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Abstract

The corpus callosum is the largest white matter tract, important for interhemispheric
communication. The aim of this study was to investigate and compare corpus callosum size, shape
and diffusion characteristics in 106 very preterm infants and 22 full-term infants. Structural and
diffusion magnetic resonance images were obtained at term equivalent. The corpus callosum was
segmented, cross-sectional areas were calculated, and shape was analyzed. Fractional anisotropy,
mean, axial and radial diffusivity measures were obtained from within the corpus callosum, with
additional probabilistic tractography analysis. Very preterm infants had significantly reduced
callosal cross sectional area compared with term infants (p=0.004), particularly for the mid-body
and posterior sub-regions. Very preterm callosi were more circular (p=0.01). Fractional anisotropy
was lower (p=0.007) and mean (p=0.006) and radial (p=0.001) diffusivity values were higher in
very preterm infants’ callosi, particularly at the anterior and posterior ends. The volume of tracts
originating from the corpus callosum was reduced in very preterm infants (p=0.001), particularly
for anterior mid-body (p=0.01) and isthmus tracts (p=0.04). This study characterizes callosal size,
shape and diffusion in typically developing infants at term equivalent age, and reports macro- and
micro-structural abnormalities as a result of prematurity.
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1. Introduction

The corpus callosum (CC) is the largest white matter (WM) fibre bundle in the human brain.
It is the major interhemispheric commissure that connects the majority of the neocortical
areas (Schmahmann and Pandya, 2006), important for interhemispheric communication of
sensory, motor and higher-order information. The basic structure of the CC is completed by
18-20 weeks’ gestation, but continues to increase in size over the third trimester (Malinger
and Zakut, 1993), and grows dramatically over the first two postnatal years (Keshavan et al.,
2002). The CC grows from anterior to posterior (Richards et al., 2004). However,
myelination of the CC progresses from posterior to anterior (van der Knaap and Valk, 1995),
while pre-oligodendrocytes are thought to appear first in the ‘ends’ of the CC: the genu and
splenium (Huppi et al., 1998). Thus, very preterm (VPT) birth at <30 weeks’ gestational age
(GA) occurs during a sensitive period of CC development.

Structural MRI can be used to determine size and shape of the CC, while diffusion tensor
imaging (DTI) provides insight into the micro-structure and connectivity of the CC. The
mean diffusivity (MD) is a measure of overall diffusion; a larger MD is associated with
reduced integrity of the WM. The movement of water in a preferred direction can be
measured by fractional anisotropy (FA). Lower FA is associated with loss or disorganization
of axons or myelin. The principal direction of diffusion, assumed to be oriented parallel to
the fibre direction, is known as axial diffusivity (3), and can be used to estimate WM tracts
by tractography (Melhem et al., 2002). Larger A in the context of infants corresponds to
immaturity (Partridge et al., 2004). The average of the medium and minor diffusion
directions, known as radial diffusivity (A ), is assumed to be oriented perpendicular to the
fibre direction. Larger A | values are thought to correspond to reduced myelin integrity
(Beaulieu, 2002). Higher WM anisotropy, and lower overall diffusion is associated with
increasing age and maturation (Huppi et al., 1998; Schneider et al., 2004) as water content
decreases and myelination increases (Partridge et al., 2004).

There is little published on the characterization of the CC around the time of birth, either for
healthy full-term (FT), or VPT infants using MRI. MRI at term equivalent age has been
previously used to show that premature birth disrupts brain structure (Inder et al., 2005;
Peterson et al., 2000) and microstructural characteristics (Counsell et al., 2006; Huppi et al.,
1998). However the effect of prematurity on the infant corpus callosum has not been
extensively described. In contrast, the effects of prematurity on CC size (Caldu et al., 2006;
Lawrence et al., 2010; Narberhaus et al., 2007; Nosarti et al., 2004; Peterson et al., 2000),
and diffusion (Andrews et al., 2009; Constable et al., 2008; Kontis et al., 2009; Nagy et al.,
2009; Nagy et al., 2003) have been previously examined in children, adolescents and adults.
While a few studies have reported altered CC diffusion in VPT infants (Anjari et al., 2007,
Rose et al., 2008; Skiold et al., 2010), no studies have examined the size and shape of the
CC in VPT infants using MRI, or characterized the microstructural integrity and
connectivity of the neonatal VPT CC using tractography. Thus, the overall aims of this study
were to investigate and compare CC development in FT and VPT infants at term with cross-
sectional area, global and local shape analyses on MR, as well as diffusivity measures and
tractography within the CC and its sub-regions using DTI.
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2. Methods

2.1. Subjects and scanning

Between the period of July 2001 and December 2003, a prospective observational cohort
study was conducted at the Royal Women’s Hospital in Melbourne, Australia. Three-
hundred and forty-eight eligible VPT infants (<30 weeks” GA and/or <1250 g at birth) were
admitted into the neonatal nursery over the study period. Two hundred and twenty-seven
VPT infants (65% of those eligible) were recruited as described previously (Thompson et
al., 2007). Infants with congenital anomalies were excluded (3%). Inability to obtain
parental consent was the most common reason for failure to recruit (22%). There were no
significant differences between participating and non-participating infants for gender, GA at
birth, bronchopulmonary dysplasia (BPD: oxygen requirement at 36 weeks’ corrected GA),
grade 3 or 4 intraventricular hemorrhage (IVH), or cystic periventricular leukomalacia
(PVL). Forty seven clinically healthy FT infants (=37 weeks” GA) whose parents agreed to
participate in the study were also recruited from the Royal Women’s Hospital postnatal
wards or via response to advertising in recruiting hospitals. All FT infants had an
unremarkable antenatal course and labor, and were free of neonatal complications, and
congenital or chromosomal abnormalities. Informed parental consent was obtained for all
subjects and the study was approved by the Research and Ethics Committees at the Royal
Women’s Hospital. A total of 106 stable VPT infants and 22 healthy FT infants were able to
be analyzed for the current study (47% of those recruited). The major reasons that infants
recruited were not included in this study were that DTI was not attempted (34%), or DTI
was unsuccessful or of insufficient quality for further analysis (17%), largely due to
movement or imaging artifact. The reason for excluding the remaining infants recruited who
were recruited was that structural MRI was unsuccessful or of insufficient quality to analyze
(2%).

2.2. MRI acquisition

All infants were scanned at term equivalent (median 40, range 38-42 weeks’ GA)inal5T
General Electric MRI scanner. Infants were fed and tightly swaddled, immobilized in a
vacuum fixation bean-bag and scanned while sleeping, without sedation. Each infant
underwent whole brain structural 3D T1 spoiled gradient recalled imaging with 0.8-1.6 mm
coronal slices; flip angle 45°; repetition time (TR) 35ms; echo time (TE) 9ms; field of view
(FOV) 21 x 15cm?; matrix 256 x 192, as well as T2 dual echo fast spin echo sequences with
interleaved acquisition (1.7 — 3mm coronal slices; TR 4000msec; TE 60 / 160 msec; FOV 22
x 16cm?2; matrix 256 x 192, interpolated 512 x 512). Linescan diffusion imaging sequences
(4 — 6 mm axial slices; 2 baselines, b = 5; six non-collinear gradient directions, b = 700 s/
mm?2,) were acquired within the same session. Post-acquisition MRI analyses were
undertaken on sun Microsystems workstations (Palo Alto, CA).

2.3. MR image preprocessing

T1-weighted images were individually aligned along the anterior commissure to posterior
commissure line (AC-PC) by manual rotation and translation (Talairach and Tournoux,
1988) and were brain extracted by applying an intracranial cavity map file. The intracranial
cavity (brain versus non-brain) mask was semi-automatically created based on the T1-
weighted image, and then manually corrected (Kikinis et al., 1992).

Diffusion weighted images (DWI) were preprocessed using the Oxford centre for functional
magnetic resonance imaging of the brain software library (FSL). Eddy current distortions
and simple head motion were corrected (Jenkinson and Smith, 2001). A binary brain mask
was created on the baseline image (Smith, 2002). Local fitting of the diffusion tensor model
at each voxel of the diffusion image was achieved (Behrens et al., 2003), and probabilistic

Neuroimage. Author manuscript; available in PMC 2012 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson et al.

Page 4

diffusion orientation and local diffusion parameters were characterized and estimated at each
voxel with Markov Chain Monte Carlo sampling (Behrens et al., 2003). The averaged
diffusion maps, obtained by averaging together the six diffusion gradient direction images,
were co-registered with the AC-PC aligned T1 structural images. All registrations were
performed using FSL’s linear registration tool (Jenkinson and Smith, 2001) using optimized
parameters including mutual information, 12 degrees of freedom, and sinc interpolation.

2.4. Corpus callosum segmentation

Corpus callosi were manually delineated on the mid-sagittal slice of the AC-PC aligned T1-
weighted image using 3D slicer software (www.slicer.org). The operator (D.K.T) was blind
to all perinatal data. Reference was made to anatomical atlases (Bayer and Altman, 2004;
Mai et al., 1997). Tracing was performed conservatively, and to further avoid partial volume
effects each CC was delineated twice, and the overlap of the two delineations was obtained
and used as the final mask.

Reliability analyses were performed using twelve randomly chosen subjects, including 2 FT
and 10 VPT infants. The CC was re-traced twice, at least 3 months after the initial CC mask
was generated, and the overlap obtained. The Dice overlap score (Pfefferbaum et al., 2006)
was 0.89 (range 0.82 to 0.96, SD 0.04). The intraclass correlation coefficient using a two-
way mixed effects model with absolute agreement on average measures was 0.84 (95% ClI
0.45, 0.95; p=0.003).

The CC mask was divided into six regions based on a hybrid scheme, which generally
incorporated the divisions proposed by Witelson’s post-mortem morphological analysis of
the CC (Witelson, 1989), with slight modifications based on Hofer and Hrahm’s
tractography-based CC parcellation scheme (Hofer and Frahm, 2006), as described below.
The modification from Witelson’s scheme was required since the rostrum was very small,
highly variable, and unable to be consistently identified in the infants. The most anterior and
most posterior points of the CC were determined, then cut-off points were made at intervals
of one sixth, one third, one half, two thirds, and four fifths the distance from the most
anterior to most posterior points. The sub-divisions from anterior to posterior were named:
genu, rostral body (RB), anterior mid-body (AMB), posterior mid-body (PMB), isthmus and
splenium (Fig. 1). The cross-sectional area of the whole CC and all sub-regions were
calculated.

2.5. Corpus callosum shape analysis

For global shape analyses, measures of CC length, eccentricity, and skew were made. The
length of the CC in the anterior to posterior direction was obtained by determining the
distance between the most anterior and most posterior points of the CC mask (aligned to the
AC-PC line). An ellipse was fitted to each CC mask using direct least squares (Fig. 2A,B,C)
(Fitzgibbon et al., 1999). The eccentricity () of the CC was calculated as the ratio between
the semi (o)) and major (B) axis of the estimated ellipse, according to equation 1:

e=1/1- (g)-
B [1]

The skew of the CC was calculated by determining the area under the curve of the anterior-
most, and posterior-most sections of the CC, separated mid-way between two end points.
End points were defined as the most anterior (Pa) and posterior (Pp) voxels of the CC mask
with the minimum Euclidean distance from the estimated ellipse fit to the CC (Fig. 2D). The
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end points of the CC mask were rigidly aligned to the x-axis and a mid-point, Pm, was
defined, according to equation 2 (Fig. 2D):

lpa = ol
Pm=" 2]

To compute area, a numerical integral was computed, as the sum of the transformed y
coordinates. For all voxels in the transformed mask the anterior, a,, posterior, ap, and total
area, a;, are computed, where y; is the y-component of the it transformed voxel in each CC
mask, according to equation 3:

Pm Pp Pp
Ucl:Z,"is (’p:Z.\'i’ UIZZ."I'
=Py =P i=pqy [3]

The anterior, s,, and posterior, sp, areas were normalized as the percentage of the total area,
according to equation 4:
ag ap

Sa——, Sp=
A P ay [z}]

In order to observe local CC differences between FT and VPT groups, firstly corresponding
points along each infant’s CC mask were calculated using Fourier descriptors (Berg et al.,
2004). This involved sampling the first-order Fourier approximation of the CC mask of each
subject with 100 evenly spaced points. The sample points were then computed to a higher-
order, using all Fourier coefficients, to provide a sampling of the CC mask in its original
space.

Secondly, the CC masks of the FT infants were registered together by Generalized
Procrustes alignment, and all individual CC masks were aligned to this mean template
(Bookstein, 1997; Dryden and Walker, 1999). Thirdly, the Euclidean distance of each
sampled point from the corresponding point on the template was computed to form a
distance matrix for the FT and VPT infants.

2.6. Corpus callosum line profile

To test if there were regional differences in diffusivity of the CC, diffusivity measures were
obtained at regular points along the CC. In order to sample at equivalent points in all
subjects, a skeleton was made by thinning the CC mask to one voxel thick using Matlab
Release 2008b (http://www.mathworks.com) (Fig. 3A,B), and skeletons were interpolated to
the same size. 60 points with a radius of 5 voxels (excluding those outside the CC) were
sampled along the normalized CC skeleton (Fig. 3C). Diffusion characteristics (including
FA, MD, }, and ;) were measured within each sample point along the mask, from the
anterior genu to the splenium of the CC.

2.7. Diffusion measures within the corpus callosum

The CC mask was overlaid onto the diffusivity map that had been registered to the AC-PC
aligned T1 image (Fig. 4A,B). MD, FA, , and 1, [calculated as the average of A, and A3
((Ao+13)/2)] were quantified within the CC region of interest (ROI) (Fig. 4C), genu, RB,
AMB, PMB, isthmus and splenium (Fig. 4D).
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2.8. Corpus callosum tractography

Probabilistic tractography was carried out using FSL’s Diffusion Toolbox (Behrens et al.,
2003), with a curvature threshold of 0.2 and 5000 samples. Considering the small size of
infant brains 1800 was chosen as the number of steps with 0.4 mm step length. The CC
masks were used as seed ROIs. Normalization was achieved by dividing the tract probability
values within each voxel by the number of voxels in the ROI and multiplying by the number
of samples (5000). The normalized tracts were thresholded at 0.001%. Measures of
connectivity were made by inference, by taking the volume of normalized and thresholded
tracts, i.e. a count of all normalized voxels with a probability greater than 0.001 in 100 of
lying within the tract of interest, multiplied by the voxel size. Diffusivity measures (FA,
MD, A, and }y) within the tracts were obtained.

2.9. Statistical analyses

Data were analyzed using SPSS version 15.0 (SPSS, Chicago, IL), and Matlab. Exploratory
analyses were performed on all data to assess normality, homogeneity of variance, linearity,
and multicollinearity as appropriate. Parametric tests were employed where the relevant
assumptions were met, otherwise non-parametric analyses were undertaken. Adjustment was
made for multiple comparisons.

The cross-sectional area of the whole CC and all sub-regions were corrected for the cross-
sectional area of the intracranial cavity measured on the mid-sagittal slice from which the
CC was delineated according to equation 5, as previously described (Free et al., 1995;
Thompson et al., 2008):

cCC=mCC - g"(mMSA — aveMSA) [5]

Where cCC = corrected corpus callosum cross-sectional area, mCC = measured corpus
callosum cross-sectional area, g = gradient of regression line between FT CC areaand FT
mid-sagittal brain area, mMMSA = measured mid-sagittal brain area, aveMSA = average mid-
sagittal brain area of FT infants.

An independent samples t-test was used to determine the difference between FT and VPT
infants for the mid-sagittal area of the whole CC, both corrected and un-corrected for mid-
sagittal brain area. Corrected whole and sub-regional CC areas were used for all subsequent
analyses. A further test was carried out to determine whether the difference between VPT
and FT infants’ CC areas remained significant after GA at MRI was included in the model.
This was achieved using linear regression. To test which regions of the CC differed between
FT and VPT infants, the corrected cross-sectional areas of each sub-region were tested using
multivariate analysis of variance. The dependent variables were the 6 sub-region area
measures, and group (FT or VPT) was the fixed factor. Post-hoc tests were performed using
independent samples t-tests to ascertain which sub-regions were significantly different
between groups. Linear regression was also carried out to ensure the difference between
VPT and FT infants’ CC sub-regions remained significant after GA at MRI was adjusted for
in the model.

The difference between FT and VPT callosal length was assessed with an independent
samples t-test. The eccentricity measure violated the assumption of normality, with the
distribution being skewed toward the higher range of values. Therefore, the non-parametric
Mann-Whitney U test was employed to compare groups. Differences between anterior and
posterior skew for both FT and VVPT infants were tested with paired samples t-tests. The
difference in skew between groups was analyzed by comparing FT and VVPT infants’
posterior skew with an independent samples t-test. Significant variability in local shape
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measures between FT and VPT infants was explored using Matlab software’s statistics
module. The multivariate T2-hotelling test was applied. P-values were corrected using false
discovery rate correction to control for false positives from multiple comparisons.

Within the whole CC, independent samples t-tests were used to examine differences
between FT and VPT infants’ diffusion values. Adjustment for GA at MRI was included as
a covariate in the model using linear regression.

The diffusion measures along the skeleton points were not independent of one another.
There was also skewing in the data and some evidence of inequality of variance. Analysis
with and without natural log transforms were undertaken with similar results. A repeated
measures analysis of variance was used to determine the difference in the distribution of
diffusion values between FT and VPT infants. Repeated measures analysis of covariance
was performed, adjusting for GA at MRI.

Diffusion values within the sub-regions of the CC were compared between FT and VPT
groups using independent samples t-tests. In order to adjust for GA at MRI, linear regression
was used.

Independent samples t-tests were carried out to compare FT and VPT infant tract volumes
and diffusivity values for the whole CC and CC sub-regions. The analysis was repeated
adjusting for GA at MRI or for intracranial cavity volume linear regression. CC tract volume
was related to CC cross-sectional area by Pearson’s correlation analysis.

3.1. Subjects (Table 1)

Data from 106 VPT and 22 FT infants were analyzed. Characteristics of the cohorts studied
are reported in Table 1. There was no difference in gender [mean difference: —0.12 (12%);
95% CI —0.35, 0.11; p=0.3] between FT and VPT infants. There were a substantial number
of multiple births within the VPT group (41%), but none within the FT group. FT infants
had a slightly higher GA than VPT infants at the time of MRI scan (mean difference: —0.58
weeks; 95% CI —1.06, —0.09; p=0.02), consequently GA at MRI was adjusted for in all
comparative analyses. The postnatal age of the FT infants at the time of MRI was 1.8 weeks
of age (median 1.9, range 0.8 — 3.9 weeks). WM injury was qualitatively scored based on
WM signal abnormality, reduction in WM volume, presence of cystic abnormality, lateral
ventricular size, and CC/myelin maturation, as previously described (Inder et al., 2003). Of
note, four FT infants were graded with mild WM abnormalities. Considering the nature of
the grading system, it is not surprising that a few slight deviations from normal anatomy
were noticed, which would not necessarily be considered pathology.

3.2. Cross-sectional area of the corpus callosum (Table 2)

The mean uncorrected cross-sectional areas of the CC and its sub-regions for FT and VPT
infants are reported in Table 2. The uncorrected CC cross sectional area was reduced in VPT
infants [mean difference: —7.44 mm? (95% CI: —14.5, —0.36), p=0.04]. This equates to an
absolute difference in CC size of 8.5% between FT and VPT infants. The difference
between FT and VPT corpus callosal area after correcting for the cross-sectional area of the
mid-sagittal slice of the brain from which the CC was measured, was —10.9% (Table 2). The
VPT vs. FT difference in CC area remained significant after adjusting for GA at MRI (Table
2). When all corrected CC sub-regional areas were analyzed, there were reductions in the
cross sectional area of the VPT infant RB, AMB, PMB, isthmus and splenium compared
with FT controls (Table 2). There was no longer a significant difference between the FT and
VPT RB after adjusting for GA at MRI (Table 2).
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3.3. Global shape analysis of the corpus callosum

Mean length of the anterior-posterior aspect of the CC was 42.10 mm (SD 3.88) for FT
infants, and 41.63 mm (SD 3.64) for VPT infants. CC length was not different between FT
and VPT infants [mean difference (95% CI) (mm): —0.47 (—2.18, 1.24), p= 0.6].

VPT infants trended toward lower eccentricity ratios compared with FT infants, [median
(25t, 75t centile): VPT 0.62 (0.54, 0.72), FT 0.68 (0.58, 0.82), Z = —1.66, p=0.1]. There
was greater skew in the posterior direction (i.e. greater area under the CC curve for the
posterior half) for both FT infants [mean (SD): Posterior 0.57 (0.08); Anterior 0.43 (0.08),
p<0.0005], and VPT infants [mean (SD): Posterior 0.52 (0.07); Anterior 0.48 (0.07),
p<0.005]. VPT infants had less posterior skew compared with FT infants [mean difference
(95% Cl): —0.04 (—0.08, —0.01), p=0.01], indicating a more circular CC shape relative to FT
controls. The difference between VPT and FT skew remained after adjusting for GA at MRI
[adjusted mean difference (95% CI): —0.04 (—0.08, —0.008), p=0.02].

3.4. Local shape analysis of the corpus callosum (Fig. 5)

Fig. 5a demonstrates the variability of the corresponding points for each aligned CC (every
second point is shown). The distribution was similar between groups. The shape of the genu,
PMB and splenium of the CC were highly variable in both FT and VVPT infants. Comparing
the variability of corresponding point distributions between FT and VPT groups revealed
two localized regions of significant difference (Fig. 5b). The genu of VPT infants was more
posteriorly bent, and the AMB was more superiorly bent.

3.5. Diffusivity within the corpus callosum (Table 3)

Table 3 reports mean FA, MD, A and ., within the CC. The mean FA within the CC was
lower in VPT infants, while the mean MD and A were higher in VPT corpus callosi
compared with FT (Table 3). The principal diffusion direction () was not different between
FT and VPT infants (Table 3).

3.6. Diffusivity along the corpus callosum skeleton (Fig. 6)

For both FT and VPT infants, the distribution of the diffusivity values differed significantly
along the skeleton (FAZ F59’7434 = 133.2, p<0.0005, MD: F5g'7434 = 16.56, p<0.0005, 7\.”:
F5g'7434 =28.91, p<0.0005, A : F5gy7434: 53.03, p<0.0005). FA and 7\,” were highest in the
splenium, followed by the genu, and lowest in the mid-body, for both FT and VPT infants.
Both MD and A values were highest in the mid-body, and lowest in the genu and splenium
of the CC (Fig. 6). The distribution of FA values along the skeleton was different between
FT and VPT infants (F1 196 = 6.47, p=0.01), as was the distribution of MD values (F1 126 =
7.54,p=0.007) and A ; values (F1 126 = 12.12, p=0.001). There was no difference between
the distribution of the VPT vs. FT X values along the skeleton (F1 126 = 0.32, p=0.6) (Fig.
6). Results were similar when covarying for GA at MRI in the VPT vs. FT comparison [FA:
F1,124 =4.74, p=0.03; MD: F1’124 =5.53, p=0.02; A, : F1,124 =9.07, p=0.003; 7\.”: F]_']_24 =
0.19, p=0.7].

3.7. Diffusivity within the corpus callosum sub-regions (Table 3)

Diffusivity values for the CC sub-regions of FT and VPT infants are reported in Table 3. FA
was lower in VPT infants compared with FT infants within the genu, RB, isthmus and
splenium of the CC. There was a significant increase in MD and A ; values in the genu, PMB
and isthmus of the VPT CC compared with FT infants, as well as significantly increased
values in the genu (Table 3). After adjusting for GA at MR, all significant differences for
MD and A remained, but there was no longer a significant difference in FA for the genu or
splenium, nor % for the genu of the CC (Table 3).
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3.8. Inter-hemispheric connectivity (Table 4)

The volumes of tracts originating from the CC are reported in Table 4. Compared with FT
infants, reductions in VPT infant fibre volume were seen within the tracts passing through
the whole CC (Fig. 7), AMB and isthmus of the CC even after correcting for GA at MRI
(Table 4), and adjusting for the size of the brain (intracranial cavity volume) for the whole
CC [B (95% Cl): 2.69 (0.80, 4.6); p=0.006], AMB [B (95% CI): 1.10 (0.29, 1.9); p=0.009],
and isthmus [B (95% CI): 1.20 (0.14, 2.3); p=0.03]. CC tract volume significantly correlated
with CC cross-sectional area (r=0.39, p<0.0005).

3.9. Diffusivity within the tracts (Table 5)

Diffusivity values within the callosal tracts (whole and subregions) for both FT and VPT
infants are reported in Table 5. FA within tracts was not significantly lower in VPT infants
in the CC or any of its sub-regions. However, MD, % and A were significantly higher for
VPT infants in the whole CC and all sub-regions, and the difference was most pronounced
in the posterior sub-regions (Table 5). The differences between FT and VPT infant
diffusivity measures within the CC fibre tracts remained after adjusting for GA at MRI
(Table 5).

4. Discussion

4.1. Size of the corpus callosum

To our knowledge, this is the first study to assess neonatal callosal cross-sectional area,
which suggests that healthy FT infants have an average midline callosal area of 87 mm2.
This study is also first to report reductions in CC area in VPT infants at term. Others have
reported smaller callosi in VPT children at age 8 years (Peterson et al., 2000) and
adolescents ranging approximately 12-15 years of age (Caldu et al., 2006; Nosarti et al.,
2004). The main regions affected by prematurity in infants were the posterior two-thirds of
the CC, including the AMB, PMB, isthmus and splenium. Considering the CC grows from
anterior to posterior, the later developing posterior regions may be more vulnerable to
growth deficits during the period between VPT birth and term equivalent. Other groups have
also reported that the posterior sub-regions of the CC are most affected by prematurity in
adolescents (Nosarti et al., 2004; Stewart et al., 1999) and adults (Lawrence et al., 2010).
The regions most affected were those that connect motor, somaesthetic, temporal, posterior
parietal and occipital regions between the hemispheres, involved with motor coordination,
sensory processing, hearing, language and vision.

4.2. Shape of the corpus callosum

The length of the CC reported in the midline in this study was 42 mm for healthy FT infants
of average GA 38.8 weeks, which was consistent with the mean length of 43 mm reported
for 38-39 week fetuses using transvaginal sonography (Malinger and Zakut, 1993). VPT
infants had less posterior skew of the CC, which complements the finding of smaller
posterior CC areas. The more “circular’ VPT CC shape appeared to be caused by a more
inwardly (posteriorly) bent genu and more outwardly (superiorly) bent AMB region.
Although there have been no studies reporting more circular callosi in prematurity, others
have found the CC to be more circular in a range of diseases and conditions such as
Alzheimer’s disease (Tomaiuolo et al., 2007), fetal alcohol syndrome (Bookstein et al.,
2007), Williams syndrome (Tomaiuolo et al., 2002), schizophrenia (Downhill et al., 2000;
Narr et al., 2000), and methamphetamine use (Oh et al., 2005). Therefore, it appears that a
more circular CC is associated with pathology.
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4.3. Corpus callosum diffusion

The average FA within the CC of healthy FT infants for the current study was 0.33 (0.36 for
the genu and 0.46 for the splenium). The callosal diffusion values for the current study are
similar to those previously reported, which range between 0.32 and 0.42 in the CC of (Bui et
al., 2006; Kasprian et al., 2008) and infants at term (Dubois et al., 2006; Provenzale et al.,
2007). Differences are most likely due to slightly different ages at scanning, different
scanners used, differing field strengths and DT sequences used (Provenzale et al., 2007).

Measures of diffusion values along the CC skeleton revealed that FA, MD, 1, and } varied
regionally. Anisotropy was highest in the splenium, followed by the genu, and lowest in the
callosal body, while the MD values showed the opposite pattern, being lowest in the genu,
followed by the splenium, and highest in the CC body. This regional pattern of diffusivity
within the CC was consistent with previous findings for 3 week old infants (Gao et al.,
2009) and adults (Hofer and Frahm, 2006). The distribution of the diffusion measures
matches fibre diameter and density characteristics, which is a likely reason for the observed
diffusivity differences in the sub-regions of the CC. Absolute fibre density decreases from
the genu to the PMB, increases toward the splenium, and is reduced again in the most
posterior part of the splenium (Aboitiz et al., 1992).

Directional diffusion was reduced in VPT infants’ corpus callosi, as revealed by smaller FA
measures than FT infants. Furthermore, MD and A ;| were increased in VPT infant callosi.
We can conclude that VPT infants’ callosal WM is less mature than FT infants. The lack of
a significant difference between FT and VPT infants’ i in the presence of A, alterations
would imply that the reduced microstructural integrity evident in VPT infants is most likely
due to impaired or delayed myelination or pre-myelination.

Regionally, the clearest diffusion changes were seen for MD and A ; , which were increased
in the VPT genu, PMB and isthmus, indicating less mature WM and possibly delayed or
disrupted myelination of the WM connecting the hemispheres of the prefrontal,
somaesthetic, parietal and superior temporal cortices involved in planning and cognition,
sensory processing, hearing and language. FA was reduced mainly in the RB and isthmus of
the VPT infant CC compared with FT infants, indicating altered microstructural integrity of
interhemispheric white matter thought to be involved in motor planning and coordination
(RB), as well as hearing, language and sensory processing (isthmus).

Consistent with the findings in this study, Skiold and colleagues found FA reductions and
MD increases in VPT infant callosi (Skiold et al., 2010). Rose et al. found anisotropy
reductions in the posterior part of VPT infants’ callosi, but not the genu (Rose et al., 2008).
However, Anjari and colleagues reported that the FA was reduced in the genu of the VPT
infants’ callosi (Anjari et al., 2007). In older cohorts, various research groups have reported
reduced FA in the posterior of the CC for 11-12 year old children (Constable et al., 2008;
Nagy et al., 2003) and 12-17 year old adolescents (Nagy et al., 2009) born preterm.
Furthermore, Kontis et al. reported higher MD values within the genu of female young
adults born VPT (Kontis et al., 2009). These findings suggest that the alterations seen at
term equivalent may persist into childhood and adulthood.

4.4, Interhemispheric connectivity

Tractography has been attempted in a fetal imaging study (Kasprian et al., 2008), and
several feasibility studies in infants (Dubois et al., 2006; van Pul et al., 2006; Yoo et al.,
2005; Zhai et al., 2003). However, there have been no previous studies examining or
comparing the volume of callosal tracts for FT and VVPT infants. The current study showed
for the first time that the volume of interhemispheric fibre tracts passing through the CC was
significantly reduced in VPT infants, indicating that interhemispheric communication may
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be altered. The AMB and isthmus were particularly vulnerable, which may be explained by
the relatively early development of the sensorimotor tracts, which form interhemispheric
connections during the VPT period (Berman et al., 2005; Dubois et al., 2006).

Interhemispheric connectivity correlated with CC cross-sectional area. Although it has been
suggested and assumed that CC area corresponds to the number or diameter of tracts passing
through the CC (Aboitiz et al., 1992; Bloom and Hynd, 2005), this has not been proven until
now.

There were no differences in FA within the tracts between FT and VPT infants. Anisotropy
changes may, however, have been obscured by the global diffusivity increase, given that FA
is calculated as a normalized quantity. Axial and radial diffusivity measures are perhaps a
more meaningful way to assess white matter integrity within predefined tracts, and it has
been previously suggested that FA alone cannot differentiate the components of WM
maturation (Gao et al., 2009). Although no previous studies have compared FT and VPT
diffusion measures within CC bundles obtained from tractography, tract-based studies have
compared FA values between FT and VPT infants (Anjari et al., 2007; Counsell et al., 2006;
Rose et al., 2008). Several of these studies found a particular reduction in anisotropy for the
posterior of the CC, especially in VPT infants with WM signal abnormality (Counsell et al.,
2006; Rose et al., 2008).

MD, Ay and 1., measures were increased in the tracts of the whole CC and all sub-regions,
particularly posterior interhemispheric tracts in VPT infants. It is likely that there are fewer
oligodendrocytes in VPT callosi, which would explain the increased &, (Provenzale et al.,
2007). Increased A, in the absence of higher FA values in infants most likely reflects
increased water content (Mukherjee et al., 2002). Together the increases in MD, 2 and A,
within the VPT callosal tracts indicate that WM microstructure is more immature than that
of FT infants.

4.5. Implications

The findings of this study suggest that the posterior end of the CC is most vulnerable to
insults following very preterm birth. The posterior region of the CC is the last to be formed,
but one of the first to begin microstructural development, including myelination, close to
term. This developmental sequence would explain the vulnerability of the posterior CC
associated with preterm birth. There was also some evidence of changes to the anterior
portions of the CC, albeit to a less extent than posterior callosal tracts.

Disrupted development of the CC may have implications for other midline structures that
develop in association with the CC, such as the fornix, hippocampus, septum pellucidum
and cingulate cortex (Swayze et al., 1990). The CC, as well as its developmentally
associated structures, has been associated with attention deficits (Luders et al., 2009), autism
(Egaas et al., 1995), bipolar disorder (Atmaca et al., 2007) and schizophrenia (Narr et al.,
2002). Therefore, early changes to the CC may lead to higher rates of such disorders for
VPT infants as they enter childhood, adolescence or adulthood.

Deficits in the CC have been previously implicated in delayed motor functioning
(Rademaker et al., 2004), and reduced intelligence quotient (Caldu et al., 2006). VPT infants
are often diagnosed with impaired motor functioning, attention difficulties, impaired
memory, delayed language skills and executive dysfunction (Holsti et al., 2002). Therefore
alterations to the CC in VPT infants may partially explain adverse neurodevelopmental
outcomes.
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There may be further implications to having altered CC integrity as VPT infants age. The
same cohort has been neurobehaviorally assessed at 2 and 5 years, and is currently being
followed up at 7 years of age with MRI, DTI and a comprehensive neuropsychological
evaluation; results of associations between CC measurements at term and longer-term
neurodevelopmental outcomes will be evaluated for this cohort.

4.6. Limitations

Although reliability scores for manual CC delineations were well above an acceptable level
for this study, an automated method of segmenting and sub-dividing the CC would reduce
operator bias and random error. Automatic CC delineation methods have been developed
(Brejl and Sonka, 2000; Davatzikos et al., 2003b; Mclnerney et al., 2002; Perez de Alejo et
al., 2003; Pitiot et al., 2004), but these methods are difficult to apply to neonatal images as
the brain tissue contrast is poor. Many groups are now using WM fibre tractography
techniques to sub-divide the CC (Hasan et al., 2009; Huang et al., 2005), which are perhaps
the most accurate way to isolate the CC sub-regions.

Quantitative CC width measures were not carried out for this study as the infants’ callosi
were often only one, or a few voxels thick. Due to changing voxel sizes throughout this
study, thickness measures would not be accurately represented. Some groups have assessed
callosal morphological differences using voxel or deformation-based mophometry
(Davatzikos et al., 2003a; Spencer et al., 2008), however spatial normalization is difficult in
preterm infants due to large variation in brain structure and high incidence of brain
abnormalities. In such cases, it has been advised to avoid normalization, considering brain
structures can be misrepresented (Wallis et al., 2006). There were a number of assumptions
made when assessing CC shape. Skew is not measured directly from the CC, rather the area
under the rotated curve of the ellipse fitted to the CC was assumed to correspond to the skew
of the CC. For local shape analyses, the correspondence step assumes perfect registration for
each point on the CC of one subject to the exact point on all other subjects. In reality this is
not possible. However, imperfect registrations would only reduce the sensitivity to find
differences between groups.

VPT infants were scanned at a GA that was on average a few days earlier than FT infants for
this study. This is a possible confounder, especially for diffusivity measures, considering the
dramatic decrease of brain water content with increasing GA (Huppi and Dubois, 2006;
Mukherjee et al., 2002; Neil et al., 1998; Partridge et al., 2004). However, correction for GA
at MRI was performed for each group comparison, to adjust for this potential confounder.
Furthermore, it is known that the water content of the brain, changes dramatically and
suddenly from a few days up to a week after birth (Huppi and Dubois, 2006; Neil et al.,
1998), possibly affecting diffusion measures of FT infants. However, the postnatal age of
the FT infants at the time of MRI was on average 1.8 weeks, by which time brain water
content would have equalized. Diffusivity measures can also be affected by partial volume
error, particularly in a small ROI such as the CC. However, care was taken to reduce partial
volume artifact by tracing the callosi conservatively, and using the overlap of two
independent CC tracings.

Slice thicknesses used in diffusion scans for this cohort were large, and varied from 4 to 6
mm. This was a possible confounder, which was tested for by adjusting for voxel size in
diffusion analyses, however results did not significantly differ (data not shown). The limited
number of diffusion directions obtained was also a limitation of this study. Thus, the DTI
derived results presented in this study require confirmation by other studies using advanced
DTI acquisition protocols, higher field strength, increased image resolution, and more
gradient directions to improve the signal to noise ratio, as well as improved analysis
algorithms and techniques.
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Future directions for research into WM development of VPT infants could include serial
imaging of VPT infants between birth and term equivalent age, in order to follow the
progression and causes of WM damage. This study focused on the CC as a particularly
vulnerable fibre tract in VPT infants. Other WM tracts relevant to prematurity include
visual, sensorimotor, language and attention pathways. Connectivity and microstructural
integrity of these tracts should be investigated in VPT infants and related to perinatal factors
and neurodevelopmental outcomes in childhood.

5. Conclusions

This study characterizes the size, shape and diffusion characteristics of the CC in FT and
VPT infants. The neonatal CC is affected by prematurity. The global and regional structure
of the CC differed between FT and VPT infants at term equivalent age. The CC was smaller
and more circular in VPT infants. Furthermore, development of CC microstructure and
interhemispheric connectivity were disrupted. Insights gained into the alterations of the CC
in VPT infants from this study may contribute to the development of tailored clinical
interventions to strengthen interhemispheric connectivity and improve long-term functional
outcomes.
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Abbreviations

AC-PC anterior commissure to posterior commissure line

AMB anterior mid-body

BPD bronchopulmonary dysplasia

CcC corpus callosum

DWI diffusion weighted image

DTI diffusion tensor imaging

FA fractional anisotropy

FOV field of view

FSL Oxford centre for functional magnetic resonance imaging of the brain software
library

FT full-term

GA gestational age

IUGR intrauterine growth restriction

IVH intraventricular hemorrhage

MD mean diffusivity
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MDI mental developmental index
PCS postnatal corticosteroids
PDI psychomotor developmental index
PMB posterior mid-body

VPT very preterm

PVL periventricular hemorrhage
RB rostral body

ROI region of interest

TE echo time

TR repetition time

WM white matter

axial diffusivity

AL radial diffusivity
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1/6 1/3 1/2 2/3 4/5

Fig. 1.

Sub-regions of the corpus callosum used in the current study, based on both Witelson’s and
Hofer and Frahm’s divisions. RB: rostral body, AMB: anterior mid-body, PMB: posterior
mid-body.
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Fig. 2.

(A) Robust ellipse fitted to the corpus callosum mask, showing semi (c)) and major ()
ellipse axes and estimated end points. Pa: anterior endpoint, Pp: posterior endpoint. (B)
When the major axis () is larger than the semi-major axis (a), eccentricity is high. (C)
When the major axis (B) approximates the semi-major axis (a), the eccentricity is low. (D)
The corpus callosum mask transformed to the x axis using the estimated anterior and
posterior end points (Pa, Pp), showing the three area computations required for anterior and
posterior skew. Increased area implies increased skew. Pm: mid-point between Pa and Pp.
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Fig. 3.

(A) Corpus callosum mask, (B) skeletonized corpus callosum mask, (C) Example of method
for sampling diffusivity measures within the corpus callosum along the skeleton.
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Fig. 4.

(A) The corpus callosum traced on mid-sagittal slice of the T1 structural image. The dotted
line corresponds to the anterior-to-posterior commissure line. (B) The corpus callosum
overlaid on mean diffusivity image registered to T1, (C) Fractional anisotropy within the
corpus callosum region of interest, (D) The sub-regions of the corpus callosum overlaid on
the average diffusion map. genu = red; rostral body = blue; anterior mid-body = yellow;
posterior mid-body = green; isthmus = pink; splenium = white.
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Fig. 5.

Local shape analysis of very preterm and full-term corpus callosi. (A) Ellipse fits of
variability for full-term and very preterm point distributions. (B) Significant differences in
shape indicated as arrows, demonstrating the direction of the change.
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Fig. 6.

Median values for (A) fractional anisotropy, (B) mean diffusivity, (C) axial diffusivity, and
(D) radial diffusivity obtained from 60 points along the corpus callosum skeleton for very
preterm and full-term infants. * Significant at p<0.05 level
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Fig 7.
Probabilistic fibre tracts originating from the whole corpus callosum for (A) very preterm,
and (B) full-term infants.
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Perinatal and demographic characteristics for the corpus callosum cohorts of very preterm (VPT) and full-term

(FT) infants.

Characteristic VPT FT
n=106 n=22
Antenatal corticosteroid administration, n (%) 94 (89) 0 (0)
Gestational age at birth (wk), mean (SD) 27.6 (1.7) 38.8(1.1)
Male gender, n (%) 55 (52) 14 (64)
Multiple births, n (%) 43 (41) 0 (0)
Birth weight (g), mean (SD) 996 (216) 3318 (504)
Birth weight SD score, mean (SD) -0.5 (0.9) 0.1(1.0)
Intrauterine growth restriction, n (%) 8(7) 109
Positive pressure ventilation (hr), median (IQR) 56 (2.3,255) | 0(0)
Inotropic Support, n (%) 46 (43) 0(0)
Patent ductus arteriosus (indomethacin therapy), n (%) | 53 (50) 0 (0)
Parenteral nutrition (days), median (IQR) 11 (6.8,17) 0(0)
Bronchopulmonary dysplasiab, n (%) 35(33) 0(0)
Postnatal corticosteroid therapyC, n (%) 9(9) 0(0)
Proven necrotizing enterocolitis, n (%) 3(3) 0 (0)
Proven sepsis, n (%) 41 (39) 0(0)
Intraventricular hemorrhage (any grade), n (%) 14 (13) 0 (0)
Intraventricular hemorrhage (grade 111/1V), n (%) 5(5) 0(0)
WM injury (any grade), n (%) 72 (68) 4(18)
WM injury (grade HI/1V), n (%) 16 (15) 0(0)
Gestational age at MRI (wk), mean (SD) 40.1 (1.1) 40.6 (0.6)

a_. . . . . N - .
Birth weight SD score >2 SD below mean weight for gestational age, MRI = magnetic resonance imaging, SD = standard deviation, IQR = inter-

quartile range,

bRequired oxygen at 36 weeks gestational age,

CPostnatal dexamethasone, usual dose 0.15 mg/kg per day for 3 days, reducing over 10 days: total dose 0.89 mg/kg.
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