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Abstract

The thalamus plays an important role in signal relays in the brain, with thalamocortical (TC) neuronal pathways linked to
various sensory/cognitive functions. In this study, we aimed to see fetal and postnatal development of the thalamus
including neuronal migration to the thalamus and the emergence/maturation of the TC pathways. Pathways from/to the
thalami of human postmortem fetuses and in vivo subjects ranging from newborns to adults with no neurological histories
were studied using high angular resolution diffusion MR imaging (HARDI) tractography. Pathways likely linked to neuronal
migration from the ventricular zone and ganglionic eminence (GE) to the thalami were both successfully detected. Between
the ventricular zone and thalami, more tractography pathways were found in anterior compared with posterior regions,
which was well in agreement with postnatal observations that the anterior TC segment had more tract count and volume
than the posterior segment. Three different pathways likely linked to neuronal migration from the GE to the thalami were
detected. No hemispheric asymmetry of the TC pathways was quantitatively observed during development. These results
suggest that HARDI tractography is useful to identify multiple differential neuronal migration pathways in human brains,
and regional differences in brain development in fetal ages persisted in postnatal development.
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Introduction

The thalamocortical (TC) axonal pathways serve as a basis for a
variety of important brain functions such as sensory relay
(Jones 2007), consciousness (Llinds 2003), working memory
(Sarnthein et al. 2005), executive control, and salience process-
ing (Seeley et al. 2007), by facilitating communication between
neurons in the thalamus and neurons throughout the cortex.
The TC system is already active early in prenatal embryonic life
(Catalano and Shatz 1998; Molndr et al. 2003). Alcauter et al.

(2014) found that human neonatal brains, around 33 days old,
had already developed the thalamus-sensorimotor and thal-
amus-salience networks that are important in later life.
Neuronal migration is an essential part of brain develop-
ment, allowing neurons to find and settle in their terminal
positions to effectively interact with each other (Sidman and
Rakic 1973). Without successful thalamic neuronal migration,
developmental disorders can occur, such as schizophrenia
(Jones 1997) and dyslexia (Galaburda 2005). The thalamic
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neurons follow nonradial migration, as well as radial migration
routes (Frassoni et al. 2000). Excitatory glutamatergic projection
neurons and a portion of GABAergic neurons originate in the
proliferative dorsopallial ventricular/subventricular zone and
migrate along radial glial fascicles to the cortical plate (Rakic
1972, 1988; Bystron et al. 2008; Petanjek et al 2009a, 2009b). The
other major migratory routes are mainly in the ganglionic emi-
nence (GE); they run tangential to the cortical plate and contain
inhibitory GABAergic interneurons (Frassoni et al. 2000; Ortino
et al. 2003; Wonders and Anderson 2006). Both migration path-
ways have been clearly imaged in our studies as coherent fiber
pathways (Takahashi et al. 2012; Kolasinski et al. 2013;
Miyazaki et al. 2016); however, the development of the thal-
amus and TC pathways was not analyzed in any of these
studies.

Raki¢ and Sidman (1969; see also review article by Sidman
and Raki¢ 1973) showed that during the early gestational weeks
(GW) (around 10 GW) of human development, the ventricular
zone of the third ventricle contributes to supplying neurons to
the thalamus, and in later stages (around 24 GW) neuronal
migration was observed from the GE and the corpus gang-
liothalamicum in the telencephalon. Since macaque monkeys
do not receive neurons from the telencephalon, they specu-
lated that such nonradial neuronal migration may be contribut-
ing to the unique capacities of humans, followed by direct
evidence to prove that concept (Letini¢ and Raki¢ 2001; see also
review of Rao and Wu 2001; Corbin et al. 2001). The ventral tel-
encephalon was shown to be the place of origin of the cells that
will eventually migrate to the thalamus through the nonradial
route (Raki¢ and Sidman 1969; Letini¢ and Kostovi¢ 1997,
Corbin et al. 2001).

Neurons begin migration from the ventricular zone toward
the pia mater around embryonic day (E) 31-32 (Bystron et al.
2008). Globally, the most migratory activity also occurs around
GW12-20, and a distinct pathway likely related to migration
was detected from the GE to the dorsal thalamus from GW15-
26 (Letini¢ and Raki¢ 2001). Between GW11 and GW13, thalamic
pulvinar fibers extend to the temporoparieto-occipital conflu-
ence, but they begin to enter the occipital lobe in large numbers
around GW17-20 and have formed a well-defined thalamic
radiation by GW25 (Kostovic and Rakic 1984). It was found that
radial migration is almost complete at GW26 as radial glia are
replaced by astrocytes and thalamic afferent fibers develop, but
it is still found to be intact in certain regions like the occipital
lobe at GW30 (Xu et al. 2014). By 36 weeks, the radial glia have
almost completely disappeared and TC afferent fibers have fin-
ished forming (McKinstry et al. 2002). The nonradial migration
pathway is also found to be thickest at GW17, increasingly
sparse at GW30, and unidentifiable at GW34 (Miyazaki et al
2016).

Many previous tractography studies have been done on the
TC pathways in adults (e.g., Johansen-Berg et al. 2005; Yamada
et al. 2007; Jaermann et al. 2008; Hong et al. 2010; Klein et al.
2010; Zhang et al. 2010). A diffusion tensor imaging (DTI) tracto-
graphy study on the Papez circuit, in 26 healthy adults between
21 and 77 years old (Jang and Yeo 2013), reconstructed the TC
tracts from the anterior thalamic nuclei, through the genu of
the internal capsule, the anterior limb of the internal capsule,
and the white matter around the anterior horn of the lateral
ventricle and ending in the anterior cingulate gyrus. This study
found no significant differences between hemispheres of some
diffusion indices and tract volume in the Papez circuit.

High angular resolution diffusion MR imaging (HARDI) trac-
tography enables identification of complex crossing tissue

coherence in the brain (Tuch 2004) even in immature fetal
brains (Takahashi et al. 2012, 2014), which are typically more
challenging to segment due to a surplus of unmyelinated fibers.
HARDI tractography allows reconstruction of water diffusivity
in many different directions in each imaging voxel. Using a
high-field MRI scanner allows us to see “very high-resolution”
water diffusion from which we can infer neuronal pathways;
however, it does not directly show specific axons or glial fibers
(Takahashi et al. 2012). Still, this technique theoretically pro-
vides an advantage over DTI (Mori and van Zijl 2002; Frank
2002; Tournier et al. 2004), because there are many places
throughout the brain where the white matter tracts cross, going
in many different directions (Tournier et al. 2007). Our previous
studies (Takahashi et al. 2012; Kolasinski et al. 2013; Miyazaki
et al. 2016) successfully showed overall courses of radial and
nonradial neuronal migration pathways using diffusion tracto-
graphy. However, those studies did not specifically describe
pathways related to the thalamus. In this study, we aimed to
image and qualitatively describe neuronal migration pathways
related to the thalamus and pathways likely corresponding to
thalamic axons in the human fetal brain, and to quantify the
development of the TC pathways from newborn to adult ages.

After birth, the human brain significantly grows during the
first few years of life (Thompson 2001; Lippé et al. 2009;
Gredeback and Kochukhova 2010; Berchicci et al. 2011), and
there have been a considerable number of findings and discus-
sions that suggest children around 3 years old already have a
brain very close to the size of an adult brain, with matured
white and gray matter MRI contrast and diffusion properties of
tracts, as well as matured cognitive patterns that can be a basis
for adult cognitive functions (Schimdt and Beauchamp 1988;
Berthier et al. 2000; Whiten et al. 2006; Keen and Shutts 2007;
Keitel et al. 2013; Smith et al. 2015). Given these findings, in one
way to study brain development, one can assume the group of
3 years and younger to be “before or during the first significant
brain growth in life” and the group of older than 3 years to be
“after the first significant brain growth in life.” Therefore, for
postnatal analyses, we focused on the difference between the 2
groups in this study: 3 years and younger, and older than 3
years (Cohen et al. 2016).

Materials and Methods
Postmortem Fetal Brain Specimens

Eleven postmortem fetal brains’ data were used in this study.
Eight postmortem brains (one 17 GW, two 18 GW, three 20 GW,
one 31 GW, and one postnatal 20 months old) were obtained
from the Department of Pathology, Brigham and Women’s
Hospital (Boston, MA, USA), and 3 postmortem brains (19, 21,
and 22 GW) were provided by the Allen Institute Brain Bank
(Seattle, WA, USA). Postmortem specimens were obtained with
full parental consent. The brains were grossly normal, and
standard autopsy examination of all brains revealed minimal
or no pathologic abnormalities at the macroscopic level.

In Vivo Subjects

Initially, we selected 90 subjects with our inclusion criteria (no
neurological/psychiatric history and no MRI-based abnormal-
ities). Newborns and infants were scanned during sleep, mostly
with sedation but some without. Seven subjects were excluded
based on motion artifacts (4 newborns/infants younger than 1
year, one 3-year-old, one 6-year-old, and one 9-year-old sub-
jects). The remaining 83 subjects from newborn to 28 years old
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had clinically indicated brain MRI studies that were interpreted
to show no abnormalities. None had clinical concerns for a con-
genital malformation or genetic disorder. All research protocols
were approved by the institutional review board.

Tissue Preparation for HARDI

At the time of autopsy, all brains were immersion fixed, the
brains from the Brigham and Women'’s Hospital were stored in
4% paraformaldehyde, and the brains from the Allen Institute
Brain Bank were stored in 4% periodate-lysine-
paraformaldehyde (PLP). During MR imaging acquisition,
the brains from the Brigham and Women’s Hospital were
placed in Fomblin solution (Ausimont, Thorofare, NJ, USA)
(Takahashi et al. 2012) and the brains from the Allen Institute
Brain Bank were placed in 4% PLP. These different kinds of
solutions in which the brains from different institutes were
placed tend to change the background contrast (i.e., we see
dark background outside of the brain using Fomblin and bright
background using PLP), but they do not specifically change dif-
fusion properties (e.g., fractional anisotropy [FA] and apparent
diffusion coefficient [ADC]) within the brain.

Diffusion MRI Procedures

The postmortem brain specimens from the Brigham and
Women'’s Hospital were imaged at a 4.7 T Bruker Biospec MR
system (specimens from 17 to 31 GW) and specimens from the
Allen Institute Brain Bank were imaged at a 3T Siemens MR
system (3 fetal [19, 20, 22 GW] specimens) at A. A. Martinos
Center, Massachusetts General Hospital, Boston, MA, USA. The
reason why we used the 3T system was that the brains from
the Brain Bank were “in cranio” and did not fit in the 4.7 T bore.
To improve the imaging quality and obtain the best signal to
noise and high spatial resolution, however, we used a custom-
made MR coil at the 3T system that just fit the specimens.
Different scanner systems were used to accommodate the dif-
ferent brain sizes, and MR coils that best fit each brain sample
were used to ensure optimal imaging.

A 3-dimensional (3D) diffusion-weighted spin-echo echo-
planar imaging (SE-EPI) sequence was used with a repetition
time/echo time (TR/TE) 1000/40 ms, with an imaging matrix of
112 x 112 x 112 pixels. Sixty diffusion-weighted measurements
(with the strength of the diffusion weighting, b = 8000 s/mm?)
and 1 non-diffusion-weighted measurement (no diffusion
weighting or b = 0s/mm?) were acquired with the duration of
the diffusion gradients, § = 12.0ms, and the time interval
between the start of the 2 diffusion gradients, A = 24.2ms. The
total acquisition time was approximately 2h for each imaging
session. The spatial resolution was 400 x 500 x 500pm for
brains from 17 to 22 GW and 520 x 520 x 600 pm for 30-31 GW.
We determined the highest spatial resolution for each brain
specimen with an acceptable signal-to-noise ratio of more than
130 and within a reasonable scan time of 2 h.

For the living healthy subjects, T;-weighted MPRAGE
imaging, T,-weighted turbo spin-echo imaging, and a diffusion-
weighted SE-EPI were performed. Thirty diffusion-weighted
measurements (b = 1000 s/mm?) and 5 non-diffusion-weighted
measurements (b = 0 s/mm?) were acquired on a 3T MR system
(Skyra, Siemens Medical Systems) with TR = 10s, TE = 88 ms,
5§ =12.0ms, A = 24.2 ms, field of view = 22 x 22 cm, spatial reso-
lution 2 x 2 x 2 mm, matrix size = 128 x 128, and iPAT = 2.

Diffusion Data Reconstruction for Tractography

DiffusionToolkit and TrackVis (trackvis.org) were used to recon-
struct and visualize tractography pathways. Tractography path-
ways were reconstructed using a HARDI model with a
streamline/FACT algorithm and a 45° angle threshold. No
threshold of FA was used for the fiber reconstruction. Brain
mask volumes were used to terminate tractography structures
instead of the standard FA threshold (Takahashi et al. 2010,
2011, 2012, 2014; Schmahmann et al. 2007; Wedeen et al. 2008;
Song et al. 2015), because progressive myelination and crossing
fibers in the developing brain can result in low FA values that
may potentially incorrectly terminate tractography tracing in
brain regions with low FA values.

Tract Delineation

To delineate pathways connecting with the thalami, which
may include both neuronal migration pathways to the thalami
and TC pathways, regions of interest (ROIs) were placed using
DTI and tractography atlases (Wakana et al.,, 2004; Mori and
van Zijl, 2007; Catani and Thiebaut de Schotten, 2008), in the
thalami, cerebral cortex, and internal capsule regions. The ROIs
were carefully optimized not to include other white matter
pathways as well as not to miss the TC pathways by changing
the size and location several times. We also occasionally used
additional ROIs to exclude clearly different pathways from the
pathways of interest.

For each subject, a “whole-brain” (WB) tract group was cre-
ated (used for normalizing results; see below), which was iden-
tified as the sum of all streamlines identified within the entire
intracranial brain space.

The color coding of tractography pathways in Figures 1, 2,
and 4 was based on a standard red-green-blue (RGB) code that
was applied to the vector in each brain area to show the spatial
locations of terminal regions of each pathway (red for right-
left, green for dorsal-ventral, and blue for anterior-posterior).
In Figure 3, pathways from/to the thalamus in panels A-C and
pathways related to the GE in panel D were color coded in a
single color (yellow). The other pathways in Figure 3 were color
coded as in Figures 1, 2, and 4.

Quantification

FA, ADC, tract number, length, and volume were measured on
reconstructed tractography in each subject, using TrackVis.

Raw data of each type of measurement were further nor-
malized using 2 schemes: an “18Y+” normalization and a “WB”
normalization. In the 18Y+ normalization, individual subjects’
data were compared with the average value in all subjects 18
years or older, separately in the left and right hemispheres. The
intent of this normalization was to compare an individual’s
tracts to those of a mature adult. In the WB normalization, we
combined left and right hemispheric data into a single mean
value, and each individual's quantities were divided by that of
the sum of all intracranially identified brain pathways in the
same individual (i.e., the WB tract group described above). The
intent of this normalization was to account for individual varia-
tions in brain volume and tract characteristics.

Left and right hemispheric data (L and R) for each pathway
were used to calculate laterality index (LI). LIs were calculated
as follows: LI = (L — R)/[0.5 x (L + R)]. LIs range from -2 to 2, and
positive and negative LI values correspond to left and rightward
asymmetry, respectively (Caviness et al. 1996; Thiebaut de
Schotten et al. 2011; Song et al. 2015).
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Figure 1. Representative tractography pathways identified as streamlines running from/to the thalami from 17 GW to postnatal 20 months old (Mo). The same tracto-
graphy pathways identified within a brain from/to the thalami are shown in 2 axial views and 1 sagittal view using anatomical reference images (mean diffusion-
weighted images in a gray scale). The grayscale image in Axial 1 shows the level of a middle part of the thalamus, while another grayscale image in Axial 2 shows a
more dorsal slice, close to a level of the upper edge of the thalami. The sagittal images are set around the mesial aspect of one of the hemispheres. Note that only the
right hemisphere was available for 31 GW in this study. The color coding of tractography pathways is based on a standard RGB code that is applied to the vector in
each brain area to show the spatial locations of terminal regions of each pathway (red for right-left, green for dorsal-ventral, and blue for anterior-posterior). Yellow
arrows indicate the edge of anterior ventricle regions where tractography pathways were connected. Such pathways were running tangentially along the edge of the
ventricle and projected to the thalami (e.g., white dotted lines in 17 GW). Red arrows indicate that the middle part of the identified tractography pathways penetrated
into deep white matter regions. Pink arrows indicate pathways projected into the cortical gray matter.

Statistical Analysis

Subject data were divided into 2 groups: 3 years and younger
(24 subjects) and older than 3 years (59 subjects). Statistical sig-
nificance was set to P < 6.7 x 10~ (P < 0.01/15 [Bonferroni cor-
rection for multiple comparisons with 5 measurements {tract
count, volume, length, FA, and ADC} x either 3 TC segments
{anterior, middle, and posterior} or the comparisons among the
3 segments {anterior to middle, middle to posterior, and anter-
ior to posterior}]). The laterality tests were done by comparing
LIs to zero. Statistical significance was set to P < 0.01 for the lat-
erality test.

Results
Descriptive Analyses: Ex Vivo and In Vivo Data

Pathways Identified by Thalamus ROIs

Both ex vivo and in vivo data were used for all the descriptive
analyses. Tractography pathways originating from the ROIs for
the thalami were detected in all studied brains (Fig. 1). The left-
most column (Axial 1) for each subject shows axial slices that
pass the center of the thalami, the middle column (Axial 2)

shows axial slices of the upper part of the brain, at the top part
of the brain (around the primary sensory/motor areas). The
rightmost column (Sagittal) for each subject shows an oblique
sagittal view. From 17 to 22 GW, tractography pathways in
anterior and posterior regions were connected with the edge of
the ventricle (yellow arrows in Fig. 1 for anterior regions and
example magnified images in Fig. 2A). Such pathways were
running tangentially along the edge of the ventricle and pro-
jected to the thalami (e.g., white dotted lines in 17 GW in Figs 1
and 2A).

While the anterior and posterior sections of the pathways
related to the thalami clearly originated only from the edge of
the ventricle in early gestational ages (17-22 GW), the middle
section of the pathways mostly went up into the deep regions
in the cerebral mantle (red arrows in Figs 1 and 2A). It was clear
that the middle section of the tractography pathways penetrat-
ing into the cortex was imaged starting from 30 GW (pink arrow
in Figs 1 and 2B), except for one of the 20 GW samples.

At 17 GW, many pathways connecting with the ventricle
were clearly imaged in the anterior part of the brain (Fig. 2A,
yellow arrow), some existed in the middle part of the brain
(Fig. 2A), and a much smaller number of pathways were found
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anterior posterior

17 GW

17 GW
anterior

posterior

Figure 2. (A) Magnified images of axial views of 17 and 30 GW from Figure 1.
Yellow and blue arrows indicate the edge of anterior (yellow) and posterior
(blue) ventricle regions where tractography pathways from/to the thalami were
connected. Green arrow at 30 GW indicates white matter pathways runningin a
similar course with that taken by the pathways indicated by yellow arrow at
17 GW, but do not connect to the edge of the ventricle. White dotted lines at
17 GW outline the edge of the thalami. Red arrows indicate that the middle part
of the identified tractography pathways penetrated into deep white matter
regions. (B) Sagittal views of 17 GW, 40 GW, 3years old (YO), and 20YO. Pink
arrows indicate pathways projected into the cortical gray matter. The color cod-
ing of tractography pathways is the same as used in Figure 1.

in the posterior part (Fig. 2A, blue arrow). This tendency contin-
ued through 22 GW (Fig. 1), with gradual decrease in the num-
ber of the pathways in the anterior region. It was noticed that
the pathways to the anterior region are identified as several
bundles of axons (e.g., Fig. 2B, 17 GW), although not in all speci-
mens. At 30 GW, there were no pathways observed from the
edge of the ventricle (Fig. 2A). There were pathways detected
running in the similar courses to the GE-related pathways, but
those pathways were off from the ventricle, running through
white matter regions (green arrow in Fig. 2A). The same ten-
dency was found in late gestational ages (31 GW, 40 GW, and
older).

Spatial Relationships Between Pathways Identified by Thalamus
and GE ROIs

Pathways described above between the thalami and the ven-
tricular zone took a course just below the main body of the GE,
the structure with blue/purple pathways in Figure 3A-C (in yel-
low in Fig. 3D for a visualization purpose). While the anterior

portion of the GE pathways and pathways from/to the thal-
amus were found to be running along each other (Fig. 3A), the
middle and posterior regions showed distinct trajectories of the
2 pathways: the main body of the GE showed strong coherency
in the anterior-posterior direction (Fig. 3B and C), while path-
ways related to the thalamus were running toward the surface
of the brain in the middle part (red arrows in Fig. 3B and C). The
posterior thalamic-related pathways were found at the edge of
the ventricle running tangentially to the ventricle, while the GE
pathways were found running dorso-ventrally, perpendicular
to the thalamic-related pathways (Fig. 3B). Such trends were
observed until 21 GW (Fig. 3D).

Pathways Identified by GE ROIs

By carefully moving ROIs along the GE structure, 3 distinct
pathways between the GE and the thalami were identified: 1) a
part of the anterior GE was connected to middle regions of the
thalami (Fig. 4A, yellow arrows), 2) a part of the dorsal GE was
connected to dorsal superficial regions of the thalami (Fig. 4B,
red arrows), and 3) the mid-posterior GE was connected to pos-
terior and middle parts of the thalami, anatomically corre-
sponding to the ventral complex (Bayer and Altman 2005)
(Fig. 4C, green arrows).

Quantitative Analyses: In Vivo Data From Newborn to
Adult Ages

Difference Among Anterior, Middle, and Posterior Segments

All measures were obtained and compared across the anterior,
middle, and posterior segments (Table 1). The middle segment
had significantly more tract count and volume than those of
the anterior and posterior segments, and the anterior segment
had significantly more tract count and volume than those of
the posterior segment (posterior < anterior < middle). The
length of the middle segment was longer than the length of the
anterior segment, while the length of the posterior segment
was longer than the length of the anterior or middle segment
(anterior < middle < posterior). FA and ADC values did not
show any difference in studied comparisons except for FA
values between the anterior and posterior segments (anter-
ior < posterior). Scatter plots for all measures can be found in
Supplementary Figures S1 (for left and right sides separately)
and S2 (left and right sides averaged).

Normalized Data Using Mean Adult Values (18+ Normalization)
Next, we compared measured properties of each segment of
the pathways between the group of 3 years and younger, and
the older than 3 years group (Table 2). Normalized data using
mean adult values (18+ normalization) showed standard devel-
opmental patterns: increased tract count, volume, and length.
FA and ADC values did not show significant differences,
although the comparisons in FA and ADC values in anterior
and posterior segments were significant if using a lenient
threshold of P values (P = 0.01) without a correction for multiple
comparisons. Scatter plots for all measures can be found in
Supplementary Figure S3.

WB Normalization

Next, we calculated normalized values using each subject’s WB
pathways and compared WB-normalized measured properties
of each segment of the pathways between the group of 3 years
and younger, and the group older than 3 years (Table 3).
Anterior TC pathways in the group of 3 years and younger had
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Figure 3. A) Oblique sagittal and (B) oblique axial views, and (C) an oblique view from the bottom of the brain of a 17 GW brain, and (D) oblique axial views of brains at
17 GW, 18 GW, 20 GW, and 21 GW. In (A-C), the pathways from/to the thalamus are shown in yellow and pathways linked to the GE are color coded based on the
standard RGB code that is used in Figure 1. Red arrows indicate pathways from/to the thalamus running perpendicularly to the GE pathways, toward the surface of
the brain. In (D), the GE-linked pathways are shown in yellow and pathways from/to the thalami are color coded based on the standard RGB code used in Figure 1.

more WB-normalized tract number and volume than older
than 3 years, respectively. Middle and posterior segments of
the TC pathways did not show difference in tract number nor
in volume before and after 3 years old. WB-normalized length
was longer in older groups in the posterior segment, while the
anterior and middle segments showed no significant difference.
WB-normalized FA values increased after 3 years old in all seg-
ments. ADC values did not show significant differences; how-
ever, they were significant with a more lenient threshold
without a correction for multiple comparisons (0.01 or 0.05).
Scatter plots for all measures can be found in Supplementary
Figure S4.

Laterality

There was no overall significant laterality in any of the 3 seg-
ments in any studied measurements (P > 0.05). We confirmed
with other different age groupings (at or before 1.5, 5, or 10
years old vs. after 1.5, 5, or 10 years old) that none of the group-
ings showed significant laterality (P > 0.05).

Discussion

Pathways from/to the thalami of human postmortem fetuses
and in vivo subjects ranging from newborns to adults with no
neurological histories were studied using HARDI tractography.
Pathways likely linked to neuronal migration from the ven-
tricular zone and the GE to the thalami were both successfully
detected in a 3D manner. Between the ventricular zone and
thalami, more tractography pathways were found in the anter-
ior regions compared with posterior regions, which was in well
agreement with postnatal observations that the anterior TC
segment had more tract count and volume than the posterior
TC segment. No hemispheric asymmetry of the TC pathways
was quantitatively observed during development. Regarding
the GE pathways, 3 differential pathways likely linked to neur-
onal migration from the GE to the thalami were detected
between the anterior GE to the middle part of the thalami,
between the dorsal GE to the dorsal thalami, and between the
mid-posterior GE to the mid-posterior thalami. These results
suggest that HARDI tractography is useful to identify multiple
differential neuronal migration pathways in human brains.
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anterior posterior

anterior posterior anterior posterior

Figure 4. Three distinct pathways between the GE and the thalami detected by diffusion tractography. (A) Pathways running through the yellow sphere placed in an
anterior GE region. Sequential oblique coronal views from the left, at the level of the thalamus to more anterior brain regions are shown. The anterior GE region connected
to middle regions of the thalami (yellow arrows). Some pathways look like running outside of the brain, but this is due to the oblique angle of the coronal images and 3D
fiber trajectories. (B) Pathways running through the yellow sphere placed in a dorsal GE region. Sagittal (left), coronal (middle), and axial (right) views are shown. The dor-
sal GE region was connected to dorsal superficial regions of the thalami (red arrows). (C) Pathways running through the yellow sphere placed in a mid-posterior GE region.
(C-1-C-3) Oblique coronal views from the left, (C-4) an oblique coronal view from the bottom, and (C-5, C-6) axial views. (C-1, C-5) All pathways detected using the yellow
sphere (all pathways running through and from/to the sphere). (C-2-C-4, C-6) Pathways only from/to the yellow sphere for a visualization purpose. The mid-posterior GE
region was connected to posterior and middle parts of the thalami, anatomically corresponding to the ventral complex (green arrows). A small insert in the upper left cor-
ner of each panel shows the level of the image slice as a red line. The color coding of tractography pathways is the same as used in Figure 1.

Table 1 Mean and standard deviation (raw data: all ages, under 3 YO, and over 3 YO) of each segment, and 3 segments comparison (all ages)

Tract count Volume (mL) Length (mm) FA ADC (mm?/s for mean =+ SD)

Anterior: mean + SD  All ages 2752 +769 12584 +338.7 274+44 0.45+0.06 7.61+0.79
Under 3 YO 1925+525 831.9+1980 22.7+3.7 0.40+0.08 7.94 +0.14
Over 3 YO 305.6 £72.0 1416.1+305.0 29.0+4.2 0.47 +0.04 7.49 +0.60

Middle: mean + SD  All ages 674.0 +234.8 26755 +848.0 484 +5.7 0.48 +0.05 7.53+0.88
Under 3 YO 385.4+953 1466.7 +3315 413 +44 0.47 +£0.10 7.90 +0.16
Over 3 YO 780.7 £193.3 3121.5+572.1 51.0+4.3 049+0.03 7.41+0.70

Posterior: mean + SD  All ages 151.9£533 9323+2881 56.6+81 0.52 + 0.06 8.00+0.92
Under 3 YO 89.8 +39.7 5445+ 189.1 47.5+8.2 0.46 +0.08 8.37 +0.17
Over 3 YO 174.0 +45.6  1074.9 + 214.8 60.0 +6.3 0.54+0.04 7.86+0.72

Anterior to middle P values (anterior vs. middle) 1.44x 1072 1.79x 1072 6.64x10™* 501x102% 671x107"
Bigger mean value Middle Middle Middle

Middle to posterior P values (middle vs. posterior) 4.64 x 1072* 1.11x107%° 1.94x10® 271x1073 254x107?
Bigger mean value Middle Middle Posterior

Anterior to posterior P values (anterior vs. posterior) 1.91x 10™** 5.70x 1077  2.20x 10°° 8.31x 107® 4.82x 1072
Bigger mean value Anterior Anterior Posterior Posterior

*Statistically significant P values are bolded.



5690 | Cerebral Cortex, 2017, Vol. 27, No. 12

Table 2 P values, mean, and standard deviation from comparisons of 3 years and younger to older than 3 years (18+ normalization, no unit)

Tract count Volume Length FA ADC

Anterior

P values (under vs. over 3 YO) 2.63 x 107° 5.34 x 1077 1.25 x 107° 481x 1073 6.67 x 107

Under 3 YO: mean + SD 0.52 +0.14 0.49 + 0.12 0.69 +0.11 0.84 +0.18 1.07 £ 0.18

Over 3 YO: mean + SD 0.83 +0.20 0.83 +£0.18 0.88 +0.13 0.97 + 0.09 1.01 +0.09
Middle

P values (under vs. over 3 YO) 3.93x 107° 112 x 107" 1.05 x 1077 7.92 x 107* 1.27 x 1072

Under 3 YO: mean + SD 043 +0.11 0.41 + 0.09 0.78 + 0.08 0.96 + 0.20 1.07 +0.21

Over 3 YO: mean + SD 0.87 +£0.22 0.88 + 0.16 0.97 +0.08 1.00 + 0.06 1.01+0.10
Posterior

P values (under vs. over 3 YO) 9.71x 107° 5.12 x 10712 1.14 x 1078 2.53 x 1073 7.17 x 1073

Under 3 YO: mean + SD 0.46 + 0.20 0.46 +0.16 0.76 £ 0.13 0.83 +£0.14 1.08 +0.21

Over 3 YO: mean + SD 0.90 + 0.23 0.91 +0.18 0.96 + 0.10 0.96 + 0.08 1.02 + 0.09

*Statistically significant P values are bolded.

Table 3 P values, mean, and standard deviation from comparisons of 3 years and younger to older than 3 years (WB normalization, no unit)

Tract count Volume Length FA ADC

Anterior

P values (under vs. over 3 YO) 7.23x10°° 1.93x 107 9.40 x 107* 2.91x 10713 3.11x 1072

Under 3 YO: mean + SD 0.0016 + 0.0006 0.0073 + 0.0022 1.67 +0.22 112 +0.14 0.94 +0.07

Over 3 YO: mean + SD 0.0011 + 0.0003 0.0058 + 0.0013 1.89 +0.24 1.37 £ 0.09 0.87 + 0.05
Middle

P values (under vs. over 3 YO) 2.94 x 1072 4.96 x 107" 3.41x 1072 6.73 x 107° 5.91x 1072

Under 3 YO: mean + SD 0.0031 + 0.0011 0.0126 + 0.00312 3.04 +0.32 1.31£0.15 0.92 + 0.046

Over 3 YO: mean + SD 0.0027 + 0.0003 0.0127 + 0.0015 3.34 + 0.40 1.31+0.19 0.98 + 0.054
Posterior

P values (under vs. over 3 YO) 1.00 x 107* 3.26 x 107! 2.29 x 10~* 1.99 x 107*° 2.75x 1073

Under 3 YO: mean + SD 0.0007 + 0.0003 0.0046 + 0.0015 3.45 + 0.40 1.31+0.19 0.98 + 0.05

Over 3 YO: mean + SD 0.0006 + 0.0002 0.0044 + 0.0008 3.92 + 0.44 1.57 +0.11 0.91 + 0.05

*Statistically significant P values are bolded.

Results also showed that regional differences in brain develop-
ment in fetal ages persisted in postnatal development.

Multiple Neuronal Migration Pathways to the Thalamus

Through tractography, clearly distinct multiple pathways likely
corresponding to neuronal migration pathways to the thalamus
were detected in this study. One of such pathways from the
anterior and posterior ventricular edges in ventral brain regions
took a course just below the body of the GE: the main body of
the GE showed strong coherency in the anterior-posterior dir-
ection as shown in our past tractography studies (Takahashi
et al. 2012; Kolasinski et al. 2013; Miyazaki et al. 2016), while the
pathways related to the thalamus were running oblique to the
main GE pathways, reflecting the location of their destination,
thalami. These results are well in agreement with past studies
that showed the ventral telencephalon to be the place of origin
of the cells that will eventually migrate to the thalamus (Rakic¢
and Sidman 1969; Letini¢ and Kostovi¢ 1997; Corbin et al. 2001).
We also successfully detected 3 pathways between the GE and
the thalamus.

Vasung and colleagues reported that there were periven-
tricular fiber (PVF) pathways taking a similar course as that of
the GE. We admit that the pathways linked to the GE in this
study might also include PVFs. However, the reported PVFs are
significantly much thinner than the GE in this study, located

along the edge of the GE, while we observed much thicker,
strongly coherent pathways running through the GE.

Middle Segment of the TC Pathways—Migration
Pathways? More Like Axons

While the anterior and posterior parts of the pathways related
to the thalami clearly originated from the ventricular edge of
the GE, the middle part of the pathways mostly went up into
the deep regions in the cerebral mantle. During development,
the TC axons go through a number of steps in order to reach
their final positioning and are led through this path by neuro-
glial pathways (Raki¢ 1975, 1988). As their formation begins
during early embryonic life, axonal pathways from the thal-
amus and cerebral cortex continue to grow separately to the
GE, where they converge in hamsters (Métin and Godement
1996). Yet Molnar and colleagues (1998) provide evidence sup-
porting the handshake hypothesis in rats, with thalamus and
cortical fibers meeting within the internal capsule, before the
TC pathways grow towards the cortex. Given the deep cerebral
mantle regions where the middle part of the pathways related
to the thalami terminate, pointing towards the cerebral cortex,
it is likely that those pathways are not related to neuronal
migration but rather emerging axonal pathways. Kostovic and
Vasung (2009) summarized that TC afferent pathways are
observed between 17 and 25GW, which is well in agreement
with our current results in the middle segment where
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pathways likely related to axonal pathways were observed
from 17GW. In the other 2 segments, such pathways were
detected only after 30 GW in this study, due to a sampling gap
between 22 and 30 GW. Moreover, it is still unclear around
when and how in the human brain neuronal migration to the
middle part of the thalamus is completed. It is necessary to dir-
ectly study earlier developmental stages in humans (e.g., from
11 GW in Wang et al. 2015) to conclude whether neurons in the
middle part of the thalamus undergo secondary migration from
either an anterior or a posterior thalamic region or directly
migrate from the ventricular zone. Further investigations about
regional variabilities of the period of neuronal migration will be
necessary to understand regional variations of axonal emer-
gence in fetal ages.

Neuronal Migration, Axonal Growth, and Pruning

In in vivo data, anterior TC pathways in the group of 3 years
and younger had more WB-normalized tract number and vol-
ume than older than 3 years. Middle and posterior segments of
the TC pathways did not show difference in WB-normalized
tract number nor in volume before and after 3 years old. These
results can be a parallel observation with our current ex vivo
fetal results suggesting that a larger volume of anterior tracto-
graphy pathways are likely linked to neuronal migration path-
ways to the thalamus. Our previous research also found that
thinning of the radial migration pathway occurs from the pos-
terior regions of the brain to anterior regions (Takahashi et al.,
2012). One could speculate that extensive and/or protracted
neuronal migration in the anterior part of the thalamus results
in more neuronal and axonal fibers in the anterior TC pathways
in early developmental ages.

Another possibility for the high number and volume of the
anterior TC pathways is later pruning of neurons or axons in
the anterior TC pathways compared with the middle and pos-
terior TC pathways. TC axonal growth and pruning in rats over
the first 3 weeks of postnatal life showed a balance between
the 2, with axonal growth being favored during the first stages
of development after birth (Portera-Cailliau et al. 2005): TC
axons displayed a rapid rate of growth during these weeks
compared with other cortical axons. Adult rats in another study
(Oberlaender et al. 2012) showed a 25% decrease in overall TC
arborization when exposed to a unique sensory experience,
which in this study was the trimming of their whiskers, sug-
gesting that sensory experiences can induce TC pruning. Many
MRI studies have found a decrease in total thalamus volume as
age increases (Xu et al. 2000; Van Der Werf et al. 2001; Sullivan
et al. 2004). There has been evidence that the maturation of the
human brain is continuous until adulthood (Giorgio et al. 2010;
Peters et al. 2012; Chavarria et al. 2014; Li et al. 2014), and syn-
aptic pruning has been suggested to occur until adolescence
(Huttenlocher 1979; Giedd et al. 1999; Craik and Bialystok 2006).
One study specifically found that dendritic spine density in
childhood is between double to triple that of adults, and while
it begins to decrease throughout adolescence, it is only com-
pleted after 30 years of age (Petanjek et al. 2011). Although the
evidence for synaptic pruning in the literature is mostly from
the decrease in gray matter volume, this may reflect the
decrease in the tract count or volume of our tractography path-
ways because those include gray matter pathways with low FA
values in our study as described in the “Materials and
Methods” section.

In addition, interestingly, given that the pathways likely
linked to thalamic neuronal migration and thalamocortical

pathways were found to take the same course between the
thalamus and either the ventricle or toward the cortex through
the brain region (very close to the specific ventricle regions for
the neuronal migration pathways), one could also speculate
that axonal elongation from the thalamus occurs along neur-
onal migration pathways. The findings that the topography of
the tractography pathways likely linked to neuronal migration
pathways were in accordance with the known topography of
the TC pathways also support this notion: there were tractogra-
phy pathways between the anterior GE and medial thalamic
regions while it is known that the TC pathways run between
the anterior cerebral cortex and the medial thalamic nucleus
(mediodorsal nucleus). There were also tractography pathways
between middle-posterior GE to middle-posterior thalamus,
while it is known that the TC pathways run between the
middle-posterior cerebral cortices and middle-posterior thal-
amic nuclei (e.g, the ventral lateral nucleus, ventral posterolat-
eral nucleus, and the pulvinar).

Regional Differences of Maturational Patterns

The tract count and volume in in vivo data showed differential
regional variations: the middle segment had more tract count
and volume than those of the anterior and the anterior seg-
ment had more tract count and volume than those of the pos-
terior segment (posterior < anterior < middle). The results of
the anterior and posterior segments are well in agreement with
observations from postmortem fetal specimens in which
between the ventricular zone and thalami, more tractography
pathways were found in the anterior regions compared with
posterior regions. Regarding the middle segment, since the
middle part of the brain includes primary sensory and motor
areas, having the most volumetric brain regions at least in the
medio-lateral direction, it is not surprising that the middle TC
segment is thicker in the medio-lateral direction along the pri-
mary sensory/motor areas than the other 2 TC segments. Even
when the majority of the detected anterior and posterior tracto-
graphy pathways seemed to be related to neuronal migratory
pathways, the middle part of the detected tractography path-
ways seemed to be already related to emerging axonal path-
ways, one could speculate that the middle part of neuronal
migration to the thalamus terminates earlier than the other
parts, and the middle part of TC pathways becomes mature
sooner than the other parts with continuously progressing
myelination, which may contribute to the large volume of the
middle segment. However, the potential early termination of
neuronal migration to the middle part of the thalamus might
result in fewer thalamic neurons in that part, which could con-
flict with more tract count and larger volume in the middle TC
pathways observed in this study. Future studies will be neces-
sary to describe detailed regional differences of neuronal
migration and emergence of TC pathways.

It was previously found that FA increases with gestational
age in the projections from the thalami, which suggest signifi-
cant microscopic structural changes in these areas during
development. Even in brain regions where myelin is not yet
present, the FA increases, suggesting oligodendrocyte
ensheathment (Aeby et al. 2009). Our data support this, and as
the TC fibers become myelinated and mature throughout late
prenatal and postnatal development, they tend to maintain the
same path, but elongate and prune as necessary. This study
focuses more on prenatal development as we found this time
period was when the most significant developmental changes
occur on a macroscopic level. Previously, studies have indicated
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the importance of afferent fibers, particularly TC ones, in regu-
lating the area-specific differentiation of the developing brain
(O’Leary et al. 1994). Should these fibers develop incorrectly, it
can lead to serious problems in cortical morphogenesis and
other aspects of development may be interrupted. Previous
research has found that in preterm infants higher-order cor-
tical areas had reduced corticothalamic connections, especially
in frontoparietal, prefrontal, and anterior cingulate cortex
regions. These regions are crucial in task-based functioning in
adults, and this could explain the higher rates of attention defi-
cits, anxiety, and autism spectrum disorders that occur in those
born prematurely (Toulmin et al. 2015).

The results of length comparisons that the middle segment
is in average longer than the length of the anterior segment is
expected from the results of tract count and volume. However,
the posterior segment had the least tract count and volume,
but the longest length with high FA values. These results
together suggest that the posterior TC pathways are the most
tightly packed, while the density of the pathways between the
anterior and middle segments is proportional (anterior < mid-
dle). Given that some previous studies reported a higher neural
density in the posterior than in the anterior brain region in pri-
mates (Cahalane et al. 2012; Charvet et al. 2015) in adults, it
may be possible that a higher neuronal density in the posterior
cerebral cortex contributes a higher density of posterior TC
axons and tractography pathways, and the anterior-posterior
gradient in the TC development.

Limitations of This Study and Future Directions

While DTI has come in useful in the past to study the GE, thal-
amus, and the development of other subcortical structures
(Huang et al. 2009), HARDI is superior in analyzing crossing
fibers, especially in unmyelinated brains. In this study, as other
diffusion MRI studies, we assumed that pathways likely linked
to neuronal migration and TC pathways were detected, based
on the knowledge from the literature. Using diffusion MRI, we
usually measure water diffusivity without directly measuring
axonal pathways or neuronal migration pathways (Mori and
van Zijl 2002; Frank 2002; Tournier et al. 2004; Takahashi et al.
2012). However, we admit that this limitation is part of the
nature of current diffusion MRI studies and that histology is
superior to MRI in terms of spatial resolution and directness.
Although histology has a different type of limitation, which
precludes the study of global fiber connections, future confirm-
ation of our current results with histology will help under-
standing how well diffusion MRI tractography can reveal
neuronal migration and emerging TC pathways. While we have
found an interesting spatial topography between the thalamic
regions and the GE that is well compatible with known topog-
raphy of TC pathways, it would be beneficial to identify each
thalamic nucleus in the human fetus and see more detailed
spatial relationships of the pathways from each nucleus.
Currently, it is difficult to 3-dimensionally evaluate the TC
development in early fetal ages in vivo. Therefore, postmortem
analyses on MR data would be an important first step toward
this purpose in the age range studied in the current research as
well as in even earlier ages (Kostovic and Vasung 2009; Wang
et al. 2015).

Through MR imaging, it has been shown that preterm babies
are affected by having less developed TC pathways, which is
correlated with cognitive performance in early childhood (Ball
et al. 2015). Disturbances to the development of the TC system
can cause detrimental defects later in life, possibly leading to

schizophrenia (Marenco et al. 2012; Klingner et al. 2014), autism
(Nair et al. 2013), and bipolar disorder (Anticevic et al. 2014). TC
projections are also involved in reading, as dyslexic individuals
have been known to show hyperactivation of the TC system
(Bruni et al. 2009). Future studies will challenge to characterize
abnormal developmental time courses, potential aberrant tra-
jectories, and other pathologies of the TC pathways (Wilkinson
et al. 2016).

The TC pathways are known to play important roles in healthy
sleep patterns: clear cyclical variations of electroencephalog-
raphy activity corresponding to early sleep-wake cycles have
been found in preterm infants as young as 27 GW, which have
been hypothesized to represent switches between TC and corti-
cocortical sleep pattern generators (Kuhle et al. 2001). Disturbed
sleep pattern and schedule are observed in infants through
adults with wide range of developmental and cognitive disor-
ders (Cohrs 2008; Accardo and Malow 2014; Robillard et al.
2015). We believe that this study will be a useful reference for
the normal TC development in future clinical imaging studies.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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