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Abstract

Background—Diffusion tensor imaging (DTI) has expanded our knowledge of corticospinal
tract (CST) anatomy and development. However, previous developmental DTI studies assessed
the CST as a whole, overlooking potential differences in development of its components related to
control of the upper and lower extremities. The present cross-sectional study investigated age-
related changes, side and gender differences in streamline volume of the leg- and hand-related
segments of the CST in children.

Subjects and methods—DTI data of 31 children (1-14years; mean age: 6+4years; 17 girls)
with normal conventional MRI were analyzed. Leg- and hand-related CST streamline volumes
were quantified separately, using a recently validated novel tractography approach. CST
streamline volumes on both sides were compared between genders and correlated with age.

Results—Higher absolute streamline volumes were found in the left leg-related CST compared
to the right (p=0.001) without a gender effect (p=0.4), whereas no differences were found in the
absolute hand-related CST volumes (p>0.4). CST leg-related streamline volumes, normalized to
hemispheric white matter volumes, declined with age in the right hemisphere only (R=-.51;
p=0.004). Absolute leg-related CST streamline volumes showed similar, but slightly weaker
correlations. Hand-related absolute or normalized CST streamline volumes showed no age-related
variations on either side.

Conclusion—These results suggest differential development of CST segments controlling hand
vs. leg movements. Asymmetric volume changes in the lower limb motor pathway may be
secondary to gradually strengthening left hemispheric dominance and is consistent with previous
data suggesting that footedness is a better predictor of hemispheric lateralization than handedness.

© 2014 Elsevier B.V. All rights reserved.

"Corresponding author: Jeong-Won Jeong, Ph.D., Departments of Pediatrics and Neurology, Wayne State University, School of
Medicine, PET Center and Translational Imaging Laboratory, Children’s Hospital of Michigan, 3901 Beaubien St., Detroit, M,
48201, Phone: 313-993-0258 Fax: 313-966-9228, jeongwon@pet.wayne.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kamson et al.

Keywords

Page 2

corticospinal tract; development; children; diffusion tensor imaging; MRI; DTI

INTRODUCTION

The corticospinal tract (CST) connects the motor cortex and the spinal cord, making
voluntary motor control of the limbs possible. Our understanding of CST anatomy has been
greatly expanded by the use of diffusion tensor imaging (DTI), a technique that allows the
study of neural tracts via quantification of water diffusion along the axons in vivo [1-3].
Indeed, there are numerous DTI studies of adults and children examining the damage,
development and reorganization of the CST as a whole, following injury. However, there are
much less data exploring how this pathway changes with age in children, especially
regarding specific CST segments responsible for motor control of the upper and lower
limbs. The aim of the present study was to investigate the differential development of the
CST segments associated with hand and leg movements in children, using a recently
validated novel DTI approach that enables separation of these functionally relevant CST
segments [4-8]. We hypothesized age-related differential volume changes and increasing
left-right asymmetries in the hand- and/or leg-related CST segments.

SUBJECTS AND METHODS

Subjects

The study involved 31 children (age: 1-14 years, mean age: 6+4 years), including 14 boys
(5+2.5 years) and 17 girls (7+4.5 years). Seventeen were typically developing right-handed
healthy children (mean age 9+3 years) and 14 children had neurological condition (e.g., new
onset epilepsy) without structural abnormalities on MRI (mean age 3+1 years) and without
evidence of left-handedness (in some young subjects handedness could not be determined
firmly). None of the children had motor weakness on neurological examination. The Human
Investigations Committee (HIC) of Wayne State University granted permission for
performing MRIs (without sedation) in healthy children, and parents signed an Informed
Consent Form. We had also permission from the HIC to use clinically acquired MRI scans
after deidentification.

MRI protocol

MR scans were performed using a 3T GE-Signa scanner (GE Healthcare, Milwaukee, WI)
equipped with an 8-channel head coil and ASSET. DWI was acquired with a multi-slice
single shot diffusion weighted echo-planar-imaging (EPI) sequence at repetition time (TR) =
12,500 ms, echo time (TE) = 88.7 ms, field of view (FOV) = 240 mm, 128x128 acquisition
matrix (nominal resolution = 1.89 mm), contiguous 3 mm thickness in order to cover entire
axial slices of the whole brain using 55 isotropic gradient directions with b= 1000s/mm?,
one b=0 acquisition, and number of excitations (NEX)=1 [5]. Approximate scanning time
for the acquisition was 12 minutes using double refocusing pulse sequence to reduce eddy
current artifacts. Only children with neurological condition younger than age 4 years (being
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scanned clinically) were sedated using pentobarbital (3 mg/kg) followed by fentanyl (1 mg/
kg).

DTI analysis of the corticospinal tract segments (hand and leg)

Statistics

RESULTS

Whole brain ICA+BSM (independent component analysis combined with a ball-stick
model) tractograpy was performed to reconstruct streamlines of white matter fibers, as
described and validated recently in various pediatric patient groups using functional MRI
and invasive electrical stimulation mapping symptoms [5-7]. To identify the two segments
of CST streamlines associated with primary motor pathways of the hand and leg, maximum
a posteriori probability classifier was applied [4], which can automatically classify
individual streamlines into one of three segments, hand, leg, and face, based on their
stereotactic atlases constructed from healthy children (Figure 1). We also defined “whole
CST” as the sum of the fibers related to the hand and leg without the face component. For
each segment, a streamline visitation map was created by using the number of streamlines
passing through each voxel. Voxels having more than 5 visits were assumed to belong to
each motor pathway. Streamline volume was measured by the total volume of all voxels
belonging to the pathway. Finally, normalized streamline volume of the hand and leg
segments as well as the whole CST (hand and leg combined, excluding facial fibers) was
obtained by dividing the streamline volume to the white matter volume of its corresponding
hemisphere.

Mixed design analyses of covariance (ANCOVA) were performed to examine the CST
segmental volumes in relation to gender (inter-subject effect), left and right hemispheric
location (intra-subject effect), and age included as a covariate. Separate analyses were done
for the absolute and normalized leg- and hand-related CST volumes. CST segmental (hand,
leg) volumes were also correlated with age using Pearson’s correlation both in the whole
group and in two subgroups (healthy children and children with neurological condition).
Statistical analysis was carried out using the SPSS Statistics 20.0 software (SPSS Inc,
Somers, New York). P-values < .05 were considered statistically significant.

Side differences, gender and age effects in CST volumes

The ANCOVA revealed no gender effects related to streamline-volumes of the whole CST
or its segments either before, or after normalization (p=0.40). The absolute whole-CST
streamline-volumes showed a trend towards a difference between the left and right
hemispheres (F=3.03; p= 0.093) that became significant following normalization (F=4.80;
p=0.037), whereas no age effect was detected in either analysis (p>0.3). The ANCOVA of
the CST segments demonstrated higher leg-related CST absolute streamline volumes in the
left hemisphere (F=14.8; p< 0.001) without an age effect (F=0.72; p=0.41). After
normalizing the volume of this CST segment, its lateralization became even more prominent
(F=21.10; p<0.001), and an age effect was revealed as well (F=4.89; p=0.035). The leg-
related CST segments remained highly asymmetric in the healthy subgroup (n=17) in both
the absolute (p=0.006) and normalized (p=0.005) values (Figure 2); in contrast, this
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asymmetry was not significant in the subgroup of children with neurological condition
(p>0.1 in both absolute and normalized volumes). No side differences were found in the
absolute (F= 0.02; p> 0.97) or normalized hand-related CST streamline-volumes (F<0.01;
p>0.77) (Figure 2), although the absolute values of this segment showed a mild age effect
(F=4.07; p=0.053) that disappeared after normalization (F= 0.63; p=0.43).

Correlations with age

Whole-CST streamline-volumes did not show any significant change with age before or
after normalization (p= 0.40). The leg-related CST streamline-volumes showed a right
hemispheric decline with age (r= —0.39; p= 0.033) that became more prominent after
normalization (r= —0.46; p=0.01). In contrast, left hemispheric absolute leg-related
streamline-volumes remained constant with age (r= 0.01; p=0.95), with only a mild (non-
significant) decrease after normalization (r= —0.19; p=0.31). The hand-related CST
streamline-volumes of the left hemisphere showed no correlation with age (p>0.40), while
the right hemisphere presented a trend for an age-related increase (r=-0.33; p=0.067) that
disappeared following normalization (r=0.24; p=0.20).

When the two groups of subjects were analyzed separately, the decline in right-sided
normalized leg-related CST streamline-volumes was noted in both the healthy controls (r=
-0.44; p=0.08) and the children with neurological conditions (r=-0.51; p= 0.06) (Figure 2),
although neither reached significance probably due to the low sample sizes in these
subgroups. None of the hand-related CST streamline-volumes segments showed any trends
with age in these subgroups.

DISCUSSION

Diffusion imaging of the corticospinal tract

Several previous studies have investigated diffusion metric changes within the CST in
children and adolescents, reporting an association between brain maturation and increasing
fractional anisotropy (FA) as well as decreasing mean diffusivity (MD) [9-12]. This
association has been corroborated by functional evidence connecting increasing FA within
the CST with increasing consistency in reaction time in children compared to adolescents
[13]. A few studies also showed hemispheric FA asymmetries with higher values within the
left CST, with or without the presence of an effect of gender or handedness [12, 14, 15]. In
contrast, the existence of volumetric asymmetries of the whole CST in children and young
adults is much less evident. Consistent with our present findings, DTI studies of infants to
early adults revealed no [9, 16] or only very subtle hemispheric differences of whole CST
volumes [12, 17]. Our dataset demonstrates clear differences in asymmetries of leg
(asymmetries present) vs. hand (no or minimal asymmetries) in CST segments, thus
suggesting that the whole CST volume may mask the increasingly prominent volumetric
differences of the left and right leg-related CST segments.

Asymmetries in the cortical motor control

Both fMRI and transcranial magnetic stimulation (TMS) data from adults suggest
hemispheric asymmetries of brain function related to the execution of movement in the
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upper limbs. fMRI studies revealed bilateral signal changes including ipsilateral decrease of
signal during movement of one hand. The decrease was more pronounced when the non-
dominant hand was used [18, 19]. Furthermore, TMS experiments revealed lower thresholds
for evoked potentials in the motor cortex controlling the dominant hand, and motor
performance of the ipsilateral hand improved following unilateral inhibition of the motor
cortex induced by TMS [20, 21]. The above-mentioned fMRI and TMS findings emphasize
the role of interhemispheric inhibition in the control of unilateral movements of the upper
limb; this could contribute to the development of hemispheric dominance and the leg-related
CST asymmetries discovered in our present study.

A recent DTI study investigated CST segments associated with finger and toe movement in
11 healthy adults using a DTI approach where target regions (for CST fiber tracking) were
selected based on fMRI motor activations [22]. They found no hemispheric asymmetry of
either diffusion metrics or volume related to these segments. However, they did reveal
greater than 7-fold higher transcallosal connectivity in the toe vs. the finger-controlling CST
segments. Although these findings do not completely match our results, they do imply
stronger interhemispheric interaction related to the control of the lower limbs, which may
explain the gradual decrease of leg-related CST volume we found in the non-dominant
hemisphere throughout the developmental ages when the process of hemispheric
lateralization is ongoing.

The selective CST volume lateralization in the lower limb segment is an unexpected finding
in our study. We speculate that this may be due to the different control and utilization of the
upper and lower limbs. Whereas the upper limbs are able to move and function quite
independently from each other, and their mirror movements are attainable, the activity of the
lower limbs is strongly coupled and most commonly involves reciprocal movements with
emphasis on proximal muscles with more pronounced unilateral innervation. Functionally,
most right-handed individuals (left hemispheric dominant) are able to perform tasks using
the left hand far better than when using the left leg. In addition, footedness was proposed to
be a better predictor of hemispheric lateralization than handedness [23, 24]. Although the
extent of lateralization in fMRI studies was higher in the hands, there was higher left
hemispheric activation in the left compared to the right primary motor cortex and basal
ganglia related to the movement of the lower limbs [25, 26]. The strong link between
hemispheric lateralization and footedness could explain our findings.

Despite our findings on selective asymmetry and age-related variations in leg-related CST
segments, the study had several limitations. First, the number of subjects was limited, and
the age range of the healthy controls and children neurological condition was different.
Second, the study was retrospective, as the data have all been collected by the time this new
CST analysis method became available; therefore, we were not able to collect formal
handedness/footedness measures for all subjects. Still, we made sure that we included only
patients who had no evidence for left-handedness (or footedness) based on their medical
charts (for the subgroup with neurological conditions) and/or reported right-hand preference
before the MRI (healthy control group). Based on the presented results, it would be
interesting to design a prospective study including formal evaluation of both hand and foot
preference, to address the effect of handedness/footedness on CST segmental development.
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Conclusion

We found age-associated differences between leg- and hand-related segments of the CST in
children. The volume of the right CST showed an age-related decline in both healthy
children and children with neurological condition (without motor impairment), possibly
secondary to brain maturation with development of hemispheric dominance lateralizing
toward the left hemisphere. This DTI methodology can be used in future studies to explore
functional correlates of differential development of CST segments in healthy subjects and
disease conditions.
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Figure 1.
Representative examples of CST segmentation into leg- and hand-related bundles. Two CST

pathways: hand (green) and leg (red) were obtained using the DWI-MAP classifier from a
normal control participant (9 years old boy). Fractional anisotropy map was used as the
background.
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Figure 2.

Normalized leg- and hand-related CST volumes correlated with age in the healthy children
vs. children with neurological disease. The left CST volumes are represented by the leftward
pointing grey triangles, whereas right CST volumes are designated by the rightward pointing
black triangles. The leg-related CST showed a consistent left>right asymmetry throughout
the age range in the healthy children (p=0.005); the side difference was present but not
significant in children with neurological condition. Both the combined group and the two
subgroups also showed an age-related decline in the right leg-related CST normalized
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volumes; this was significant in the combined group (r= —0.46; p=0.01) and showed a strong
trend in the smaller subgroups (healthy controls: r= —0.44; p=0.08, children with
neurological condition: r=—0.51; p=0.06). In contrast, the hand-related CST segments
showed no consistent asymmetry or age-related changes in either subgroup.
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