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Abstract

Major long-range white matter pathways (cingulum, fornix, uncinate fasciculus [UF], inferior
fronto-occipital fasciculus [IFOF], inferior longitudinal fasciculus [ILF], thalamocortical [TC],
and corpus callosal [CC] pathways) were identified in eighty-three healthy humans ranging from
newborn to adult ages. We tracked developmental changes using high-angular resolution diffusion
MR tractography. Fractional anisotropy (FA), apparent diffusion coefficient, number, length, and
volume were measured in pathways in each subject. Newborns had fewer, and more sparse,
pathways than those of the older subjects. FA, number, length, and volume of pathways gradually
increased with age and reached a plateau between 3 and 5 years of age. Data were further analyzed
by normalizing with mean adult values as well as with each subject’s whole brain values.
Comparing subjects of 3 years old and under to those over 3 years old, the studied pathways
showed differential growth patterns. The CC, bilateral cingulum, bilateral TC, and the left IFOF
pathways showed significant growth both in volume and length, while the bilateral fornix, bilateral
ILF and bilateral UF showed significant growth only in volume. The TC and CC took similar
growth patterns with the whole brain. FA values of the cingulum and IFOF, and the length of ILF
showed leftward asymmetry. The fornix, ILF and UF occupied decreased space compared to the
whole brain during development with higher FA values, likely corresponding to extensive
maturation of the pathways compared to the mean whole brain maturation. We believe that the
outcome of this study will provide an important database for future reference.
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1. Introduction

Long-range white matter tracts play different functions by linking various brain regions, and
this emergence of normal hemispheric asymmetry of the brain is important to many
cognitive functions (Mesulam, 1990; Gazzaniga, 1995; Gotts et al., 2013). It is known that
such white matter tracts take different courses of maturation during normal brain
development. For example, studies have shown that the last pathways to become myelinated
are the frontal and temporal association regions (Kinney et al., 1988). There has been
growing awareness of the fact that abnormal white matter development is linked to altered
brain connectivity in various neural developmental disorders such as autism, Asperger
syndrome, attention deficit hyperactivity disorder (ADHD), idiopathic developmental
delays, multiple sclerosis, schizophrenia, sensory processing disorders, and Tourette
syndrome (e.g., Nowell et al., 1988; Rapoport et al., 2001; Widjaja et al., 2008; Neuner et
al., 2010; Clark et al., 2012; Owen et al., 2013; Roine et al., 2013; Abdel Razek et al., 2014).
It is therefore essential to develop a clear picture of the normal patterns and timing of
development of brain pathways to accurately assess and diagnose brain disorders during
development.

Abnormal hemispheric asymmetry is also found in many neural developmental disorders
such as autism (Chiron et al., 1995) and mental disorders such as depression (Bruder et al.,
2012) and schizophrenia (Andreasen et al., 1982). Typical asymmetries in the human brain
have been noted through differences in the morphometry of brain surface starting from fetal
stages (Hochestetter, 1929; Fontes, 1944; Chi et al., 1977; Heilbroner and Holloway, 1988;
Gilmore et al., 2007; Hill et al., 2010; Kasprian et al., 2011) and asymmetric differences in
white matter tract pathways in children and adults (Lebel and Beaulieu, 2009). For example,
in children (>5 years old) and adults, the right inferior fronto-occipital fasciculus (IFOF) and
the left inferior longitudinal fasciculus (ILF) (Thiebaut de Schotten et al., 2011) revealed
early lateralized development, suggesting that asymmetry probably emerges in association
pathways earlier than 5 years of age. In fact, significant neuroanatomical changes in the
cerebral white matter occur even earlier (Provenzale et al., 2007). For example, leftward
asymmetry beginning as early as 15 gestational weeks in the ILF was observed in our
previous study (Song et al., 2015). However, there is a lack of consensus about detailed
spatio-temporal courses of development of connectivity and emerging asymmetry of white
matter pathways in the human brain from development to adult ages (Mukherjee et al., 2002;
Neil et al., 2002; Huang et al., 2006; Hasan et al., 2009; Gao et al., 2009; Peng et al., 2009;
Geng et al., 2012; Peters et al., 2012; Cancelliere et al., 2013).

High-angular resolution diffusion MR imaging (HARDI) tractography enables identification
of complex crossing tissue coherence in the brain (Tuch et al., 2003), even in immature fetal
brains (Takahashi et al., 2011, 2012), which are typically more challenging to segment due
to a surplus of unmyelinated fibers. HARDI tractography allows for the reconstruction of
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water diffusivity in many different directions in each imaging voxel. This technique,
theoretically, provides an advantage over diffusion tensor imaging (DTI) (Frank, 2002;
Tournier et al., 2004), because there are many places throughout the brain where white
matter tracks cross and going many different directions (Tournier et al., 2007). Although
there have been several techniques to assess white matter development without doing
diffusion MR tractography (e.g., O’Muircheartaigh et al., 2014; Ball et al., 2013),
advantages of diffusion tractography includes the detection of three-dimensional courses of
fiber bundles. Many research studies have investigated white matter pathways in adults using
diffusion tractography (Chao et al., 2009; Jin et al., 2011; Cercignani et al., 2012; Trojsi et
al., 2013; Racine et al., 2014; Thong et al., 2014; Varentsova et al., 2014). However, there
have been much fewer studies on the development of pathways from birth to adult ages. A
few studies (e.g., Cancelliere et al., 2013; Uda et al., 2015) investigated white matter
pathways from infant to adult ages by studying growth curves of pathways, but neglected to
study laterality.

The objective of this research study is to investigate significant developmental changes,
including emergence of asymmetry, that occur in various major pathways in the brain using
HARDI tractography. The white matter tracts identified include projection (thalamocortical
[TC]), limbic (cingulum bundle and fornix) and association (uncinate fasciculus [UF], IFOF,
IFL, and corpus callosal [CC]) pathways.

Research has shown that the human brain develops significantly during the first few years of
life (Thompson, 2001 Lippé et al., 2009; Gredeback and Kochukhova, 2010; Berchicci et al.,
2011), even going as far as saying that the brain of a 3 year old goes through enough
developmental changes that it closely resembles that of an adult brain (Howes, 1983;
Schimdt and Beauchamp, 1988; Eckerman and Didow, 1989; Berthier et al., 2000; Whiten et
al., 2006; Keen and Shutts, 2007; Keitel et al., 2013; Smith et al., 2015). Piaget’s stages of
cognitive development states that, at the age of 3, the child starts to integrate the use of
symbols as his or her language skills, memory skills and imaginative thinking increases in
complexity (Berthier et al., 2000; Hood et al., 2000; Keen and Shutts, 2007). This is further
supported by the major developmental milestones for a 3 year old checklist provided by the
Centers for Disease Control and Prevention, which indicates that increased language skills,
communication skills and cognitive abilities are usually seen in children 3 years of age
(American Academy of Pediatrics, 2009; Carlson 2005; Schimdt and Beauchamp, 1988;
Smith et al., 2015; Williamson et al., 2011; Williamson and Meltzoff, 2011). By the age of 3,
most major white matter tracts are well defined while the brain, itself, has gone through
rapid myelination and its water content decreased quite significantly (Dobbing and Sands,
1973; Holland et al., 1986; Penn et al., 1980). Lipid content, protein content and cholesterol
levels also increase rapidly during the first 3 years (Brant-Zawadzki and Enzmann, 1981;
Dobbing and Sands, 1973; Holland et al., 1986). Thus, it is possible to form two groups of
subjects, one group filled with those 3 years and younger while the other group is filled with
anyone older than 3 years as the 3 years and younger group can be considered “before the
first significant brain development” and the plus 3 years old group to be “after the first
significant brain development.” Therefore, in the current study, we focused on the difference
between the two groups: 3 years old and under, and over 3 years old. We believe that t-tests
comparing these age groups accounted for the age factor.
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2. Materials and methods

2.1. Subjects and MR imaging acquisition

The Institutional Review Board at Boston Children’s Hospital deemed this an exempt project
because the research is retrospective and involved existing data with no risk to patient
confidentiality. Initially, we selected 90 subjects with our inclusion criteria. These patients
had no neurological/psychiatric history and no MRI-based abnormalities. Newborns and
infants were scanned during sleep, some with, and some without, sedation. Since this is a
retrospective study, detailed information whether or not the subjects were sedated was not
available. Regarding subjects” motion, no mation-correction preprocessing was performed,
but we obtained the information on the degree of motion, and excluded subjects that moved
more than at least 2 mm in one of the three directions (x, y, z). We did not apply motion
correction because it sometimes causes erroneous tractography pathways. Seven subjects
were excluded based on motion artifacts (four newborns/infants under 1 year old, one 3
years old, one 6 years old, and one 9 years old subjects). The age distribution was as
follows: 6 months and under, 10; 6-12 months, 9; 1-3 years, 5; 4-5 years, 7; 6-10 years, 20;
11-15 years, 16; 16-20 years, 13; 21 years and over, 3. For the eighty-three apparently
healthy subjects ranging from newborn to 28 years old, we performed T1-weighted
MPRAGE imaging, T2-weighted turbo spin-echo imaging, and an isotropic diffusion-
weighted spin-echo echo-planar imaging. Thirty diffusion-weighted measurements (6=
1000 s/mm?) and five non-diffusion-weighted measurements (6= 0 s/mm?) were acquired
on a 3T MR system (Skyra, Siemens Medical Systems, Erlangen. Germany) with TR =10 s;
TE =88 msec; §=12.0 ms; A= 24.2 m s; field of view = 22 x 22 cm; matrix size = 128 x
128, iPAT = 2. Spatial resolution was 2 mm isotropic. These parameters have been used in
our work previously for in vivo HARDI tractography on newborn clinical data (Xu et al.,
2014).

2.2. Diffusion data reconstruction for tractography

Freely available software packages, DiffusionToolkit and TrackVis (trackvis.org) were used
to reconstruct and visualize tractography pathways. Tractography pathways were
reconstructed using a HARDI Q-ball model with a streamline/FACT algorithm and a 45°
angle threshold. We have experienced that using 30° or 35° in the dataset used in this study
produces many fragmented tractography pathways. This is possibly because the number of
diffusion directions (30) used. However, even with 60 diffusion-weighted directions, our
former studies often used 45° (e.g., Takahashi et al., 2013), and even a wider angle (60°)
(Edlow et al., 2012), because those angles produced best known neurologic pathways in the
brain.

No threshold of fractional anisotropy (FA) was used for the fiber reconstruction. Brain mask
volumes automatically created by DiffusionToolkit were used to terminate tractography
structures within the brain surface, instead of the standard fractional anisotropy (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.
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2.3. Tract delineation

Projection (TC), limbic (cingulum bundle and fornix), and association (UF, IFOF, IFL, and
CC) pathways were identified in each subject as described below, and the track number,
volume, length, fractional anisotropy (FA), and apparent diffusion coefficient (ADC) were
measured in each pathway. Anatomic and tractography atlases (Catani and Thiebaut de
Schotten, 2008; Thiebaut de Schotten et al., 2011; Mori and Tournier, 2013) were used to
guide regions of interest (ROIs) placements on non-diffusion-weighted (b0) images and
color FA maps in order to delineate the pathways of interest (Fig. 1A). A trained research
assistant identified all tracts studied through manual ROI placement. A neuroscientist and
two radiologists assessed the results confirming the ROI placements and resulting courses of
fiber pathways. For the cingulum and fornix pathways, several hand-drawn ROIs were
placed along the white matter regions for each pathway shown in the atlases. For the TC
pathways, ROIs were placed in the thalami, cerebral cortex, and internal capsule regions. For
the CC pathways, an ROI was drawn in the corpus callosum in a median sagittal plane. For
the ILF, IFOF, and UF pathways, two ROIs were used for each pathway in their destinations:
anterior temporal and occipital regions for the ILF, inferior frontal and occipital regions for
the IFOF, and inferior frontal and anterior temporal regions for the UF. The size of all the
ROIs were carefully optimized to not include other white matter pathways, as well as not to
miss the arcuate 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” track group was created, (used for normalizing results; see
below) which was identified as the sum of all streamlines identified within the entire intra-
cranial brain space. The arcuate fasciculus was not included in this study because we are
studying it in another ongoing research study.

2.4. Quantification

FA, apparent diffusion coefficient (ADC), track number, length, and volume were measured
on reconstructed tractography pathways corresponding to the cingulum, fornix, UF, IFOF,
ILF, and CC pathways in each subject. Quantification of each parameter (raw data and mean/
standard deviation) can be done automatically by TrackVis (trackvis.org). Volume was
calculated as a sum of voxels that touched tractography pathways. Fiber tracking was
initiated from the center of each voxel, and no interpolation was made, i.e., one vector does
not change the direction within a voxel, although there were multiple vectors using HARDI.
The direction of a vector changes only at the border of the next voxel, following one of the
vectors with the least angle difference.

Raw data of each type of measurement were further normalized using two schemes: an “18Y
+” normalization and a “whole-brain” (WB) normalization. In the 18Y+ normalization,
individual subjects’ data was compared to the average value in all subjects 18 years or older,
separately in the left and right hemispheres except for the CC pathway. For the 18+
normalization, values of each tract from each subject were divided by the averaged value of
the tract from the subjects aged 18 years old and over. The intent of this normalization was
to compare an individual’s tracks to those of a mature adult. Since t-tests from raw and 18+
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normalized data mathematically produce the same results, we did not report t-test results for
the 18+ normalized data, but described them only qualitatively. This normalization process
could indicate the speed and degree of development of specific pathways compared to mean
adult values. In the WB normalization, we combined left and right hemispheric data into a
single mean value for each pathway except for the CC pathway. The single mean value of
the left and right data of each tract from each subject was divided by the averaged value of
the whole brain tracts of the same subject. (i.e., the WB trackgroup described above). The
purpose of our WB normalization was to see developmental changes of measured indices
compared to the averaged whole brain development. This normalization could be
informative of the speed and degree of development of specific pathways compared to the
rest of the brain. In addition, the use of a mean whole brain value to normalize indices of a
specific pathway is beneficial in accounting for tractography-specific inter-individual
variations.

Left and right hemispheric data (L and R) for each pathway was used to calculate laterality
index (LI). LIs were calculated as follows: L1 = (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).

2.5. Statistical analysis

3. Results

Subject data were divided into two groups: 3 years old and under (24 subjects) and over 3
years old (59 subjects). T-tests were performed on average values of tested parameters.
Statistical significance was set to p=1.28 x 107 (p < 0.01/78; (Bonferroni correction for
multiple comparisons with (13 pathways in both hemispheres for raw data + 7 pathways for
the whole brain normalization + 6 pathways for laterality test) x 3 types of ~tests). The
laterality tests were done by comparing LIs to zero.

3.1. Raw data, and normalized data using adult values

Seven types of pathways were identified across age (Fig. 1B; Supplementary Figs. S1-S7).
The mean and standard deviation of the track count, volume, length, FA, and ADC for all
tracts studied are shown in Table 1. Examples of scatter plots of raw data and normalized
data from the cingulum pathways using adult values are shown in Figs. 2 and 3, and all plots
are found in Supplementary Figs. S8-S21 (S8-S14: original plots, S15-S21: age in a log-
scale). All values except for ADC showed a gradual increase and seemed to reach a plateau
around 3-5 years old, depending on the measurement.

Raw data (Table 2) demonstrated that the CC, bilateral cingulum, bilateral TC pathways, and
the bilateral IFOF showed significant growth in all track count, volume, and length, while
the bilateral fornix, bilateral ILF and bilateral UF showed significant growth only in track
count and volume, and not in length. FA and ADC values showed almost no significant
changes across age but, with a more lenient, standard threshold without multiple
comparisons correction (e.g., p=0.05 or 0.001), there were many pathways that showed
significant differences in FA and ADC across age.
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3.2. Whole brain normalization

We next examined normalized data by whole brain values. Examples of scatter plots from
the cingulum pathways are shown in Fig. 4, and all plots are found in Supplementary Figs.
S8-S21. In general, normalized volume, voxel count, and track count showed a gradual
decrease, and normalized FA showed a gradual increase, and reached a plateau around 3-5
years old. Length and ADC showed a less obvious pattern without a clear age range when it
reached a plateau.

We then compared normalized values of each pathway from 3 years old and under to those
over 3 years old (Table 3). The CC and TC pathways did not show any significant
differences between the two groups except for the length of the CC. Fornix, ILF, and UF
pathways showed significant decrease in both track count and volume but not in length.
Most of them also showed increased FA values. Length was not significantly different,
except for the cingulum. In contrast to raw data, FA and ADC values normalized by whole
brain values showed significant difference across age in many pathways (Fig. 5).

3.3. Hemispheric asymmetry

Combining all ages, only cingulum FA, IFOF FA, and ILF length showed leftward
hemispheric asymmetry (Table 4). All LI plots are found in Supplementary Figs. S8-S21.
No significant change was found in laterality across age in all measurements studied (Table
5).

3.4. Inter-rater reliability

To assess inter-rater reliability, the data from 6 subjects (3 newborns and 3 adults) were re-
analyzed by a trained, new researcher, using the same ROI approach. All originally studied
pathways were re-identified, and Track Count, Volume, Length, FA, and ADC values were
extracted. For each measure (Track Count etc.), values from all identified pathways in 6
subjects were tested for correlation across the 2 individual ways of pathway identification.
Inter-rater reliabilities were: for Track Count, 95.0%, for Volume, 94.7%, for Length, 80.7%,
for FA, 79.0%, and for ADC, 80.9%.

4. Discussion

Major cerebral pathways, including projection, limbic, and association pathways, were
identified in 83 healthy subjects ranging from newborn to adult ages, using high angular
diffusion MR tractography. The growth of the pathways and laterality patterns were
investigated by using track count, volume, length, fractional anisotropy (FA), and apparent
diffusion coefficient (ADC) values of each pathway. Comparing subjects of 3 years old and
under to those over 3 years old, the studied pathways showed a differential growth pattern.
The CC, bilateral cingulum, bilateral TC pathways, and the left IFOF showed significant
growth both in volume and length, while the bilateral fornix, bilateral ILF and bilateral UF
showed significant growth only in volume, but not in length. The TC and CC pathways had
similar growth patterns with the whole brain. FA values of the cingulum and IFOF, and the
length of ILF showed leftward hemispheric asymmetry. The fornix, ILF and UF occupied
less space compared to the whole brain during development, with higher FA values likely
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corresponding to extensive maturation of the pathways compared to the mean whole brain
maturation.

4.1. Raw data

The CC, bilateral cingulum, bilateral TC pathways, and the left IFOF showed significant
growth both in volume and length, while the bilateral fornix, bilateral ILF and bilateral UF
showed significant growth only in volume and not in length. This suggests that the thickness
of the tract diameter increased in the latter pathways without changing length. Potential
causes of the increase in tract diameter could be an increase in the number of axonal fibers,
an increase in the diameter of axons, and an increase in the degree of myelination of these
tracts. Although the increase in the axonal numbers likely occurred mostly before birth, MRI
methods to differentiate biological mechanisms, such as axonal diameter and myelination
process, are limited (Barazany et al., 2009). Dell’Acqua et al. (2013) proposed that
hindrance modulated orientational anisotropy (HMOA) can be useful to identify such
differences in tissue properties, and future applications of this kind of technique will be
promising in the study of normal and clinical populations.

4.2. Whole brain (WB) normalization

The CC and TC pathways almost did not show any significant differences, suggesting those
tracts matured proportionally to the mean of whole brain pathways. The CC and TC
pathways play relatively basic roles in the brain when compared to the other tracts studied
and, therefore, it is possible that such pathways represent a general pattern of the whole
brain development. However, it is also possible that the volumes of the CC and TC pathways
are larger than the other pathways and are dominant in the brain, and the whole brain
developmental trend was affected more by such pathways than by the other pathways with
relatively small volumes.

After the WB normalization, observed significant differences were “decreases” in track
count and volume, and “increases” in length, FA, and ADC values. Significant decreases in
track number and volume were found in the cingulum, fornix, and ILF pathways. The UF
pathways also showed decreased volume, but the track count was just above the threshold
for statistical significance. The cingulum, ILF, and UF pathways showed increases in FA
values. This result suggests that the cingulum, ILF and UF (although UF track count just
showed a trend of difference) occupied disproportionally decreased space in the brain during
development, with higher FA values likely corresponding to extensive maturation of the
pathways compared to the mean whole brain maturation. Length did not show any
significant change except for the cingulum pathways, suggesting that the length of the other
pathways proportionally elongated compared to whole brain pathways.

A possible reason why most of the pathways did not show differences in FA and ADC but
started showing differences after the WB normalization is inter-subjects variability.
Comparing cross-sectional data without the WB normalization, subtle variation of the
developmental speed across subjects might have not been detected. FA and ADC values,
themselves, do not necessarily indicate the degree of maturation or the speed of maturation
of each pathway since the adult values vary across pathways. However, the whole brain
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normalization revealed that the degree of maturation indicated by FA and ADC changes,
possibly myelination processes, is greater in some pathways before and after 3 years old.

4.3. Hemispheric asymmetry

FA values of the cingulum and IFOF, and the length of ILF, showed leftward hemispheric
asymmetry. The leftward asymmetry of the ILF agrees with our previous study of under 3
years old’s (Song et al., 2015) and others of older age (Thiebaut de Schotten et al., 2011),
but the cingulum did not show asymmetry in our previous study. Thiebaut de Schotten et al.
(2011) studied white matter development between 18 and 22 years old and the cingulum
showed symmetrical left-right volume and FA. It is, however, possible that the younger ages
contributed to the leftward development, as a previous study (Gong et al., 2005) showed
leftward asymmetry in the anterior and middle parts of the cingulum.

The IFOF was found to have rightward asymmetry for tract volume in the study of Thiebaut
de Schotten et al. (2011) while, in the current study, we found leftward asymmetry for FA
values. It is possible that the laterality shifts from one side to the other over the
developmental periods and, potentially, the left side of the IFOF becomes more myelinated
early in life but the right side catches up by maturating in later developmental stages and
becomes larger in adults. However, in this study, no significant change was found in
laterality across age in all measurements studied, suggesting that the degree of laterality of
these pathways does not change across age. Future studies are necessary to reconcile this
discrepancy.

4.4. Limitations of the current study and future directions

In this study, we focused on comparisons between the groups of 3 years and under and over
3 years old to take into account the developmental changes between before and after the first
major brain growth before 3 years old. Although our total sample size is 83, it is important
in future studies to collect more number of subjects in each age group to more reliably
describe developmental changes of white matter pathways as well as to properly assess inter-
individual variation. As a tentative solution, the WB normalization was performed to
account for tractography-specific inter-individual variations (see also the methods section
regarding the motivation of the WB normalization). In regards to white matter development,
there may be other growth patterns that occur throughout the lifespan or at different stages of
development, other than around 3 years old. Given that there have been evidences that the
maturation of the human brain is continuous through adolescence (Giorgio et al., 2010;
Peters et al., 2012; Chavarria et al., 2014) and even over 20 years old (Li et al., 2014), more
complex growth patterns of the white matter pathways should be studied with other age
groups in the future. Additional diffusion properties can be taken into account as well.

There could be some interactions between the measurements that were analyzed in this
study. For example, the length of the pathway could affect the track count as the number of
voxels increases with the length of the pathway. This would lead to a higher calculation of
the amount of pathways initiated from each voxel, although this factor can be canceled in
our laterality analyses. The results of this study showed that the significant growth in length
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and track count were not always coincident, which is a supportive evidence that the effect of
the interactions between these measurements are less significant.

Using the same spatial resolution under the same MR coil across subjects with different
ages, smaller brains would likely be more affected by partial volume errors compared to
larger brains. It would be possible that, for example, the number of tracts be less in a smaller
brain than in a larger brain. However, the use of a higher spatial resolution with the same
number of repetition of the scan reduces the signal to noise ratio, and it is not obvious that it
produces more number of tracts in the small brain. The use of size-optimized MR coils
would better solve this problem, and we have added this in the discussion section. In
addition, we believe that the WB normalization used in this study controls, to some extent,
such inter-subjects issues.

Eluvathingal et al. (2007) used DTI tractography to study the effects of age, sex differences
and lateral asymmetries on white matter pathways (arcuate fasciculus, inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus, ucinate fasciculus, corticospinal tract and
somatosensory pathway). They used the FACT/streamline algorithm with a FA threshold of
0.15 (except for the ILF and IFOF tracts which was 0.20) and angle threshold 60° (50° for
ILF and IFOF). They concluded that FA increased significantly with age with decreases in
all 3 diffusivities (left IFOF); significant decreases in all three diffusivities with age with no
significant changes in FA (left CST); and no significant age-related changes in FA or
diffusivity (SS). There was little to no sex differences while many pathways showed lateral
asymmetries. Kamali et al. (2014) used DTI to study the trajectory of the superior
longitudinal fasciculus (SLF) pathways in five male subjects. They used the fiber assignment
by FACT/streamline algorithm and had a FA threshold of 0.22 and an angle threshold of 60°.
This study observed the anatomy and microstructural neural pathways of five
subcomponents of the SLF fibers. They also noted the superior parietal lobule connections
of the language pathways along with the anatomical landmarks, ROIs for delineation, the
macrostructural volumetric and corresponding microstructural attributes of the
subcomponents. As these examples show, there are a variety of combinations of different
tractography parameters, and we should be aware that different results across studies may be
caused by the specific parameters used in each study.

Although the WB normalization could control some variabilities across subjects, given that
the relatively limited number of subjects in each developmental stage, we are aware that the
current results are still preliminary, and future studies including more number of subjects is
necessary to conclude a better picture of the development of white matter pathways.

Jin et al. (2014) describe the technical problems that arise when using tractography. Since
there are multiple programs, ways to measure data, and ways to select ROIls, the variability
between tractography results, even when the same person is selecting the same ROIs in the
same way, can be high. Even the use of automatic methods can result in inclusion of fibers
that belong to a different tract or exclusion of fibers from the specified tract. The
tractography algorithm used by Jin et al. (2014), multi-level fiber clustering, aimed to find
the fiber shapes that were similar among the subjects. This kind of method will be useful in
future studies in order to obtain the most accurate results. Differences in methods include the
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use of eddy current corrections in the post-processing of the data. No eddy current
corrections were used in this research; not only our former studies (e.g., Takahashi et al.,
2012; Song et al., 2015), many other researchers have chosen not to use eddy current
corrections in their post-processing methods (Jbabdi et al., 2012; Pyles et al., 2013; Taoka et
al., 2014). Establishing normal developmental time courses of various white matter
pathways throughout brain development will provide a basis for studies of cognitive
development and vulnerable periods of white matter pathway development.
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Fig. 1.
Example HARDI tractography pathways of the cingulum, fornix, corpus callosal,

thalamocortical, inferior longitudinal fasciculus, inferior frontooccipital fasciculus, and
uncinated fasciculus (A) with placements of regions of interest in adult brains and (B) in
different ages (40 gestational weeks newborn, 3 years old, and 20 years old subjects). See
also Supplementary Figs. S1-S7 for all ages.
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Example scatterplots for the raw data from the cingulum pathways. See also Supplementary
Figs. S8-S21 for the other pathways. See also Table 2.
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Example scatterplots for the 18+ normalized data from the cingulum pathways. See also
Supplementary Figs. S8-S21 for the other pathways. See also Table 3.

Int J Dev Neurosci. Author manuscript; available in PMC 2016 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Cohen et al.

Page 20

18
00035
o3 * '8 b | . 3" * 4
* . 0d* » L
14 ’03 o‘.’.. L RS & 9 +
0-0'395‘3 ¢ 1.21‘ :0 * ;
T oo % 148
b @ @ £ oe
g 00015 ‘3:3. $ $
g s gotel? ‘!,‘0.0.0 06
000t .h::t 2% 0t
0.0005 * 02
0 0
0 5 10 15 2 Kl 0 5 10 15 20 %
Age Age
Track Count FA
0.01 s
0.009
m’; ¥ T :wg!: syt
drop & ‘o. $30%030 o," 5 4
' *e ose * .t 83 4
0005 Ny toe % : £
H ¢ L4 *
E 0005 . g ¢ 1%, ¥ e o 06
S pon “‘“$¢.0 :‘:." (XX 2
ae| o° | e38 *]
0.002 03
0001
0 0
0 5 10 18 20 0 0 5 10 15 2 %
Age Aga
Volume ADC
5
4.5 .
4
35 :” « *v e e
Mot *o ¢ ¢ 264 M
'5-2.5: * é’.::’. l‘ *
3 2 e *
0‘ '
15 4 -
i
05
0
1} 5 10 15 20 ki)
Age
Length
Fig. 4.

Example scatterplots for the whole-brain normalized data from the cingulum pathways. See
also Supplementary Figs. S8-S21 for the other pathways. See also Table 4.
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Fig. 5.

Example scatterplots for the laterality index from the cingulum pathways. See also

Supplementary Figs. S8-S21 for the other pathways. See also Table 5.
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