.

Statistical analyses

Age and gender were included as covariates in all
ANCOVA models to potentially reduce unexplained variabil-
ity in the error term. Ethnicity was not used as a covariate in
subsequent analyses because it is closely linked with Hispanic
ethnicity, which accounts for the lower SES in our participants
with SBM, so SES was used as a covariate. These variables
were removed from the final models if they did not contribute
to a statistically significant interaction or main effect. All an-
alyses involving CC structure, entire CC volumes and CC sub-
volumes, were normalized for differences in brain size by
dividing volume measurements by entire white matter volume
(WMYV) of the brain and multiplying by 100%. Statistical tests
were run using SAS 9.2 Software (www.sas.com/).

For hypotheses involving structure, separate analyses were
completed for entire volume/integrity measures (ANCOVA)
and for regional CC measuring a group (SBM vs. TD) x CC seg-
ment (CC1-CC8) using a multivariate approach to repeated
measures ANCOVA. Due to multiple comparisons, a Bonferroni
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adjustment of the critical level of alpha (p=0.05/8=0.00625)
was used to maintain the family wise error rate at 0.05. Hypoth-
eses involving functioning of the CC were assessed by comput-
ing Spearman correlation coefficients among volume, integrity,
and behavioral measures within the group with SBM. To avoid
inflation of correlations because of the explicit group structure
in the data, analyses were run only within the group with
SBM. Effect sizes were assessed using eta-squared (17); calcu-
lated by taking the sum of squares of the effect and dividing it
by the total sum of squares. Cohen’s interpretation of small, me-
dium, and large effect sizes for eta-squared was utilized, where
0.01 constitutes a small effect size, 0.06 a medium effect size,
and 0.14 a large effect size (Cohen, 1988).

Results

Neurobehavioral measures

Results are summarized in Table 3. IQ group differences
were apparent, ¢t (58)=5.90, p<0.0001, with TD participants

TABLE 3. NEUROBEHAVIORAL TEST RESULTS
(MEANS AND STANDARD DEVIATIONS)

SBM group
M SD M

TD group

SD p

Stanford-Binet

composite IQ 8529 12.02 103.3 11.66 <0.0001*
Purdue Pegboard (n=28) (n=32)
Bimanual 8.19 276 1041 2.05 0.0009*
coordination  (n=26) (n=31)
Dichotic Listening
R CV syllables 35 1034 34 5.69 N/A
L CV syllables  24.18 9.59 26.65 4.36
(n=22) (n=20)

*p<0.05.
CV, consonant-vowel; N/A, no statistical comparison was per-
formed so no p-value was generated.
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TABLE 4. COMPARISON OF THE NORMALIZED VOLUMES (CC VOLUME/WMYV X 100%) oF THE ENTIRE CC
AND CC SuBvOLUMES (CC1-CC8) For THE SBM AND TD Grours
SBM group (n=28) TD group (n=32)
CC region M SD M SD F value p n
eCC 9.84 2.03 12.57 1.23 39.11 <0.0001* 0.38
CC1 2.56 0.48 2.59 0.33 0.07 0.80 0.00
CcC2 1.31 0.45 1.22 0.27 0.65 0.42 0.01
CC3 1.03 0.39 0.94 0.25 1.12 0.29 0.02
CC4 0.87 0.37 1.06 0.23 5.14 0.03 0.08
CC5 0.72 0.40 1.28 0.32 35.25 <0.0001* 0.37
CCo6 1.32 0.63 2.10 0.57 23.61 <0.0001* 0.27
CC7 0.67 0.55 1.42 0.48 29.99 <0.0001* 0.31
CC8 1.35 0.58 1.96 0.59 14.53 0.0003* 0.20
*p <0.00625.

CC, corpus callosum; eCC, entire CC.

performing about one standard deviation higher than the partic-
ipants with SBM. Consistent with previous studies (Fletcher
et al., 2005; Hannay et al., 2008), TD participants performed
around one standard deviation higher than the participants
with SBM, ¢ (58)=5.90, p <0.0001, with Purdue Pegboard bi-
manual trial score group differences favoring the TD group,
1 (55)=3.50, p=0.0009. For dichotic listening, ANCOVA anal-
ysis, with presentation ear as the repeated factor, revealed a sig-
nificant REA for the first reported CV syllables in the TD group,
F (1, 19)=14.35, p=0.0012, partial #*=0.43, and in the group
with SBM, F (1, 21)=9.35, p=0.006, partial #*=0.31.

Objective 1: DTT volume and integrity measurements
of the CC

No volume or integrity models exhibited significant inter-
actions of age, gender, or SES with group, so all interactions
were removed from the final models. Main effects involving
age, gender, and SES were tested in each analysis and left in
the model in some cases.

Macrostructure (volumetrics). Only age showed a signifi-
cant main effect and was included as a covariate in the final
volume models. Table 4 shows the results of the group com-
parisons of mean entire CC normalized volume and CC seg-
ment (CC1-CC8) normalized subvolumes adjusted for age.
For the entire CC volume, there was a significant effect of

group, F (1, 59)=39.11, p<0.0001, n*=0.38, with the group
with SBM having smaller CC volumes than the TD partici-
pants. For CC1-CC8, the groupx CC region interaction was
significant, F (7, 51)=11.96, p<0.0001. Table 4 shows that
on follow-up of each region, the posterior parts of the CC
(CC5-CC8) showed a significant volume difference between
the group with SBM and the TD group, p<0.00625, and
large effect sizes, all 0.39>#%>0.19. The SBM group had re-
duced WMV in the posterior CCs relative to the TD group.

Microstructural integrity. For the FA models, only gender
was included in the final models. A significant group effect for
the entire CC was found, F (1, 59)=9.90, p=0.0026, 17220.14
(Table 5), with the participants with SBM exhibiting decreased
FA in the entire CC when compared to the TD group. In addi-
tion, the groupx CC region interaction was significant, F (7,
51)=14.85, p<0.0001. In Table 5, the posterior parts of the
body of the CC (CC3 and CC4), the isthmus (CC5), and the pos-
terior splenium (CC7 and CC8) showed a significant reduction
in FA for the participants with SBM versus the TD comparisons,
p<0.00625, and large effect sizes, 0.43>1*>0.16.

For the axial diffusivity models, only age was included as
a covariate. Table 6 shows the results of the statistical anal-
ysis of mean entire CC axial diffusivity and CC segment
(CC1-CCB) axial diffusivity. Contrary to hypothesis, the ef-
fect of group for entire CC did not meet the critical level of
alpha, F (1, 59)=2.09, p=0.15. The groupxCC region

TABLE 5. CoMPARISON OF FA oF THE ENTIRE CC AND CC SuBvOLUMES (CC1-CC8) rFor THE SBM AND TD Groups

SBM group (n=28)

TD group (n=32)

CC region M SD M SD F value p n

eCC 0.5578 0.0222 0.5715 0.0125 9.90 0.0026* 0.14
CC1 0.5646 0.0235 0.5495 0.021 6.52 0.0133 0.09
CcC2 0.5390 0.0225 0.5241 0.0233 5.85 0.0188 0.08
CC3 0.5394 0.0319 0.5635 0.0262 11.45 0.0013* 0.16
CC4 0.5413 0.0385 0.5693 0.0261 11.59 0.0012* 0.17
CC5 0.5076 0.0567 0.5465 0.023 12.86 0.0007* 0.18
CCo6 0.5557 0.0377 0.5662 0.0198 1.86 0.1784 0.03
CC7 0.5421 0.0539 0.5877 0.0238 21.38 <0.0001* 0.26
CC8 0.5786 0.0513 0.6444 0.0228 42.10 <0.0001* 0.42

*p<0.00625.

FA, fractional anisotropy.
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TABLE 6. COMPARISON OF AXIAL DIFFUSIVITY (MMZ/S) OF THE ENTIRE CC
AND CC SuBvVOLUMES (CC1-CC8) ForR THE SBM AND TD Grouprs
SBM group (n=28) TD group (n=32)
CC region M SD M SD F value P n
eCC 0.001459 0.00005 0.0014389 0.00004 2.09 0.1536 0.02
CC1 0.0013860 0.00005 0.0013809 0.00005 0.00 0.995 0.00
cC2 0.0013947 0.00008 0.0013812 0.00005 0.27 0.603 0.00
CC3 0.0014782 0.00011 0.0014461 0.00006 1.23 0.272 0.02
CC4 0.0015171 0.00013 0.0014523 0.00006 5.10 0.028 0.07
CC5 0.0015547 0.00014 0.0014174 0.00006 26.21 <0.0001* 0.27
CCo 0.0014758 0.00008 0.001381 0.00005 31.24 <0.0001°* 0.28
cC7 0.0015733 0.00011 0.001526 0.00007 3.40 0.070 0.05
CC8 0.0015607 0.00007 0.0015785 0.00007 1.63 0.208 0.03
*p<0.00625.

interaction was significant, F (7, 51)=10.96, p<0.0001.
Table 6 shows that on follow-up of each region, the isthmus
(CC5) and the most anterior portion of the splenium (CC6)
showed a significant increase in axial diffusivity for the par-
ticipants with SBM versus the TD comparisons, p <0.00625,
and large effect sizes, 0.29>#>>0.27.

For the radial diffusivity models, only age was included in
the final model. Table 7 shows the results for entire CC radial
diffusivity and CC segment (CCI-CCS8) radial diffusivity.
The effect of group for the entire CC was significant, F' (1,
59)=17.04, p=0.0001, *=0.20, with the group with SBM
demonstrating increased radial diffusivity in the entire CC
when compared with the TD group. The group X CC region in-
teraction was also significant, F (7, 51)=16.51, p <0.0001. For
individual CC segments, the posterior body (CC3 and CC4), the
isthmus (CC5), and the entire splenium (CC6, CC7, and CCS8)
showed a significant increase in radial diffusivity for the partic-
ipants with SBM compared to the TD group, p <0.00625 (Table
7). Results for CC3 demonstrated a medium effect size,
n>=0.13, and results for the more posterior regions of the CC
(CC4-CC8) exhibited a large effect size, 0.37> 172 >0.17.

Objective 2: Correlations between structure
and function of the CC in SBM

IQ was significantly correlated with entire CC volume,
rho=0.44, p=0.02. Regionally, 1Q significantly correlated

with CC1 volume (genu fibers), tho=0.38, p=0.048, and
the posterior CC volume, CC7 and CC8 (splenium),
rho>0.38, p<0.04. IQ did not significantly correlate
(p<0.05) with entire CC FA, axial diffusivity, or radial dif-
fusivity. Regionally, IQ significantly correlated with FA,
rho=0.39, p=0.04, and radial diffusivity in the posterior
CC, CC8, rho = —0.41, p=0.03. No significant correlations
(critical level of p<0.05) were found between 1Q and re-
gional CC axial diffusivity.

Bimanual coordination did not significantly correlate (crit-
ical level of p<0.05) with entire CC volume. Regionally,
bimanual coordination significantly correlated with CC1 vol-
ume (genu), tho=0.40, p=0.05, and CC7 volume (temporal
lobe fibers), rho=0.40, p=0.04. Contrary to our hypothesis,
bimanual coordination did not significantly correlate (critical
level of p <0.05) with any integrity measure (FA, axial diffu-
sivity, or radial diffusivity) of the entire CC or the regions of
the CC (CC1-CC8).

Neither DL measures (number of first response CV sylla-
bles of each ear) correlated with entire CC volume or with
individual regions of the CC (CC1-CCS; critical level of
p <0.05). Furthermore, neither DL measure significantly cor-
related (critical level of p<0.05) with FA, axial diffusivity,
or with radial diffusivity of the entire CC. Regionally, the
number of first response CV syllables of the right ear corre-
lated negatively with axial diffusivity in CC fibers traveling
to the occipital lobe (CC8), rho = —0.58, p=0.005. No

TABLE 7. COMPARISON OF RADIAL DIFFUSIVITY (MM2/S) oF THE ENTIRE CC AND CC SUBVOLUMES
(CC1-CC8) ror THE SBM anD TD Groups

SBM group (n=28)

TD group (n=32)

CC region M SD M SD F value p n

eCC 0.000541 0.00003 0.000515 0.00002 17.04 0.0001* 0.20
CC1 0.000505 0.00003 0.00052 0.00002 6.54 0.0132 0.10
cC2 0.000538 0.00004 0.00055 0.00003 1.80 0.1850 0.03
CC3 0.000572 0.00007 0.000528 0.00003 8.56 0.0049* 0.13
Cc4 0.000584 0.00008 0.000524 0.00003 13.45 0.0005* 0.17
CCs 0.000646 0.00012 0.000538 0.00003 23.31 <0.0001* 0.27
CCo6 0.000560 0.00006 0.000502 0.00003 17.39 0.0001* 0.22
CcC7 0.000604 0.00009 0.000528 0.00003 20.57 <0.0001°* 0.25
CC8 0.000552 0.00007 0.000473 0.00003 32.68 <0.0001°* 0.36

*p<0.00625.
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significant correlations were found with DL performance and
regional FA or radial diffusivity.

Discussion

Questions about CC structure and function have been
addressed with individuals or small groups with epilepsy
and corpus callosotomy or with congenital CC agenesis/
hypogenesis. In this article, we have studied individuals
with SBM who exhibit an intact but hypoplastic CC and used
this unique configuration of the CC to explore a set of questions
about CC macrostructure and microstructure that are not acces-
sible from studies of corpus callosotomy or hypogenesis. The
principal finding was that the hypoplastic CC is not macrostruc-
turally or microstructurally intact in SBM. We found both
global and regional macrostructure and microstructure differ-
ences, and we were able to identify a set of structure-function
relations. The data bear on a number of issues: the effect of pos-
terior CC hypogenesis on CC volume reductions; the role of hy-
drocephalus in CC hypoplasia; the nature of global and regional
CC microstructure; and differences in function between those
with CC hypogenesis and those with CC hypoplasia.

DTT volume and integrity of the CC

This study provides the first analysis of entire CC volume
and subvolumes in SBM. Previous research that quantified
the structure of the SBM CC focused on region of interest
(Hasan et al., 2008) or midsagittal area measurements of
the CC (Fletcher et al., 1992, 1996; Herweh et al., 2009).
The new information is that group reductions in entire CC
volume occur in SBM, even when participants with posterior
hypogenesis are excluded.

The results help clarify the role of hydrocephalus in CC
hypoplasia. Hydrocephalus, a secondary neural factor due
to mechanical CSF blockage, may be responsible for the
thinning of the hypoplastic/intact CC in SBM. The primary
developmental mechanisms leading to hypogenesis of the
CC in SBM occurs early in gestation and are likely related
to the overall disruption of brain development, especially be-
cause the most anterior and posterior portions of the CC are
missing and may not develop (Barkovich, 2005). We found
that the posterior regions of the CC (isthmus and the sple-
nium) were most reduced in volume, consistent with the con-
clusion that the posterior CC is the most affected by SBM
pathology. All participants had hydrocephalus, so these find-
ings imply a continuum of impairment in relation to hypopla-
sia as opposed to qualitatively different events, given that
hypogenesis affects posterior regions of the CC.

Most studies have relied on macrostructure assessments,
like area or volume, to make conclusions about the status
of the CC. Structural measurements of white matter alone,
like volume and area, may not be sensitive to alterations of
the CC, especially in this particular population of partici-
pants with SBM who have hypoplastic/intact CCs. Integrity
measures, such as FA, have been demonstrated to be more
sensitive to white matter changes than volume alone (Fjell
et al., 2008).

The study adds new information about the microstructural
integrity of the CC in SBM. Consistent with previous re-
search by Hasan and colleagues (2008) and Herweh and col-
leagues (2009), we found that FA was reduced in SBM. We
add two pieces of new data in a larger sample: FA reduction,
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global and regional, occurs even when the CC is not hypoge-
netic; and there are specific reductions in the posterior body,
isthmus, and posterior splenium.

Higher axial and radial diffusivity values indicate greater
water diffusivity, which may be related to demyelination,
reduced tissue organization, and axonal pathology (Beau-
lieu, 2002). Significantly increased radial diffusivity—but
not axial diffusivity—was found in the entire CC of the par-
ticipants with SBM. Only the isthmus and the anterior sple-
nium showed a significant difference in axial diffusivity
between the two groups, with the SBM group displaying
higher axial diffusivity in these regions. Increased radial
diffusivity was observed in all parts of the posterior SBM
CC, including the posterior body, the isthmus, and the en-
tire splenium.

The results of this study were consistent with other studies
that considered the effects of hydrocephalus in humans and
animals (Assaf et al., 2006; Del Bigio et al., 2003). Assaf
and colleagues (2006) used DTI to study the effects of hydro-
cephalus on periventricular white matter in patients with
acute hydrocephalus and found that the CC had decreased
FA and dramatically increased radial diffusivity, the same
pattern of results found in this study. Furthermore, Assaf
and colleagues (2006) noted greater alteration of the poste-
rior CC than the anterior CC in hydrocephalus, also consis-
tent with the results of this study. Ito and colleagues
(1997) found that ventriculomegaly in children with SBM
and hydrocephalus was most severe in the posterior horns
of the lateral ventricles, and concluded that pathological
changes might be more severe in areas surrounding the poste-
rior horns, like the posterior CC. These effects of hydroceph-
alus also help explain why other commissural structures of the
brain (e.g., the anterior capsule, which is not located near the
posterior lateral ventricles) do not exhibit the same kind of
pathological changes that the CC exhibits in SBM (Herweh
et al., 2009).

Structure-function correlations of the CC in SBM

1Q correlated positively with the volume of the entire CC,
and regionally with the anterior and posterior CC. 1Q de-
creased with volume decreases in the genu and splenium fi-
bers of the CC, a finding consistent with previous research
where measures of 1Q positively correlated with area mea-
sures of the entire CC in SBM (Fletcher et al., 1992, 1996).

Measures of integrity reflected a similar pattern. IQ pos-
itively correlated with FA in the posterior CC and nega-
tively with radial diffusivity of the posterior CC. As FA
decreases in the posterior CC (indicating less fiber density,
axonal diameter, and myelination), IQ decreases. The neg-
ative correlation between 1Q and radial diffusivity indicates
that IQ decreases with increases in radial diffusivity in the
posterior CC (indicating tissue disorganization and reduced
myelination). Either the CC may be pivotal for normal in-
tellectual functioning and both macrostructural (volume re-
duction) and microstructural (demyelination and reduced
fiber density) changes in white matter affect cognitive func-
tioning in SBM or it may simply be a marker for overall se-
verity of changes to the white matter that may affect global
intellectual functions.

Previous research has found a moderate relation between
area measurements of the CC and fine motor dexterity in



616

children with SBM, which included both hypoplastic and
hypogenetic CC (Fletcher et al., 1992, 1996). We found no
correlation between bimanual fine motor skills in SBM and
entire CC volume in this group with hypoplastic CCs. We
hypothesized that bimanual fine motor skills would signifi-
cantly correlate with the volume of the body of the CC be-
cause the anterior body has projections to the motor cortex.
Bimanual coordination did correlate positively with the vol-
ume of the genu (CC1) and the temporal lobe fibers (CC7),
although not the body of the CC, such that bimanual fine
motor skills decrease with volume decreases in the genu
and temporal fibers of the CC. In a previous DTI study of
healthy subjects, Johansen-Berg and colleagues (2007)
found a high correlation between bimanual coordination
and FA in the body of the CC. In the present study, no signif-
icant correlations were observed with bimanual coordination
and any of the integrity measures. Though findings are con-
trary to hypothesis, there is evidence that the CC is important
for interhemispheric transfer of lateralized information, such
as visuospatial or verbal premotor information, and it may
not be heavily involved in transfer of explicit motor com-
mands from the motor cortex (Geffen et al., 1994). Bimanual
coordination requires feedback from the senses, especially
from vision and proprioception, and the CC seems to be
the conduit for transfer of this information (Geffen et al.,
1994). Along with sensory information, motor feedback
mechanisms are important for bimanual coordination of the
CC. Indeed, feed-forward mechanisms appear to be transmit-
ted through the anterior CC and feedback mechanisms are
likely transferred through the posterior CC (Geffen et al.,
1994). Therefore, the correlations between bimanual fine
motor skills and the anterior and posterior CC volumes,
rather than the body of the CC, may actually reflect coordi-
nation of motor feedback in SBM. Since the correlation
was positive, bimanual motor skills decrease as the volume
of the anterior and posterior CC decreases in volume.
Neural anomalies other than the CC have significant im-
pact on fine motor coordination in SBM. Because of the
Chiari II malformation, the cerebellum and its connectivity
to other brain regions is impaired in SBM (Juranek et al.,
2010). Hand function also reflects the cerebellar influences
on precision and timing of fine motor movements. Tasks
that make lower demands on precision and timing, but re-
quire interhemispheric transfer (e.g., tactile naming) may
be more sensitive to the alterations in hand connectivity.
Research on healthy participants has shown correlations
between DL performance (specifically the size of the REA)
and the midsagittal cross-sectional area of the typically de-
veloped CC (Yazgan et al., 1995; O’Kusky et al., 1988). In
research utilizing DTI, significant correlations were found
between DL measures and area measures of the entire CC,
and the isthmus, body, and genu of the CC (Westerhausen
et al., 2006). Research with partial callosotomy patients
has indicated that the isthmus and splenium are important
for normal DL performance (Springer and Gazzaniga,
1975). Although we had hypothesized that participants
with SBM and hypoplastic/intact CCs would demonstrate re-
lations between DL performance and entire CC volume and
sspecifically with the posterior CC, no significant relations
were found with DL performance measures and CC volume.
This highlights the difference between CC hypogenesis and
CC hypoplasia in individuals with SBM: The absence of a
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REA has been primarily associated with hypogenesis rather
than hypoplasia of the CC in SBM (Hannay et al., 2008);
and differences in CC hypogenesis and CC hypoplasia in
SBM have been described for aspects of oral language com-
prehension (Huber-Okrainec et al., 2005).

Other studies have found relations of DL measures in sam-
ples that include people with SBM and hypogenetic CC, but
not hypoplastic CC (Hannay et al., 2009). We hypothesized
that DL scores would correlate with integrity measures of the
posterior CC because previous research has found correla-
tions between DL measures and DTI integrity measures
(FA and mean diffusivity) in the posterior third of the CC
in TD participants (Westerhausen et al., 2006). No signifi-
cant correlations were found between DL scores and FA or
radial diffusivity. However, one significant negative correla-
tion was found between the right ear performance on DL and
axial diffusivity of the fibers traveling through the posterior
CC to the occipital lobe (CC8). This indicates as axial diffu-
sivity increases (increased pathology) in the posterior CC,
DL performance of the right ear decreases. Although this
finding is consistent with the general hypothesis, a correla-
tion with the occipital lobe fibers is not where the strongest
correlation was expected. Previous studies found the stron-
gest correlations with the isthmus (since fibers traveling
from the isthmus travel to the auditory cortex). Furthermore,
axial diffusivity in the occipital fibers (CC8) was not signif-
icantly different between the participants with SBM and the
TD participants and we would not expect the TD participants
to have a significant correlation between DL and CCS. This
finding may be an artifact of the number of independent tests
conducted for correlations, though a Bonferroni adjustment
was utilized to maintain the family wise error rate at 0.05.

Limitations and future directions

Although an encoding scheme of only 21 directions can be
justified (Lebel et al., 2012), especially in relation to the time
required to acquire the entire imaging sequence on the scan-
ner available when the study began, current DTI acquisition
techniques using more directions, higher spatial resolutions,
or multiple b-factors likely would have improved signal de-
tection and more significant results may have been observed.
Consequently, the DTI encoding scheme used may actually
have underestimated the severity of callosal pathology in
our sample of SBM patients.

Handedness and lesion level have been shown to affect ear
advantage in DL tasks in SBM (Hannay et al., 2008). A much
larger and heterogeneous sample would be needed to address
these questions, especially if they relate to structural brain
assessments. In this study, the few nonright-handers and
upper level spine defects tended to show REAs. In addition,
the age range was broad. Both WMV (Wozniak and Lim,
2006; Giedd, 2004) and FA (Cascio et al., 2007; Snook
et al., 2007) increase in childhood and adolescence. For the
CC, Hasan and colleagues (2008, 2009) showed that the
CC FA and macrostructure (area and volume) followed an
inverted U-shaped curve across the lifespan and CC axial
and radial diffusivity followed a U-shaped curve across the
lifespan. In other words, the CC changes across the lifespan,
both in size and microstructure, and there may be differences
in these measures between different age groups. Future stud-
ies with larger samples and longitudinal evaluations that
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permit assessment of growth and development would en-
hance understanding of the structure and function of the
CC in SBM and other disorders characterized by callosal pa-
thology.

Conclusion

The hypoplastic CC in SBM is not normal, but shows var-
iations in volume and integrity that affect neurobehavioral
function. The pattern of macrostructural and microstructural
volume and integrity differences were largely focused in
the posterior CC (posterior body, isthmus, and splenium).
This was expected considering that posterior brain regions
in SBM are generally more affected by the hydrocephalus
(Fletcher et al., 1996). Although structural hypotheses were
supported, relatively few significant correlations were found
between functional outcomes and CC volume and integrity
measures in this particular sample of participants with SBM
and hypoplastic/intact CCs. Interhemispheric function appears
intact in the hypoplastic CC and the relations that do emerge
may reflect more general relations with the severity of white
matter injury.
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