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Objectives: Corticospinal tract (CST) is the most important tract in motor control.
However, there was no study about the change of CST location with aging. In this studly,
using diffusion tensor tractography (DTT), we attempted to investigate the change of
CST location at cortex, corona radiata (CR) and posterior limb of internal capsule (IC)
level with aging in typically developing children.

Methods: We recruited 76 healthy pediatric subjects (range; 0-19 years). According to
the result of DTT, the location of CST at cortex level was classified as follows; prefrontal
cortex (PFC), PFC with Premotor cortex (PMC), PMC, PMC with primary motor cortex
(M1), M1, M1 with Primary sensory cortex (S1). Anterior-posterior location (%) of CSTs
at CR and IC level was also assessed.

Results: DTT results about CSTs of 152 hemispheres from 76 subjects were obtained.
The most common location of CST projection was M1 area (58.6%) including PMC with
M1 (25.7%), M1 (17.8%), and M1 with S1 (15.1%). The mean age of the projection of
CST showed considerably younger at anterior cortex than posterior; (PFC; 4.12 years,
PFC with PMC; 6.41 years, PMC; 6.72 years, PMC with M1; 9.75 years, M1; 9.85 years,
M1 with S1; 12.99 years, S1; 13.75 years). Spearman correlation showed positive
correlation between age and the location of CST from anterior to posterior brain cortex
(r =0.368).

Conclusion: We demonstrated that the location of CST projection is different with
aging. The result of this study can provide the scientific insight to the maturation study
in human brain.

Keywords: diffusion tensor, corticospinal tract, aging, maturation, children, cortex

INTRODUCTION

The corticospinal tract (CST) is the major neural tract in motor function. The CST is known to
be involved mainly in functional use of distal extremities such as fine motor coordination (Martin,
2005; Baek et al., 2013; Yeo et al., 2014; Chang et al., 2015; Kim et al., 2015). Main cortical origin of
CST is the primary motor cortex (M1), but previous studies reported various anatomical origins of
CST in cortex level, such as parietal cortex, supplementary motor area (SMA) or premotor cortex
(PMC; Russell and Demyer, 1961; Dum and Strick, 1991; Lemon and Griffiths, 2005; Martin, 2005;
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Seo and Jang, 2013). These various origins of CST appear to be
related to various motor functions. They also can be the scientific
basis upon perilesional reorganization after M1 injury which is
one of motor recovery mechanisms of the CST.

Several previous studies reported that CST with different
cerebral origin has different characteristics of the motor function,
but most studies were postmortem studies which investigated
animal brain instead of human brain (Russell and Demyer, 1961;
Galea and Darian-Smith, 1994; Oudega et al., 1994; Maier et al,,
1997; Dum and Strick, 2002; Martin et al., 2004; Lemon and
Griffiths, 2005; Seo and Jang, 2013). Recent development of
diffusion tensor tractography (DTT) allows three-dimensional
reconstruction of neural tract in brain in vivo. DTT could define
the anatomical location and somatotopic arrangement of CST in
several levels of brain, including subcortical level such as internal
capsule (IC) or corona radiata (CR) as well as cortical level
(Kumar et al., 2009; Han et al., 2010; Hong et al., 2010; Kwon
etal, 2011; Seo et al., 2012).

However, there is no study about the change of intra-cerebral
CST location during childhood and adolescence. In the current
study, we investigated anatomical change of the CST with
aging in typically developing children and adolescents using
DTT.

MATERIALS AND METHODS

Subjects

Seventy-six typically developing right handed children
and adolescent subjects (45 males, 31 females; mean age,
8.77 £ 5.08 years; range, 0-19 years) with no history of brain
trauma or neurologic, psychological disease including delayed
development were recruited. All subjects underwent evaluation
by a neurologist and were diagnosed as normal healthy subjects.
Parents of all subjects included in this study volunteered for this
study. Written informed consent was obtained from the parents
of all subjects. The study was approved by the institutional review
board at our hospital.

Diffusion Tensor Image

DTI data were obtained by using a Synergy-L sensitivity
encoding six-channel head coil on a 1.5T GyroscanIntera system
(Philips, Best, The Netherlands) equipped with single-shot echo-
planar imaging. For each of the 32 non-collinear diffusion-
sensitizing gradients, we acquired 67 contiguous sections parallel
to the anterior/posterior commissure line. Imaging parameters
were as follows: acquisition matrix = 96 x 96, reconstructed
to matrix = 128 x 128, FOV = 221 mm x 221 mm,
TR = 10,726 ms, TE = 76 ms, parallel imaging reduction
factor (SENSE factor) = 2, EPI factor = 49, b = 1000 s/mm?,
NEX = 1, and a section thickness of 2.3 mm (acquired voxel
size, 1.73 mm x 1.73 mm x 2.3 mm). The Oxford Center for
Functional Magnetic Resonance Imaging of the Brain (FMRIB)
Software Library' was used for correction of head motion effect
and image distortion due to eddy currents. For analysis of

Lwww.fmrib.ox.ac.uk/fs]

the CST, the first ROI was placed on the CST portion of the
ponto-medullary junction (blue color) and the second ROI
on the CST portion of the anterior portion of the midpons
(blue color). We reconstructed CST using DTI-Studio software
with a 0.2 of fractional anisotropy and tract turning-angle of
<60° (CMRM, Johns Hopkins Medical Institute, Baltimore, MD,
USA).

Measurement of the Location of the CST
at the Level of the Cortex

Brain cortex areas were divided into four area as follows: (1)
Prefrontal cortex [PFC] (BA 8 - the anterior boundary: the
second bank of dorsolateral prefrontal cortex from pre-central
sulcus, the posterior boundary: the anterior margin of BA 6,
the medial boundary: the midline between the right and left
hemispheres, and the lateral boundary: the inferior frontal sulcus)
(Greenstein and Greenstein, 2000; Mayka et al., 2006; Yoshor
and Mizrahi, 2012). (2) PMC (BA 6 - the anterior boundary: the
line drawn through the anterior commissure perpendicular to the
anterior commissure—posterior commissure line, the posterior
boundary: the pre-central sulcus, the medial boundary: the
midline between the right and left hemispheres, and the lateral
boundary: the lateral sulcus; Greenstein and Greenstein, 2000;
Mayka et al., 2006; Yoshor and Mizrahi, 2012). (3) Primary
motor cortex [M1] (BA 4 - the anterior boundary: the pre-central
sulcus, the posterior boundary: the central sulcus, the medial
boundary: the midline between the right and left hemispheres,
and the lateral boundary: the lateral sulcus; Greenstein and
Greenstein, 2000; Mayka et al., 2006; Yoshor and Mizrahi, 2012).
(4) Primary sensory cortex [S1] (BA 1, 2, and 3 - the anterior
boundary: central sulcus, the posterior boundary: post-central
sulcus, the medial boundary: the midline between the right and
left hemispheres, and the lateral boundary: the lateral sulcus;
Greenstein and Greenstein, 2000; Yoshor and Mizrahi, 2012)
(Figure 1A). According to the projection site of analyzed CST at
level of cortex, CSTs were classified into PFC, PMC, M1, and S1
cortex group.

Measurement of the Location of the CST
at the Level of the CR

We measured the antero-posterior (AP) locations of pixels in
the CST in CR where the first axial image seen in the septum
pellucidum and body of fornix from the vertex. As shown in
Figure 2A, the line AC passing through the most medial point of
the lateral ventricle wall was defined as the medial boundary, and
the line BD passing the most lateral point of the cerebral cortex
was defined as the lateral boundary. AB, which passes through
the most anterior point of the lateral ventricle, was defined as
the anterior boundary, and CD, which passes through the most
posterior point of the lateral ventricle was defined as the posterior
boundary. AP location (Y) of each pixel in the CST was defined
as below (Han et al., 2010).

v — The distance from AB to the pixel
B Thelenght of AC

100
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FIGURE 1 | Measurement of corticospinal tract (CST) at cortex level. (A) Shows the boundary of cortex area for CST analysis according to the direction of
anterior-posterior. (B) Shows the sagittal image of summated results of CST analysis. (C) Shows sagittal image of CST analysis according to the age. A, anterior; L,

left; Rt, right; CR, corona radiata; PLIC, posterior limb of internal capsule.

Measurement of the Location of the CST
at the Level of the IC

The pathway of the CST was determined same as the manner
of Kumar et al. (2009); the IC of posterior limb, thalamus,
putamen, and globus pallidus were showed at the horizontal
plane (1) the anterior margin of IC was defined as the medial
apex of the globus pallidus, and the posterior margin of IC

was defined as the posterior apex of the putamen. The total
length of the IC (a in Figure 2B), the distance between the
anterior margin of IC and the anterior margin of CST (b in
Figure 2B), and the distance between the anterior margin of
the IC and the posterior margin of the CST (c in Figure 2B)
were measured. From these measurements, the distance from
the anterior margin of PLIC up to the midpoint of the CST
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FIGURE 2 | Measurement of CST at corona radiata and internal capsule level. (A) Shows measurement of CST at corona radiata level. Y means
anterior-posterior location from anterior boundary (AB) to midpoint of CST. (B) Shows measurement of CST at posterior limb of internal capsule level. The total length
of the posterior internal capsule is expressed as ‘a,’ the distance between the anterior margin of posterior internal capsule and the anterior margin of CST is
expressed as ‘b,” and the distance between the anterior margin and the midpoint of CST is expressed as ‘c.” CST, corticospinal tract.

was determined. A percentage value for the midpoint of the Statistical Analysis

CST within the IC, where 0% is the anterior margin and The Statistical Package for the Social Sciences software (Version

100% is the posterior margin in a given axial plane was 15.0; SPSS, Chicago, IL, USA) was used for data analysis. For
measured. statistical comparison of the mean age for each CST location in
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cortex level, one-way analysis of variance (ANOVA) with post
hoc Levene test was used. Spearman’s correlation coefficient was
used for statistical significance of correlation between age and
CST location in brain cortex. For statistical analysis of correlation
between age and CST location in CR and IC level, Pearson’s
correlation coefficient was used. The level of significance was
set to p < 0.05. Each tract in all subjects was reconstructed
twice by one evaluator (Kwon YM) with 1 week interval between
examination. The location of analyzed tract in the cortex, CR and
IClevel was checked and accuracy of the test-retest reliability was
0.94, showed a high rate of reliability.

RESULT

One hundred fifty-two CSTs from 76 subjects were obtained
(Table 1).

The overall proportion of main projection site in brain cortex
was as follows: PFC (11.2%), PFC with PMC (12.5%), PMC
(16.4%), PMC with M1 (25.7%), M1 (17.8%), M1 with S1 (15.1%),
and S1 (1.3%). Generally, M1 area was the most common site
(58.6%) among the four areas in cortex level (PFC, 23.7%; PMC,
54.6%; S1, 16.4%). Interestingly, main location in cortex level
showed anterior to posterior direction in sagittal section with
aging (Figures 1B,C). That is, the mean age of PFC showed the
youngest age with 4.12 £ 3.16 years, the mean age of PFC with
PMC was 6.41 £ 3.99 years, PMC was 6.72 £ 5.16 years, PMC
with M1 was 9.75 & 4.01 years, M1 was 9.85 & 5.43 years, M1
with SI was 12.99 % 3.73 years and S1 was 13.75 £ 0.59 years
(Figure 3). There were significant differences among the mean
age of each group (p < 0.05; Table 2). The mean age of
PFC showed significant differences with that of PMC + M1
(p = 0.000), M1 (p = 0.001), M1 + S1 (p = 0.000), and S1
(p = 0.000) group (p < 0.05). The mean age of PFC + PMC
showed significant differences with M1 4 S1 (p = 0.000) and
S1 (p = 0.000) group (p < 0.05). The PMC showed significant
differences with M1 + S1 (p = 0.000), and S1 (p = 0.000) group
(p < 0.05). The PMC + M1 showed significant differences with
PEC (p = 0.000), M1 + S1 (p = 0.049), and S1 group (p = 0.008;
p < 0.05). The M1 showed significant differences with PFC
(p = 0.001) and S1 (p = 0.047) group (p < 0.05). The mean
age gap between PFC, PMC, M1 and S1 showed the longest age

gap between M1 and S1 (mean age gap: 3.9 years) and followed
by PMC and M1 (mean age gap: 3.13 years) and the shortest
between PFC and PMC (2.6 years). Results of correlation analysis
between age and projection area of brain cortex showed weakly
positive correlation from anterior to posterior cortex [Spearman
r = 0.368, p = 0.000] (Figure 4).

For the CR level, the CST showed weakly positive correlation
between aging and main location which showed anterior to
posterior direction [Pearson r = 0.299, p = 0.000] (Table 3,
Figure 4). However, for the IC level, there was no significant
correlation between aging and location [Pearson r = 0.048,
p = 0.556] (Table 3, Figure 4).

DISCUSSION

In the current study, we investigated the anatomical change
of CST location with aging in normal healthy childhood
and adolescent subjects using DTT. Age showed significant
correlation with the CST location at cortex and CR level from
anterior to posterior direction, but no significant correlation with
that in IC level.

To the best of the knowledge, there were only two studies
about the change of anatomical location of CST. Oudega
et al. (1994) reported in rat model that early in development,
corticospinal neurons are distributed throughout much of the
frontal and parietal lobes, but their distribution is later restricted
to the posterior frontal and parietal lobes. In 2009, by diffusion
tensor imaging (DTI) study by Kumar et al. (2009) reported about
origin and course of the CST in 42 healthy children. In their
study, there was significant difference between children with CST
originating from both pre- and post-central gyri and the children
with CST origin from pre-central gyri only, that is, the mean age
of pre-central gyri origin only group was significantly younger
(5.8 £ 4.3 years) than that of pre-and post-central gyri group
(11.1 % 4.1 years). These results correspond with the results of
ours in that CST location changes from anterior to posterior
direction with aging.

It is well-known that there is a somatotopical anterior-to-
posterior (AP) arrangement of the CST at the CR (Tohgi et al.,
1996; Kim and Pope, 2005; Han et al., 2010). In the current
study, we found that the CST descended at approximately 55.1%

TABLE 1 | Age distribution of subjects.

Age group (n) Age (years) n (male:female)

Age group (n) Age (years) n (male:female)

0-4 years (17)

5-9 years (25)

© 0N O oA WN O
[ NN NI NG NG I S T NN VI NS
Db

10-14 years (25) 10

15-19 years (10) 15

-
~
SEE SRS S I N I I )|

2 o002 BDd
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FIGURE 3 | Mean age of CST projection according to brain cortex area. \With aging, the main location of CST is changed from anterior to posterior direction in
sagittal section. Among mean age of each age group, there were significantly different results (o < 0.05). PFC, Prefrontal cortex; PMC, Premotor cortex; M1, Primary
motor cortex; S1, Primary sensory cortex

of the AP direction at the CR level (Table 2). In the previous
studies, there was similar results about the CST location at CR
level; posterior half of the CR where the first axial image seen
in the septum pellucidum and body of fornix (Newton et al.,
2006). Upon IC level, previous DTI studies reported the CST
from the M1 located at the posterior portion of the IC in adult
brain (Tohgi et al., 1996): 31-68 years; (Kim and Pope, 2005):
23-57 years; (Newton et al., 2006; Zarei et al., 2007). In another
study, Kim et al. (2008) demonstrated that the CST progressively
shifted position into the posterior half of the posterior limb
of the IC in the caudal portion. Our results in adolescents
(older than 13 years) also coincide with this study that who
are older than 13 years usually include posterior brain cortex
such as M1 or S1 area and posterior half of CR. However,
the somatotopic organization of the CST at the IC has been
a matter of considerable debate. Traditional concept was that,
the CST pass through the anterior one third of the IC (Charcot
and Hadden, 1883; Holodny et al, 2005). Nowadays many
subsequent studies have challenged this view and have suggested
that the CST may be localized in the posterior portion of the IC
(Kim et al., 2008; Kumar et al., 2009). However, in the current
study, CST at IC showed only trend AP location according to
aging with no significance. The reason might be shorten length
and compact area of posterior limb of IC level than CR area.
Direct comparison, however, would be impossible mainly due

to different age groups. Another reason would be possibility of
different measurement because earlier studies did not define the
exact boundary of the posterior limb of the IC and their analyzed
area, or did not declare the axial cutting level.

For the cortical origins of CST, there were several previous
studies in animals or human subjects. Maier et al reported that
CST projection from mainly M1 with SMA in the macaque
monkey (Maier et al,, 1997). Russell et al reported that CST
originated from various cortex areas including M1, PMC and
parietal lobe in the macaque monkey (Russell and Demyer, 1961).
Martin et al reported that CST originated from not only M1 but
also PMC in cats’ brain (Martin et al., 2004). Other studies also
reported that CST is originated from mainly M1 but also from
several other areas (Galea and Darian-Smith, 1994; Oudega et al.,
1994; Dum and Strick, 2002; Lemon and Griffiths, 2005; Seo and
Jang, 2013)

It is known that each area in adult brain plays a characteristic
role: M1, executive function of movements; SMA, planning and
coordination of internally guided movements sequences; PMC,
sensory guidance of movement; S1, descending control of afferent
sensory input from movements (Jane et al., 1967; Galea and
Darian-Smith, 1994; Lemon et al.,, 2002; Lemon and Griffiths,
2005). Seo and Jang (2013) reported interesting result about
different characteristics of various CSTs with different cortical
origin from PMC, SMA, M1, and S1 using DTI. They compared
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TABLE 2 | Difference of mean age between corticospinal tract projection
sites in the cortex level.

Average SD Average SD  p-value
PFC 412 3.16 PFC + PMC 6.41 3.99 0.746
PMC 6.72 5.16 0.655
PMC + M1 9.75 4.01 0.000*
M1 9.85 543  0.001*
M1 + S1 12.99 3.73  0.000*
S 13.75 0.59  0.000*
PFC + PMC 6.41 3.99 PMC 6.72 5.16 1.000
PMC + M1 9.75 4.01 0.101
M1 9.85 5.43 0.308
M1 + S1 12.99 3.73  0.000*
S 13.75 0.59  0.000*
PMC 6.72 516  PMC + M1 9.75 4.01 0.297
M1 9.85 5.43 0.561
M1 + S1 12.99 3.73  0.000*
St 13.75 0.59  0.000*
PMC + M1 9.75 401 M1 9.85 5.43 1.000
M1 + 81 12.99 3.73  0.049*
S 13.75 0.59  0.008*
M1 9.85 543 M1+ 81 12.99 3.73 0.346
S 13.75 0.59  0.047*
M1 + S1 12.99 3.73 S 13.75 0.59 1.000

PFC, Prefrontal cortex; PMC, Premotor cortex; M1, Primary motor cortex; ST,
Primary sensory cortex; SD, standard deviation. *Significant difference among the
mean age of each group, p < 0.05.

the diffusion parameters of CSTs with different cortical origins
in healthy subjects, showing significantly different FA values of
CSTs from the PMC and SMA compared to those from M1
and S1. However, no significant differences of FA values were
observed between CSTs from the M1 and S1. In spite of the
different study design from ours, there is similar point between

their study and ours. Their result showed similar characteristics
between M1 and S1 compared to PMC and SMA. In our study,
all CSTs projected from S1 area also projected from M1 area
except only two hemispheres which might due to their similar
characteristic.

Exact developmental process for each cortical area in human
brain is not understood. However, it is well known that M1
is main area for CSTs in adults. The traditional explanation
of the motor development is that inhibition of subcortical or
reflexive movement is the main function of cortical centers for
voluntary motor function in early stages of life. After then,
with aging, voluntary motor function is facilitated under higher
level of control (Thelen, 1995). During early period, children
cannot use fingers properly compared to older children. Young
children can reach or grasp the objects, but they show clumsiness
during manipulation of the objects frequently. However, children
show more developed hand function with skillful executive
function with aging. Although the exact reason for our finding
remains to be clarified, from this known developmental process
of motor function, we hypothesized that main location of
CST might be changed progressively with aging, related to
the development of function and maybe enlargement of PFC
and PMC areas. Previous studies reported CST development
is related to the development of clinical motor functions
such as floundering to coordination and finally to executive
function (Martin et al., 2004; Meng et al., 2004; Martin, 2005,
2006).

We demonstrated the significant anatomical change of CST
with aging at cortex and CR level, and significant correlation
of CST location from anterior to posterior direction with
aging. To reveal more meaningful developmental process, the
authors recruited subjects with wide ranges of age covering
from 2-month-old infant to 19-year-old adolescent. All subjects
were recruited according to the strict inclusion criteria and

Location of corticospinal tract on brain cortex level

r=0.368
p=0.000

z
E
i
H
3
IR
g

FIGURE 4 | Results of correlations.

Location of corticospinal tract on Corona radiata level

Location of corticospinal tract on posterior limb of internal
capsule level

r=0299
< p=0000

Location of corticospinal tract (%)

TABLE 3 | Location of corticospinal tract at corona radiata and internal capsule level according to cortex projection area.

Prefrontal PFC + PMC PMC PMC + M1 M1 M1 + S1 S1 Total average SD
Corona radiata (%) 33.46 45.50 48.55 58.50 64.15 69.38 71.2 55.08 16.47
IC (%*) 34.10 50.63 46.13 58.02 64.94 61.98 65.7 54.13 17.25

PFC, Prefrontal cortex; PMC, Premotor cortex; M1, Primary motor cortex; S1, Primary sensory cortex; IC, internal capsule; SD, standard deviation. *Average locations of

corticospinal tract (%, 0~100).
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were evaluated and confirmed as normally, typically developing
subjects by an expert neurologist for the accuracy of this study. In
addition, all results showed high test-retest reliability. However,
several limitations should be also considered. The major potential
limitation of this study was the partial volume effect due to
the same acquisition parameter for the DTI in all age. The
partial volume effect can cause the underestimation of the
fiber volume in younger child subject compared with adult
subject. Second, regions of fiber complexity and crossing fibers
can prevent full reflection of the underlying fiber architecture
(Parker and Alexander, 2005; Yamada, 2009). Third, detailed
and identical clinical data could not be obtained due to various
distributions of age in subjects. Lastly, we did not separate
SMA and PMC. Our study includes some very young subjects
such as 2~4 months old infants whose boundary between
SMA and PMC was not obvious. It is another important
limitation. The aim of this study was to demonstrate the
maturational direction such as anterior to posterior, so the
authors defined boundaries according to the direction from
anterior to posterior such as PFC, PMC, M1 and S1. Due

REFERENCES

Baek, S., Jang, S., Lee, E., Kim, S., Hah, J., Park, Y., et al. (2013). CST recovery
in pediatric hemiplegic patients: diffusion tensor tractography study. Neurosci.
Lett. 557, Pt B:79-83. doi: 10.1016/j.neulet.2013.10.047

Chang, M., Jang, S., Seo, J., Lee, E., Kim, S., Won, Y., et al. (2015). Degenerative
changes of the corticospinal tract in pediatirc paitents showing deteriorated
motor function: a diffusion tensor tractography study. Dev. Neurorehabil. 18,
290-295. doi: 10.3109/17518423.2013.821538

Charcot, J. M., and Hadden, W. B. (1883). Lectures on the Localisation of Cerebral
and Spinal Diseases: Delivered at the Faculty of Medicine of Paris. London: New
Sydenham Society.

Dum, R. P., and Strick, P. L. (1991). The origin of corticospinal projections from
the premotor areas in the frontal lobe. J. Neurosci. 11, 667-689.

Dum, R. P., and Strick, P. L. (2002). Motor areas in the frontal lobe of the primate.
Physiol. Behav. 77, 677-682. doi: 10.1016/S0031-9384(02)00929-0

Galea, M. P., and Darian-Smith, I. (1994). Multiple corticospinal neuron
populations in the macaque monkey are specified by their unique cortical
origins, spinal terminations, and connections. Cereb. Cortex 4, 166-194. doi:
10.1093/cercor/4.2.166

Greenstein, B., and Greenstein, A. (2000). Color Atlas of Neuroscience:
Neuroanatomy and Neurophysiology. Stuttgart: Thieme.

Han, B. S., Hong, J. H., Hong, C., Yeo, S. S., hoon Lee, D., and Cho, H. K. (2010).
Location of the corticospinal tract at the corona radiata in human brain. Brain
Res. 1326, 75-80. doi: 10.1016/j.brainres.2010.02.050

Holodny, A. L, Watts, R., Korneinko, V. N., Pronin, I. N., Zhukovskiy, M. E., Gor,
D. M, et al. (2005). Diffusion tensor tractography of the motor white matter
tracts in man: current controversies and future directions. Ann. N. Y. Acad. Sci.
1064, 88-97. doi: 10.1196/annals.1340.016

Hong, J. H., Son, S. M., and Jang, S. H. (2010). Somatotopic location of corticospinal
tract at pons in human brain: a diffusion tensor tractography study. Neuroimage
51, 952-955. doi: 10.1016/j.neuroimage.2010.02.063

Jane, J. A., Yashon, D., DeMyer, W., and Bucy, P. C. (1967). The contribution
of the precentral gyrus to the pyramidal tract of man. J. Neurosurg. 26:244.
doi: 10.3171/jns.1967.26.2.0244

Kim, J., Kwon, Y., and Son, S. (2015). Motor function outcomes of pediatric
patients with hemiplegic cerebral palsy after rehabilitation treatment: a
diffusion imaging study. Neural Regen. Res. 10, 624-630. doi: 10.4103/1673-
5374.155438

Kim, J. S., and Pope, A. (2005). Somatotopically located motor fibers in corona
radiata: evidence from subcortical small infarcts. Neurology 64, 1438-1440.
doi: 10.1212/01.WNL.0000158656.09335.E7

to these different boundaries of ROIs, direct comparison of
these results with previous studies is impossible. The narrow
projection of CST in our study with immature brain can be the
different point compared to other studies with older subjects or
adults. Therefore, further studies to overcome these limitations
such as larger studies including varying age groups and more
specific developmental process of CST on human brain are
warranted.

AUTHOR CONTRIBUTIONS

SS and JR designed research; YK and HK performed research; SS
and YK wrote the paper.

ACKNOWLEDGMENT

This work was supported by the 2014 Yeungnam University
Research Grant.

Kim, Y.-H., Kim, D.-S., Hong, J. H., Park, C. H., Hua, N., Bickart, K. C,, et al. (2008).
Corticospinal tract location in internal capsule of human brain: diffusion tensor
tractography and functional MRI study. Neuroreport 19, 817-820. doi: 10.1097/
WNR.0b013e3283002086

Kumar, A., Juhasz, C., Asano, E., Sundaram, S., Makki, M., Chugani, D., et al.
(2009). Diffusion tensor imaging study of the cortical origin and course of
the corticospinal tract in healthy children. Am. J. Neuroradiol. 30, 1963-1970.
doi: 10.3174/ajnr.A1742

Kwon, H., Hong, J., and Jang, S. (2011). Anatomic location and somatotopic
arrangement of the corticospinal tract at the cerebral peduncle in the
human brain. Am. J. Neuroradiol. 32, 2116-2119. doi: 10.3174/ajnr.
A2660

Lemon, R. N., and Griffiths, J. (2005). Comparing the function of the corticospinal
system in different species: organizational differences for motor specialization?
Muscle Nerve 32, 261-279. doi: 10.1002/mus.20333

Lemon, R. N., Maier, M., Armand, J., Kirkwood, P. A., and Yang, H. (2002).
Functional differences in corticospinal projections from macaque primary
motor cortex and supplementary motor area. Adv. Exp. Med. Biol. 508, 425-434.
doi: 10.1007/978-1-4615-0713-0_48

Maier, M., Davis, J., Armand, J., Kirkwood, P., and Lemon, R. (1997). Anatomical
and electrophysiological comparison of cortico-motoneuronal projections from
primary motor cortex and supplementary motor area in the macaque monkey.
J. physiol. 1997:505.

Martin, J. H. (2005). The corticospinal system: from development to motor control.
Neuroscientist 11, 161-173. doi: 10.1177/1073858404270843

Martin, J. H. (2006). Chapter 3 development of the corticospinal system and
spinal motor circuits. Handb. Clin. Neurol. 82, 39-56. doi: 10.1016/S0072-
9752(07)80006- 6

Martin, J. H., Choy, M., Pullman, S., and Meng, Z. (2004). Corticospinal system
development depends on motor experience. J. Neurosci. 24, 2122-2132. doi:
10.1523/JNEUROSCI.4616-03.2004

Mayka, M. A., Corcos, D. M., Leurgans, S. E., and Vaillancourt, D. E. (2006).
Three-dimensional locations and boundaries of motor and premotor cortices
as defined by functional brain imaging: a meta-analysis. Neuroimage 31, 1453
1474. doi: 10.1016/j.neuroimage.2006.02.004

Meng, Z., Li, Q., and Martin, J. H. (2004). The transition from development to
motor control function in the corticospinal system. J. Neurosci. 24, 605-614.
doi: 10.1523/JNEUROSCI.4313-03.2004

Newton, J. M., Ward, N. S., Parker, G. J., Deichmann, R., Alexander, D. C., Friston,
K. J., et al. (2006). Non-invasive mapping of corticofugal fibres from multiple
motor areas—relevance to stroke recovery. Brain 129, 1844-1858. doi: 10.1093/
brain/awl106

Frontiers in Human Neuroscience | www.frontiersin.org

December 2016 | Volume 10 | Article 638


https://doi.org/10.1016/j.neulet.2013.10.047
https://doi.org/10.3109/17518423.2013.821538
https://doi.org/10.1016/S0031-9384(02)00929-0
https://doi.org/10.1093/cercor/4.2.166
https://doi.org/10.1093/cercor/4.2.166
https://doi.org/10.1016/j.brainres.2010.02.050
https://doi.org/10.1196/annals.1340.016
https://doi.org/10.1016/j.neuroimage.2010.02.063
https://doi.org/10.3171/jns.1967.26.2.0244
https://doi.org/10.4103/1673-5374.155438
https://doi.org/10.4103/1673-5374.155438
https://doi.org/10.1212/01.WNL.0000158656.09335.E7
https://doi.org/10.1097/WNR.0b013e328300a086
https://doi.org/10.1097/WNR.0b013e328300a086
https://doi.org/10.3174/ajnr.A1742
https://doi.org/10.3174/ajnr.A2660
https://doi.org/10.3174/ajnr.A2660
https://doi.org/10.1002/mus.20333
https://doi.org/10.1007/978-1-4615-0713-0_48
https://doi.org/10.1177/1073858404270843
https://doi.org/10.1016/S0072-9752(07)80006-6
https://doi.org/10.1016/S0072-9752(07)80006-6
https://doi.org/10.1523/JNEUROSCI.4616-03.2004
https://doi.org/10.1523/JNEUROSCI.4616-03.2004
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1523/JNEUROSCI.4313-03.2004
https://doi.org/10.1093/brain/awl106
https://doi.org/10.1093/brain/awl106
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Kwon et al.

The Change of Corticospinal Tract with Aging

Oudega, M., Varon, S., and Hagg, T. (1994). Distribution of corticospinal motor
neurons in the postnatal rat: quantitative evidence for massive collateral
elimination and modest cell death. J. Comp. Neurol. 347, 115-126. doi: 10.1002/
cne.903470109

Parker, G. J., and Alexander, D. C. (2005). Probabilistic anatomical connectivity
derived from the microscopic persistent angular structure of cerebral tissue.
Philos. Trans. R. Soc. B Biol. Sci. 360, 893-902. doi: 10.1098/rstb.2005.
1639

Russell, J. R., and Demyer, W. (1961). The quantitative corticoid origin of
pyramidal axons of Macaca rhesus. With some remarks on the slow rate of
axolysis. Neurology 11, 96-108.

Seo, J. P.,, Chang, P. H.,, and Jang, S. H. (2012). Anatomical location of the
corticospinal tract according to somatotopies in the centrum semiovale.
Neurosci. Lett. 523, 111-114. doi: 10.1016/j.neulet.2012.06.053

Seo, J. P., and Jang, S. H. (2013). Different characteristics of the corticospinal
tract according to the cerebral origin: DTT study. AJNR Am. J. Neuroradiol. 34,
1359-1363. doi: 10.3174/ajnr.A3389

Thelen, E. (1995). Motor development: a new synthesis. Am. Psychol. 50, 79-95.
doi: 10.1037/0003-066X.50.2.79

Tohgi, H., Takahashi, S., Takahashi, H., Tamura, K., and Yonezawa, H. (1996). The
side and somatotopical location of single small infarcts in the corona radiata
and pontine base in relation to contralateral limb paresis and dysarthria. Eur.
Neurol. 36, 338-342. doi: 10.1159/000117290

Yamada, K. (2009). Diffusion tensor tractography should be used with caution.
Proc. Natl. Acad. Sci. U.S.A. 106:E14. doi: 10.1073/pnas.0812352106

Yeo, S., Jang, S., and Son, S. (2014). The different maturation og the corticospinal
tract and corticoreticular pathway in normal brain development: diffusion
tensor imaging study. Front. Hum. Neurosci. 8:573. doi: 10.3389/fnhum.2014.
00573

Yoshor, D., and Mizrahi, E. (2012). Clinical Brain Mapping. New York, NY:
McGraw-Hill Education.

Zarei, M., Johansen-Berg, H., Jenkinson, M., Ciccarelli, O., Thompson, A. J.,
and Matthews, P. M. (2007). Two-dimensional population map of cortical
connections in the human internal capsule. J. Magn. Reson. Imaging 25, 48-54.
doi: 10.1002/jmri.20810

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Kwon, Kwon, Rose and Son. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

December 2016 | Volume 10 | Article 638


https://doi.org/10.1002/cne.903470109
https://doi.org/10.1002/cne.903470109
https://doi.org/10.1098/rstb.2005.1639
https://doi.org/10.1098/rstb.2005.1639
https://doi.org/10.1016/j.neulet.2012.06.053
https://doi.org/10.3174/ajnr.A3389
https://doi.org/10.1037/0003-066X.50.2.79
https://doi.org/10.1159/000117290
https://doi.org/10.1073/pnas.0812352106
https://doi.org/10.3389/fnhum.2014.00573
https://doi.org/10.3389/fnhum.2014.00573
https://doi.org/10.1002/jmri.20810
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	The Change of Intra-cerebral CST Location during Childhood and Adolescence; Diffusion Tensor Tractography Study
	Introduction
	Materials And Methods
	Subjects
	Diffusion Tensor Image
	Measurement of the Location of the CST at the Level of the Cortex
	Measurement of the Location of the CST at the Level of the CR
	Measurement of the Location of the CST at the Level of the IC
	Statistical Analysis

	Result
	Discussion
	Author Contributions
	Acknowledgment
	References


