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Few large-scale studies have been done to characterize the normal human brain white matter growth in the
first years of life. We investigated white matter maturation patterns in major fiber pathways in a large cohort
of healthy young children from birth to age two using diffusion parameters fractional anisotropy (FA), radial
diffusivity (RD) and axial diffusivity (RD). Ten fiber pathways, including commissural, association and projec-
tion tracts, were examinedwith tract-based analysis, providingmore detailed and continuous spatial develop-
mental patterns compared to conventional ROI based methods. All DTI data sets were transformed to a
population specific atlas with a group-wise longitudinal large deformation diffeomorphic registration ap-
proach. Diffusion measurements were analyzed along the major fiber tracts obtained in the atlas space. All
fiber bundles show increasing FA values and decreasing radial and axial diffusivities during development in
the first 2 years of life. The changing rates of the diffusion indices are faster in the first year than the second
year for all tracts. RD and FA show larger percentage changes in the first and second years than AD. The gender
effects on the diffusionmeasures are small. Along different spatial locations of fiber tracts, maturation does not
always follow the same speed. Temporal and spatial diffusion changes near cortical regions are in general
smaller than changes in central regions. Overall developmental patterns revealed in our study confirm the
general rules of white matter maturation. This work shows a promising framework to study and analyze
white matter maturation in a tract-based fashion. Compared to most previous studies that are ROI-based,
our approach has the potential to discover localized development patterns associated with fiber tracts of
interest.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Human brain white matter maturation is a complex and long lasting
process that begins in the fetal period and continues into adulthood. The
most significant period of white matter myelination occurs between
midgestation and the second postnatal year (Brody et al., 1987;
Yakovlev and Lecours, 1967), and accompanies neuronal synaptogenesis
and gray and white matter growth (Glantz et al., 2007; Huttenlocher
and Dabholkar, 1997; Knickmeyer et al., 2008). Myelin, the insulating
lipid-layers wrapped around axons by oligodendrocytes, is essential
for fast impulse propagation. Myelination broadly occurs in two partial-
ly overlapping stages in which oligodendroglial proliferation and differ-
entiation is followed by myelin deposition around axons (Knickmeyer
et al., 2008). White matter myelination is associated with the develop-
ment of cognitive functions during the human life span (Brauer et al.,
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2011; Klingberg et al., 1999; Nagy et al., 2004) and is increasingly recog-
nized as playing a role in neuronal plasticity as well (Bengtsson et al.,
2005; Lee et al., 2010). Pruning of exuberant axons, including cell
death and axonal retraction, continues throughout white matter devel-
opment as well (Innocenti and Price, 2005; Luo and O'Leary, 2005).
Functional properties such as the compound action potential may also
influence the white matter structural development (Drobyshevsky et
al., 2005). Characterization of normal white matter growth in early
years of life has great clinical relevance and could provide important
clues to understanding neurodevelopmental and neuropsychiatric dis-
orders, many of which originate from early disturbances during brain
structural and functional maturation (Gilmore et al., 2010).

Previous postmortem studies have shown that CNS myelination
follows predictable topographical and chronological sequences with
myelination occurring in the proximal pathways before distal pathways,
in sensory pathways beforemotor pathways, in projection pathways be-
fore association pathways, in central sites before poles, and in occipital
poles before frontotemporal poles (Brody et al., 1987; Flechsig, 1920;
Yakovlev and Lecours, 1967). The rapidly emerging field of magnetic
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resonance imaging (MRI) has made it possible to study white matter
maturation in vivo. Conventional structural MRI with T1- and T2-
weighted signal intensities reveal similar general spatial and temporal
maturation sequences as postmortem observations (Barkovich et al.,
1988; Bird et al., 1989; Paus et al., 2001). However these studies rely
on signal contrast to infer changes in brain structure or biochemistry,
which may not be specific to white matter development (Deoni et al.,
2011).

Diffusion tensor MR imaging (DTI) provides substantial insights
into white matter pathways in the living brain by measuring water
diffusion properties in brain tissue (Basser et al., 1994; Le Bihan et
al., 2001). Diffusion anisotropy, such as fractional anisotropy (FA),
and apparent diffusion coefficients, such as mean (MD), axial (AD),
and radial diffusivity (RD), are common diffusion measurements to
characterize fiber structural features. These measurements are possi-
ble indicators of axonal organization and degree of myelination
(Beaulieu, 2002; Hüppi et al., 1998; Neil et al., 1998; Neil et al., 2002;
Song et al., 2002). Evidence from in-vivo and in-vitro studies suggests
that anisotropic water diffusion in neural fibers is related to the dense
packing of axons and their membranes that hinder water diffusion
perpendicular to the long axis of the fibers relative to the parallel di-
rection, whereas myelin may modulate the degree of anisotropy in a
given fiber tract (Beaulieu, 2002). Animal studies have shown RD to
be better representative of histologic changes in demyelination and
dysmyelination models (Budde et al., 2007; Harsan et al., 2006; Song
et al., 2003; Zhang et al., 2009). An animal study in rabbits reported
that postnatal maturation of the compound action potential (CAP)
had a developmental pattern similar to FA, and developmental expan-
sion of immature oligodendrocytes may contribute to structural and
functional maturation of white matter fiber tracts before myelination
(Drobyshevsky et al., 2005; Wimberger et al., 1995). Diffusion param-
eters have been shown to provide relevant information reflective of
white matter maturation (Hüppi et al., 1998; Lobel et al., 2009; Neil
et al., 2002). DTI together with fiber tractography (Conturo et al.,
1999; Mori and van Zijl, 2002) has been used in many recent white
matter development studies, mainly in childhood and adolescence
(Asato et al., 2010; Ding et al., 2008; Lebel et al., 2008; Schmithorst et
al., 2002; Snook et al., 2005; Verhoeven et al., 2010). Results show
thatwhitemattermaturation continues into young adultswith increas-
ing FA and decreasing RD.

Although the general pattern of adult myelination is present by the
end of the second year and myelination continues at a slower rate
into adulthood (Hermoye et al., 2006; Hüppi et al., 1998; Mukherjee
et al., 2002; Sampaio and Truwit, 2001; Schneider et al., 2004), few
in-vivo large scale studies have been done to characterize the normal
axonal growth in early years, especially the first 2 years of life. Studies
of premature infants with a small number of healthy neonates for com-
parison found dramatic myelination and significant gray andwhite mat-
ter volume increases in the peri- andneo-neonatal periods (Haynes et al.,
2005; Hüppi et al., 1998; Partridge et al., 2004; Peterson, 2003). Gilmore
et al. (2007) showed that maturation of corpus callosum and corticosp-
inal white matter proceeds rapidly in neonatal brains after birth. A
study of early white matter maturation focused on one-to-four-month
old healthy infants (Dubois et al., 2006, 2008) and revealed that diffusion
indices are correlatedwith age formost but not all fiber tracts. This study
classified fiber bundles to different maturation stages where anterior
limb internal capsule (ALIC) and cingulum mature slowest, followed by
optic radiations, inferior longitudinal and arcuate fascicles, then by
spino-thalamic tract and fornix, and the cortico-spinal tractmature fast-
est. A ROI-based studywith three-week to two-year-old infants (Gao et
al., 2009a) found consistent spatiotemporal development of white
matter with increase in FA and decrease in AD and RD, moreover, the
second year change of diffusion indices are more subtle compared to
the first year change.

Three main processes are thought to crucially influence diffusion
measurement changes during development (Dubois et al., 2006,
2008): 1) fiber organization in fascicles, whichwould lead to decreased
RD and increased AD, and therefore increased FA but relatively
unchanged mean diffusivity; 2) the proliferation of glial cell bodies
and intracellular compartments (cytoskeleton, etc.), associated with a
decrease in RD and AD and unchanged FA; 3) axonal myelin synthesis
that would correspond to decreased RD and unchanged AD and there-
fore increased FA. Since themembrane proliferation andmyelin synthe-
sis are two partially overlapped stages and the age interval in our study
is about 1 year that may not distinguish cell proliferation and myelin
synthesis, we regarded the two developmental processes as one:
myelination with decreased RD and AD and increased FA, where the
RD change has a larger degree compared to changes in AD and FA. The
two maturation processes, fiber organization and axonal myelination,
are considered in this current work. We expect that FA would increase
and RD would decrease given myelination and organization, and AD
would also decrease even the two processes might cause inconsistent
changes in AD (Gao et al., 2009a).

The aim of our work was to investigate the white matter develop-
mental pattern as indicated in the diffusion parameters FA, RD, and AD
in the major fiber pathways of healthy young children using quantita-
tive tractography. Previous white matter maturation studies in infants
less than age two are limited by small sample size, and only examine
overall diffusion measurements or measurements on several discrete
sites along fiber pathways. In the current work, we collected 295 DTI
scans from a large cohort of 211 healthy pediatric subjects after
birth, and at ages 1 and 2 years. Ten major white matter pathways in-
cluding 21 fiber tracts were identified on a population specific DTI
atlas built by unbiased group-wise registration (Goodlett et al., 2006,
2009). These major fiber bundles could be tracked more reliably than
other tracts with complex structures, such as brain stem and cerebellar
tracts due to limitations of infant brain data acquisition. Diffusion indi-
ces of FA, radial and axial diffusivities were calculated and statistical
analyses were performed along tracts (Corouge et al., 2006; Goodlett
et al., 2009). Tract specific spatiotemporal white matter maturation
patterns were assessed.

Materials and methods

Subjects

This study was approved by the Institutional Review Board of the
University ofNorth Carolina (UNC) School ofMedicine. Children analyzed
in this work are controls in an ongoing longitudinal study of prenatal and
neonatal brain development in children at high risk for neurodevelop-
mental disorders. Subjects were recruited during the second trimester
of pregnancy from the outpatient obstetrics and gynecology clinics at
UNC hospitals. Exclusion criteria were the presence of abnormalities on
fetal ultrasound or major medical or psychotic illness in the mother.
Children who had successful DTI scans were included in this study.
Additional exclusion criteria for this analysis included spending>24 h
in the neonatal intensive care unit after birth, history of major medical
illness, and major abnormality on MRI. After applying the above exclu-
sion criteria, 295 high quality scans are available for 211 children includ-
ing 163 neonates (2–4 weeks of age), 77 1 year olds, and 55 2 year olds.
Demographic information and distribution of scan availability are found
in Tables 1 and 2.

Image acquisition and DTI preprocessing

All imaging was performed on a head-only 3 T scanner (Allegra,
Siemens Medical Solutions, Erlangen, Germany). All subjects were
scanned without sedation. Before neonates were imaged, they were
fed, swaddled and fitted with ear protection. Children at 1 and
2 years were mildly sleep deprived (i.e., parents were asked to wake
the child 1 h early that day and to skip a nap) before the scan; once
asleep they were fitted with earplugs or earphones and placed in the



Table 1
Demographic characteristics for participants.

Gender
Male 98
Female 113

Ethnicity
Caucasian 164
African American 44
Other (Hispanic, Asian) 3

Gestational age at birth (weeks) 38.80±1.8
Age at scan 1 (weeks) 3.02±2.00
Age at scan 2 (weeks) 54.60±3.92
Age at scan 3 (weeks) 106.25±4.36
Birth weight (g) 3361.8±542.1
APGAR score (5-minute) at scan 1 8.84±0.54
Maternal education (total in years) 14.8±3.5
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MRI scanner with the head in a vacuum-fixation device. Neonatal
scans were performed with a neonatal nurse present, and a pulse
oximeter tomonitor heart rate and oxygen saturation. For older children,
amember of the research team remained in the scanner room tomonitor
the child throughout the scan.

A single shot echo-planar spin echo diffusion tensor imaging sequence
was used with the following variables: TR=5200ms, TE=73ms, slice
thickness=2mm, in-plane resolution=2×2 mm2, and 45 slices. One
imagewithout diffusion gradients (b=0) and diffusion-weighted images
(DWIs) along 6 gradient directions with a b value of 1000 mm2/s were
acquired. The sequence was repeated 5 separate times to improve
signal-to-noise ratio. The acquisition protocol was set from the begin-
ning of our longitudinal study and the parameters were kept the same
throughout the study for all subjects with the age range from neonate
to 6 years old. Diffusion images were screened offline for motion
artifacts, missing and corrupted sections by using an automatic DWI
analysis quality control tool DTIPrep (http://www.nitrc.org/projects/
dtiprep/). The five repeated sequences were combined into a single
DWI volume after correction for motion and removal of outliers and
FA and diffusivity maps were then estimated using standard weighted
least square fitting (Liu et al., 2010).

DTI atlas mapping and tractography

The fiber tract analyses were employed in a population specific
DTI atlas space, which requires image registration and atlas construc-
tion. Unbiased atlas building (Joshi et al., 2004) with large deformation
diffeomorphic metric mapping (LDDMM) registration (Miller et al.,
2002) was used after a linear registration (Goodlett et al., 2009). In
this longitudinal study, the high variability and large growth of the
human brain in the first year makes it difficult to compute a joint atlas
of neonates, 1 year and 2 year old subjects in one procedure, without
over fitting and blurring at the non-linear registration stage. Consistent
with previous findings, there was major brain volume growth and
Table 2
Distributions of scan availability.

Available scans N

Neonate scan only 102
1 year scan only 24
2 year scan only 15
Neonate+1 year scan 30
Neonate+2 year scan 17
1 year+2 year scan 9
Neonate+1 year+2 year scan 14
shape change in the first year and much less change in the second
year (Datar et al., 2009; Knickmeyer et al., 2008). As a solution, we
applied a two-step procedure for mapping all image data for all time
points to a common coordinate space.

We first computed a neonate FA atlas Aneo along with the corre-
spondencemappings (ϕk,neo) by applying the atlas building procedure
to neonatal FA images (Joshi et al., 2004). Similarly, with a combined
FA atlas of 1 year and 2 year subjects, A12was computedwith invertible
mappings ϕk,12. Subsequently, the neonate atlas Aneo was registered to
the atlas A12 using an invertible transformation ϕAneo_to_A12. Every
1 year or 2 year subject k is linked to the common atlas space of A12
by applying its transformation ϕk,12. For a neonate subject, the final
transformation is a cascaded combination of the transformation to the
neonate atlas space ϕk,neo, followed by the transformation from the ne-
onate to the 1 year–2 year atlas ϕAneo_to_A12, resulting in the respective
individual diffeomorphic transformations to the original tensor maps.
The composition of the two transforms (ϕk,neo∘ϕAneo_to_A12) is such
that it preserves diffeomorphism. The final tensor atlas is created by
applying the respective individual diffeomorphic transformations to
the original tensor maps, reorientation of tensors with preserve princi-
pal direction (PPD) approach (Sampaio and Truwit, 2001), and interpo-
lation and group averaging using the Riemannian metric framework
(Arsigny et al., 2006; Fletcher et al., 2004).

The fiber tractography is done on theDTI atlas.We applied the freely
available ‘FiberTracking’ software (http://www.ia.unc.edu/dev), which
relies on a deterministic tractography algorithm originally presented
and refined by Fillard et al. (2003). The tractography algorithm uses a
streamline integration method based on fourth order Runge–Kutta in-
tegration of the principal Eigen-vector field to define streamline paths
through the tensor volume. We start with defining volumetric regions
of interests (ROIs) manually (see Appendix A Table 1) in the atlas
space to initialize the tractography algorithmusing source to target def-
inition strategies as presented in Catani et al. (2002) and Mori and van
Zijl (2002). The resulting sets of streamlines are stored as list of poly-
lines, which carry the full tensor information at each location. Ten
major white matter pathways were constructed and analyzed on the
DTI atlas including 21 fiber tracts in total: commissural bundles of
genu, body and splenium of corpus callosum (CC); projection fiber
tracts of bilateral ALIC, PLIC, motor and sensory tracts; association tracts
of bilateral uncinate fasciculus tracts, inferior longitudinal fasciculus
(ILF), and arcuate fasciculus tracts with three sub-tracts in each
hemisphere: arcuate-superior, arcuate-inferior-temporal, and arcuate-
superior-temporal tracts. Similar to the work in Dubois et al. (2009),
we did not get continuous arcuate tracts between frontal and temporal
lobes, mainly due to the particularly low maturation, insufficient diffu-
sion anisotropy and limitations of the infant DTI acquisition. Compari-
sons between atlas-based tracts and tracts computed from individual
subjects have been done in a recent work of our coauthors (Gouttard
et al., 2012). 90% fiber points of five examined atlas-based tracts have
average distances around 2 mm to fibers tracked in individual spaces.

Assembling tract-based diffusion properties

For each tract defined in atlas space, the tract geometry is trans-
formed back to individual subjects using the inverse of the diffeomorphic
transformations, (ϕk,12)−1 and (ϕk,neo∘ϕAneo_to_A12)−1 respectively.
Each point as part of a fiber tract bundle in atlas space gets therefore
mapped to corresponding locations in images of individual subjects.
The diffusion information from each subject is collected at each sample
point along tracks via trilinear interpolation. In otherwords, we obtain a
back-mapped fiber tract for each subject, thereby keeping a consistent
atlas tract geometry across subjects while replacing the diffusion infor-
mation with values mapped from each subject (Goodlett et al., 2009).
We therefore avoid any resampling or nonlinear alignment of tract
geometries, which would be necessary when comparing individual
tractography results. By collecting diffusion measures for each subject
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Fig. 1. Flow chart of the DTI tract-based analysis. The first part is DTI preprocessing including the computation of DTI indices of FA, RD and AD. The second part is atlas construction
1) construction of neonate atlas, 2) construction of 1 and 2 year atlas, and 3) transforming the neonate atlas to 1 and 2 year atlas for a final atlas. The third part maps all individuals
to the final atlas. The fourth part shows procedures of the tract profile calculation. The last part includes procedures of tract-based analysis.
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in the parameterized space of the atlas tract for each subject, we obtain
a congregation of functions of diffusion along tracts (see Fig. 1), which
represent the statistical variability of the population (Corouge et al.,
2006). This representation is input to subsequent tract-based statistical
analysis using methodologies described in the following.

Fig. 2 shows the sagittal and coronal views of the 21 fiber bundles.
The genu CC is the anterior part CC with tracts ending in prefrontal
cortex. The body CC is defined in the central body CC with bundles
connecting bilateral motor/sensory cortices. The splenium CC is the
posterior CC with tracts ending in occipital cortex. The PLIC tracts
start from cerebral peduncle, passing through posterior internal
capsule (IC), centrum semiovale, and ends in motor sensory cortex.
The ALIC tracts start from cerebral peduncle, passing through anterior
Fig. 2. 3D visualization of 10 fiber pathways (including 21 tracts bilaterally) in sagittal (left a
CC. A1a, arcuate-inferior-temporal tract; A1b, arcuate-superior-temporal tract; A1c, arcuat
posterior limb internal capsule (PLIC); P2, anterior limb internal capsule (ALIC); P3, motor
IC, and ends in prefrontal cortex. The motor and sensory tracts are
part of PLIC including tracts connecting cerebral peduncle and
motor and sensory cortex respectively. The arcuate tract includes
three sub-tracts: arcuate-superior tract connecting from the rostral
inferior parietal lobe to the lateral ventral part of the frontal cortex,
comparable with the superior longitudinal fasciculus subcomponent
III in Schmahmann and Pandya (2007), and also comparable with
the anterior indirect segment of the arcuate fasciculus in Catani
et al. (2005); arcuate-inferior-temporal tract linking the middle and
inferior temporal lobe and rising up towards the temporo-parietal
junction and then towards the frontal region; arcuate-superior-
temporal tract running from the superior temporal lobe rises up-
wards to turn towards the frontal lobe. The uncinate fasciculus links
nd right) and coronal views. C1, genu corpus callosum (CC); C2, body CC; C3, splenium
e-superior tract; A2, uncinate fasciculus; A3, inferior longitudinal fasciculus (ILF); P1,
tract; P4 sensory tract.



Fig. 3. Scatter plots of average FA, RD and AD along seven representative tracts vs. postnatal
age. Horizontal lines represent the overall mean of the average values in one age group.
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the frontal and temporal lobes. The ILF tract runs along the boundary
of inferior and posterior cornua of the lateral ventricles.

Statistical analysis

Tract-based analyses were performed using the functional regres-
sion model to analyze developmental patterns (Green and Silverman,
1994; Ramsay and Silverman, 2002). Diffusion properties along a
fiber tract were smoothed using polynomial splines with roughness
penalty. A functional mixed-model regression was used to fit the
diffusion property with age and gender (Guo, 2002). The covariate
effects and the covariance are functions of location of the specific
tract. We used L2-norm-based global test statistic to test for the sig-
nificance of the age and gender effects on DTI functions and derived
its asymptotic p-values (Zhang and Chen, 2007). The test was done
repeatedly for each fiber tract and each diffusion property (FA, RD and
AD). Major age and gender effects in the first 2 years, age effect in the
first year, age effect in the second year, and the difference between first
year change and second year change were tested based on the model.

Results

Summary statistics of the diffusion indices along fiber tracts

Fig. 3 shows the scatter plots of average FA, RD and AD of each
fiber tract vs. the postnatal age in weeks, and the overall mean diffu-
sion indices within each age group of seven representative tracts. It is
clear that FA increases with age and RD and AD decrease with age and
that the changes in the first year are larger than the second year.
Table 3 shows the average and standard deviation of FA, RD and AD
over each fiber tract of each age group, and the average percentage
changes of diffusion indices in the first year vs. neonate and the
changes in the second year vs. the first. Among all fiber tracts, FA
increases 9% to 44% in the first year of life and more than half of the
tracts show an increase larger than 25%. FA increases 5–9% in the second
year. In the first year RD decreases 14% to 40%, and about two thirds of
the tracts show changes more than 25%. RD decreases 4–12% in the
second year. AD decreases 7% to 24% in the first year and 0–6% in the
second year. These results indicate that RD and FA have more promi-
nent changes in the first 2 years compared to AD.

Paired t-tests of average diffusion parameters over each tract were
exhaustively performed between every pair of two tracts in each age
group to evaluate diffusion properties between tracts and tract asym-
metries. In total, the test was repeated 3 (parameters)×21×20 (tract
pairs)×3 (age groups)=3780 times. Results of paired t-test of the
average diffusion parameters show that most of the pairs, especially
pairs from different types of tracts (e.g., an association tract and a
projection tract) show significantly different FA, RD and AD values
with pb0.00013 (corrected for multiple comparisons). The relative rela-
tions of diffusion properties between tracts concluded from the statistical
analysis and Table 3 are described in the following paragraphs.

In the neonate, the splenium of the CC has the highest FA, the genu
of the CC has the highest RD, and the genu and splenium have the
highest AD; projection tracts show smaller RD than all other tracts.
Among the callosal tracts, splenium has larger FA followed by genu
and then by the body of the CC; the body of the CC has smaller AD
than genu and splenium; and genu has a larger RD than body and
splenium. Results indicate that callosal tracts have more organized
axonal structures or a lower myelination degree in neonates, with
the splenium and genu more organized than body CC, and the genu
less matured compared to body and splenium. In association tracts,
ILF shows larger AD values but smaller RD values suggesting that ILF
might have more organized white matter structure compared to other
association tracts.

In the one-year-old, the genu and splenium of the CC have the
largest FA and AD; association tracts show larger RD than CC (except
body CC) and projection tracts, and they (except ILF) have smaller FA
than all other tracts; projection tracts continuously have smaller RD
than all other tracts except the splenium CC. Among callosal tracts,
the body of the CC shows smaller FA and AD and larger RD compared
to the genu and splenium. Among association tracts, IFL shows higher
AD values than others.

In year two, CC bundles continue to exhibit higher FA and AD than
other tracts and reach similar RD values as projection tracts; associa-
tion tracts show similar patterns as in the first year with larger RD
and smaller FA than other tracts. Overall results indicate that associa-
tion fibers are lessmature than others at age two, suggesting thatmat-
uration is a prolonged process.

image of Fig.�3


Table 3
Summary statistics of FA, RD and AD over each fiber tract.

FA Neo vs. 1-year 1-year vs. 2-year Neo vs. 2-year

Neo (avg/stdev) Avg change% 1-year (avg/stdev) Avg change% 2-year (avg/stdev) Avg change%

Genu .280/.0239 44.3 .405/.0228 7.41 .435/.0221 55.0
Body CC .243/.0198 38.4 .336/.0200 9.04 .367/.0175 50.9
Splenium .359/.026 37.0 .492/.0289 7.37 .528/.0240 47.1
Arc L InfTemp .195/.0213 37.5 .269/.0195 9.12 .293/.0197 50.1
Arc R InfTemp .256/.0237 9.75 .280/.0190 9.14 .306/.0186 19.8
Arc L SupTemp .161/.0203 29.6 .209/.0190 8.95 .227/.0234 41.2
Arc R SupTemp .181/.0168 24.8 .226/.0183 8.74 .246/.0177 35.7
Arc L SupArc .216/.0236 31.4 .284/.0244 7.88 .306/.0260 41.7
Arc R SupArc .191/.0211 22.7 .235/.0259 6.84 .251/.0272 31.1
Uncinate L .209/.0163 40.9 .295/.0255 6.89 .315/.0234 50.6
Uncinate R .193/.0176 36.4 .263/.021 7.59 .283/.0175 46.8
ILF L . 219/.0220 40.6 .308/.0164 7.71 .331/.0170 51.4
ILF R .200/.0215 40.7 .282/.0165 7.16 .302/.0192 50.8
PLIC L .297/.0217 23.7 .367/.0195 6.57 .391/.0172 31.8
PLIC R .232/.0212 42.8 .331/.0173 7.38 .356/.0162 53.3
ALIC L .229/.0210 31.8 .301/.0175 9.37 .329/.0165 44.2
ALIC R .277/.0226 23.3 .341/.0174 9.20 .373/.0174 35.7
Motor L .288/.0270 14.4 .329/.0265 7.19 .353/.0244 22.6
Motor R .263/.0237 37.6 .362/.0206 5.60 .382/.0179 45.3
Sensory L .279/.0248 8.21 .302/.0260 7.29 .324/.0204 16.1
Sensory R .313/.0253 13.1 .352/.0241 7.06 .379/.0233 21.0

Neo vs. 1-year 1-year vs. 2-year Neo vs. 2-year

Neo E-3 (avg/stdev) Avg change% 1-year E-3 (avg/stdev) Avg change% 2-year E-3 (avg/stdev) Avg change%

RD
Genu 1.28/.100 −39.4 .774/.0393 −11.5 .685/.0377 −46.4
Body CC 1.18/.0854 −31.3 .812/.0498 −8.28 .745/.0356 −37.0
Splenium 1.16/.0872 −39.8 .699/.0464 −9.38 .633/.0371 −45.5
Arc L InfTemp 1.17/.0722 −30.7 .813/.0268 7.44 .752/.0232 −35.8
Arc R InfTemp 1.11/.0723 −24.7 .832/.0322 −7.58 .769/.0293 −30.4
Arc L SupTemp 1.13/.0587 −26.8 .824/.0237 −5.13 .781/.0266 −30.5
Arc R SupTemp 1.12/.0621 −25.5 .833/.0297 −5.74 .785/.0260 −29.8
Arc L SupArc 1.13/.0672 −28.7 .809/.0318 −6.97 .752/.0314 −33.6
Arc R SupArc 1.16/.0759 −27.8 .838/.0296 −5.69 .791/.0311 −32.0
Uncinate L 1.10/.0532 −27.6 .794/.0253 −6.50 .743/.0226 −32.3
Uncinate R 1.10/.0531 −24.1 .837/.0316 −5.88 .788/.0246 −28.5
ILF L 1.23/.0871 −33.8 .815/.0298 −7.03 .757/.0930 −38.4
ILF R 1.24/.0938 −33.5 .829/.0368 −6.93 .771/.0337 −38.1
PLIC L .961/.0602 −23.8 .733/.0512 −7.49 .678/.0371 −29.5
PLIC R .997/.0597 −24.9 .748/.0399 −6.56 .699/.0258 −29.9
ALIC L 1.07/.0623 −29.7 .753/.0209 −6.66 .703/.0216 −34.4
ALIC R .100/.0575 −26.1 .742/.0241 −8.64 .678/.0216 −32.5
Motor L .981/.0614 −23.6 .749/.0422 −6.38 .701/.0359 −28.5
Motor R .951/.0589 −26.8 .696/.0322 −5.93 .655/.0270 −31.1
Sensory L .982/.0599 −19.5 .790/.0486 −6.06 .742/.0417 −24.4
Sensory R .914/.0603 −18.8 .743/.0660 −7.87 .684/.0432 −25.2

AD
Genu 2.02/.105 −23.6 1.54/.0511 −6.02 1.45/.0607 −28.2
Body CC 1.71/.0913 −18.9 1.38/.0619 −2.83 1.35/.0470 −21.2
Splenium 2.06/.0918 −20.9 1.63/.0433 −1.75 1.60/.0429 −22.3
Arc L InfTemp 1.58/.0748 −22.8 1.22/.0388 −3.55 1.18/.0356 −25.6
Arc R InfTemp 1.63/.0671 −22.6 1.26/.0482 −3.68 1.22/.0457 −25.5
Arc L SupTemp 1.43/.0757 −22.4 1.11/.0312 −2.44 1.09/.0325 −24.3
Arc R SupTemp 1.46/.0596 −20.8 1.16/.0432 −2.85 1.13/.0317 −23.0
Arc L SupArc 1.54/.0634 −19.6 1.23/.0512 −3.71 1.19/.0451 −226
Arc R SupArc 1.53/.0724 −22.3 1.19/.0444 −3.42 1.15/.0414 −24.9
Uncinate L 1.51/.0562 −16.2 1.27/.0398 −3.14 1.23/.0379 −18.9
Uncinate R 1.48/.0437 −14.6 1.27/.0479 −2.8 1.23/.0355 −17.1
ILF L 1.72/.0865 −24.2 1.29/.0488 −3.56 1.24/.0473 −26.9
ILF R 1.69/.0943 −17.9 1.36/.0430 −4.51 1.30/.0431 −21.7
PLIC L 1.53/.0551 −13.7 1.32/.0637 −3.10 1.28/.0482 −16.3
PLIC R 1.42/.0573 −11.0 1.26/.0475 −2.53 1.23/.0329 −13.3
ALIC L 1.53/.0716 −20.1 1.22/.0347 −2.21 (p=.022) 1.20/.0347 −21.8
ALIC R 1.56/.0606 −18.5 1.27/.0377 −3.12 1.23/.0353 −21.0
Motor L 1.54/.0636 18.3 1.25/.0558 −2.58 1.22/.0433 −20.4
Motor R 1.43/.0531 −12.6 1.25/.0441 −2.53 1.22/.0336 −14.8
Sensory L 1.54/.0600 −17.5 1.27/.0640 −2.53 (p=.003) 1.24/.0566 −19.6
Sensory R 1.51/.0584 −13.4 1.30/.0790 −3.27 1.26/.0570 −16.2
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It is interesting to note that the relative relationship of a tract's FA
and AD values are consistent at each age, for example the genu has
the highest FA values at each age, while the left arcuate-inferior-
temporal tract has the lowest. Similarly, the splenium has the highest
AD value at each age, while the left arcuate-inferior-temporal tract is
among the lowest at each age. This is not the case for RD, for which
the tracts have a much more varied relationship at each age. These
observations indicate that the organization of fiber tracts keep similar
patterns in the first 2 years of life whereas the relative axonal myelina-
tion degrees of fiber bundles vary with age. For example, the callosal
bundles have the least degree of myelination in terms of the largest
RD at neonate, but develop in the first year and show similar RD values
as projection tracts in the first and second year.

In thefirst year, the genu of the CChas the largest FA change, sensory
and the right arcuate-inferior-temporal tracts have the smallest FA
changes; callosal bundles show the largest RD changes and sensory
tracts show the smallest RD changes among all tracts. In the second
year, callosal FA changes are similar to other tracts and genu CC has
the largest RD change (11.5%) among all tracts but the change is much
less as compared to the first year (39.4%). These observations suggest
that callosal fibers experience faster maturation rates than other fibers
in the first year, and the genu CC continues to have a faster maturation
rate than others in the second year even as it is dramatically reduced as
compared to the first year.

Significant level was set by pb0.006 to determine the asymmetry of
bilateral tracts for the correction of multiple comparisons (three age
groups, three parameters and nine pairs of bilateral tracts). All tracts
show significant FA asymmetry in neonates, 1 year and 2 years old.
Most tracts show significant RD asymmetry in three age groups, except
for the arcuate superior-temporal tract in neonates and age two and for
the uncinate fasciculus in neonates. Most tracts show significant AD
asymmetry in three age groups, except for the arcuate superior-
temporal tract in neonates, motor and uncinate fasciculus in age one
and two. Though the initial FA values at neonates of left arcuate sub-
component tracts show either lower or higher values than the right,
the FA changes of left arcuate tracts in the first year are consistently
higher than the right. Left arcuate-inferior-temporal tract has larger
RD change than right even the left one shows higher neonatal RD values
than the right.

Qualitative topography of diffusion parameters

Fig. 4 plots diffusion profiles along 12 representative fiber tracts
(three callosal tracts and all other tracts on the left hemisphere) at
each age group. Qualitative inspection of FA, RD and AD along fiber
tracts reveals developmental patterns that are consistent with general
topographical rules of white matter maturation (Kinney et al., 1988;
Yakovlev and Lecours, 1967). For example, callosal tracts show higher
FA and AD values in central regions compared to peripheral regions
(see the plots of the genu, body and splenium CC in Figs. 4(a) and
(c)). Genu and splenium of CC tracts have a slightly lower RD close to
mid-sagittal brain (see the plots of the genu and splenium CC in
Fig. 4(b)), indicating that variations of FA and AD along the tract
might be mainly caused by a different organization, i.e., axons in the
mid-sagittal region are more organized than in cortical regions. For all
three time points, PLIC tracts have larger FA values and smaller RD
values (see the plots of PLIC in Figs. 4(a) and (b)) in posterior IC, corre-
sponding to locations closer to themax x-axis in the profile, than cortex,
locations closer to the origin of the x-axis. A similar pattern exists for
ALIC tracts. Motor and sensory tracts show larger FA and smaller RD
values in the regions close to cerebral peduncle, corresponding to loca-
tions closer to the max x-axis, than in distal cortical regions, closer to
the origin of the x-axis. The temporal portion of uncinate fasciculus,
closer to the max x-axis, has larger FA values compared to the frontal
portion, closer to the origin of the x-axis. The occipital portion of the
IFL, closer to the max x-axis, shows larger FA values and slightly lower
RD values as compared to the temporal portion, closer to the origin of
the x-axis.

We also observed that RD and AD followedmore uniform distribu-
tions along all tract profiles at each age group compared to the anisot-
ropy index FA, indicating that directional diffusivity measures are less
sensitive to tract location or organization compared to the anisotropy
measure. Directional diffusivities along association tracts (including
bilateral arcuate fasciculus, uncinate fasciculus, inferior longitudinal
fasciculus) have almost uniform distributions.

Age related effects

Tract-based mixed model functional analysis indicates that there
are major age effects of all three diffusion indices for all fiber tracts
in the first and second year. FA increases whereas both RD and AD
decrease with age in the first 2 years. For each tract, the diffusion
changes, including FA increases and RD and AD decreases, in the first
year are significantly larger than in the second year. After correcting
for multiple comparisons (21 tracts in total, and three measures for
each tract), there are significant age effects of all diffusion indices for
all fiber tracts in the first year. All tracts have major age effects of FA
in the second year as well. Most tracts show significant RD changes in
the second year except for left PLIC and left sensory tracts. There are
fewer observations in AD. Most callosum and association tracts have
significant AD changes in the second year except bilateral arcuate-
superior-temporal tracts and body CC. Among projection tracts, only
right ALIC and right motor tracts show significant AD changes in the
second year. Above results indicate that the PLIC and sensory tracts
have shorter maturation intervals than other tracts, whereas the right
ALIC tract (especially regions in prefrontal cortex) tends to continue
developing in the second year. Together with results on whole tract
averages (see Table 3), which show that motor tracts have larger RD
changing rate compared to sensory tracts in the first year (23.6%/26.8%
vs 19.5%/18.8%), evidence indicates that motor tracts may have delayed
maturation compared to sensory tracts.

There are regional differences in both maturation degree and
speed along a fiber bundle. Most regions on a tract have significant
diffusion changes with the amount varying along the tract in the
first year. Several local regions do not show significant changes in
the second year. For callosal bundles, the first year FA change is larger
in the central regions compared to the peripheral portions. The tract
edges, regions close to the cortex, of most association tracts do not
have increased FA, or the increased values are less compared to the
middle parts of the tracts. These patterns are consistent with the gener-
al rule that central brain regions tend to mature faster than peripheral
regions. For all projection tracts, portions close to the cerebral peduncle
show smaller (compared to central regions, i.e., posterior IC region) or
do not show significant RD and AD changes, indicating a highermatura-
tion degree at birth in regions near the brain stem compared to distal
regions.

Gender effects

We found that gender effect only exists on several right fiber
tracts, and none of the left tracts show gender effect during the first
2 years. The right sensory tract shows a gender effect (p=0.0425)
on FA (maleb female). The right arcuate-superior (male>female),
right motor tracts (male>female) and right uncinate fasciculus (maleb
female) have gender effects on AD with p values of 0.028, 0.0114 and
0.0231 respectively.

Discussion

We have conducted the largest study of early white matter devel-
opment to date in 211 healthy young children from birth to age two.
Ten fiber pathways including commissure, association and projection
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tracts (21 tracts in total) were examined with tract-based analysis,
which provided more detailed and continuous spatial developmental
patterns compared to conventional ROI based methods. All fiber
tracts show increasing FA (16.1–55.0%) and decreasing RD (24.4–
46.4%) and AD (13.3–28.2%) in the first 2 years of life, and FA and
RD have larger changes than AD. The changing rates of the diffusion
indices are faster in the first year than the second year for all tracts.
Callosal tracts have a lower myelination degree and more organized
axonal structures than other tracts in neonates, and exhibit larger
RD changes in the first year. Projection tracts including motor and
sensory tracts achieve a higher maturation degree at birth and develop
more slowly than other tracts. Association tracts continuously have a
Fig. 4. Tract-based FA, RD and AD profiles of 12 representative tracts and age and gender e
Note: in each plot, p1 is the p value of age effect in the first year, p2 is the p vale of age effe
and second year change, and pG is the p value of gender effect. The p values of main age ef
lower maturation degree in the first 2 years. Tract-based analysis
revealed different local developmental patterns of each fiber bundle.
For example, callosal bundles show larger FA changing rates in central
regions than peripheral regions. Motor and sensory tracts show larger
FA and RD changing rates in sites close to cortical regions compared to
sites close to cerebral peduncle. The gender effects on the diffusion
measures are small.

In general CC tracts show a lower myelination degree at birth and
develop more rapidly than other tracts in the first year. The splenium
of the CC is one of the tracts that have the largest FA and smallest RD
in the first year, and maintains this high level of maturation degree in
the second year. This pattern continues at least until late adolescence
ffects on the diffusion measures. Solid lines are predicted values of the observed data.
ct in the second year, p12 is the p value of the difference between the first year change
fect in the first 2 years are 0 s for all tracts.

image of Fig.�4
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(Lobel et al., 2009). The genu of the CC has relative small RD until the
second years of life. The rapid maturation of splenium CC compared
to the genu CC is consistent with the functional developmental
order: the presence of visual function requiring inter-hemispheric
communication in occipital/visual cortex is prior to higher order func-
tions in prefrontal regions. Motor and sensory tracts have matura-
tional trajectories different from CC and association tracts involved
with higher-order functions. PLIC, sensory and motor tracts achieve
a higher maturation degree at birth and follow a slower growing
rate compared to all others. Association bundles including arcuate,
uncinate fasciculus and ILF tracts show a lower maturation degree
at birth, but relatively faster maturation rates (larger RD changes) in
the first year compared to motor and sensory tracts. Arcuate tracts
are related with language function (Duffau et al., 2002; Rilling et al.,
2008). ILF tracts connect occipital and temporal lobes and have
been considered to be involved with language semantics (Agosta et
al., 2010; Duffau et al., 2005; Mandonnet et al., 2007) and verbal
memory (Shinoura et al., 2011). Uncinate fasciculus tracts connect
temporal and frontal lobes, which are considered to be commonly im-
plicated in emotional and behavioral regulation (Johnson et al., 2011;
Nakamura et al., 2005).

Above evidence confirms that white matter myelination is associ-
ated with the development of cognitive functions during the human
life span (Yakovlev and Lecours, 1967). It has been proposed that a
tract is not completely functional until it is myelinated, and that
myelination represents the anatomic correlate of neurophysiological
maturation (Richardson, 1982). Our results show that motor tracts
have larger rate of RD change compared to sensory tracts in the
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first year, suggesting that motor tracts develop later than sensory,
which is consistent with the functional maturation order. Along ALIC
tracts, the frontal portions have smaller FA and larger RD values, indi-
cating a lower maturation degree than mid-brain and occipital regions
in the first 2 years. A recent functional connectivity study (Gao et al.,
2009b) revealed that the frontal components in the “default mode net-
work” show similar distribution to adults until age two whereas the
posterior components are close to adult pattern at neonate. Both struc-
tural connectivity and resting-state functional connectivity indicate a
prolonged maturation of the frontal regions compared to other brain
regions.

Our results of age dependent of increasing FA and decreasing
diffusivities in the first 2 years of life are consistent with previous
literature (Gao et al., 2009a; Lobel et al., 2009; Neil et al., 1998).
Our study provides more detailed anatomical localization with
tract-based analysis compared to existing studies whose results
were obtained from selected local sites in white matter. Although
all 21 major fiber bundles studied in this work show significant age
effect of the three diffusion indices, the maturation degree reflected
by diffusion indices varies along the same tract. Most regions on a
tract have significant diffusion property changes with the amount
varying along the tract (in general larger in the central regions) in
the first year. Many local regions along tracts do not show changes
in the second year.

The diffusion property changes are significantly greater in the first
year compared to the second. Although FA of projection tracts show



552 X. Geng et al. / NeuroImage 61 (2012) 542–557
significant increases in the second year, only right ALIC and right
motor tracts show significant changes in AD in the second year after
correction for multiple comparisons. These results suggest that either
the fiber organization is becoming relatively more prominent and the
AD decrease caused by myelination is being canceled out by the AD
increase due to fiber organization, or that myelination in the left projec-
tion fibers slows down—probably does not stop in the second year.
While sensory tracts do not have significant RD and AD changes (after
multiple comparison correction) in the second year, motor tracts do,
indicating that sensory tracts have a shorter maturation interval than
motor tracts.

Additionally, we found that maturation related changes of FA and
RD are greater than AD. RD has been considered to be more represen-
tative with histologic changes in demyelination (Budde et al., 2007;
Harsan et al., 2006; Song et al., 2003). For myelination, one of the
overlapped processes membrane proliferation may cause decreased
RD and AD, but relatively unchanged FA, and myelination synthesis
may induce decreased RD and unchanged AD and increased FA. There-
fore myelination combining the two processes may lead to greater RD
decreases compared to AD, and greater RD changes than FA changes.
However we found similar percentage changes of FA and RD in the
first 2 years.We thus speculate that organization in fascicles contributes
to the observed development of diffusion properties, which may cause
decreased RD, increased AD and greater increased FA. The AD increase
was not revealed suggesting that axonal myelination is a dominant pro-
cess in white matter maturation in the examined age group. Biological
basis of diffusionmeasures and their changes is not quite clear. Matura-
tional decrease of brain water content also parallels with the decay of
radial and axial diffusivities. However the amount of water loss is less
than the drop of diffusivity measures (Mukherjee et al., 2002). There-
fore the large observed decrease of RD and AD reflects more than just
tissue water loss.

We found small gender effects in several right fiber tracts: males
show smaller FA in the right sensory tract, larger AD in right arcuate-
superior and motor tracts, and smaller AD in right uncinate fasciculus.
This is the first report of gender effect on white matter at early age
of life. Gender differences in white matter may be modulated by
myelination in early life. Non-myelination related development, such
as neurochemicalmaturation, hormone changes and synapse formation
during childhood and adolescencemight be another potential contribu-
tion of gender effects inwhitematter,which cannot be detected in early
childhood.

Tracts show asymmetric diffusion properties at each age group
and the developmental pattern is also asymmetric. Arcuate fasciculus
tracts show asymmetric growth patterns, where left tracts show
larger FA changes compared to the right, and left arcuate-superior
tract has >20% larger FA values than the right in the first year. Studies
in infant brain reported higher FA in the left parietal segment of the
arcuate fasciculus (Dubois et al., 2009), while other studies have
demonstrated a rightward asymmetry of cortical and subcortical
structures in utero brain development (Kasprian et al., 2008; Sun et
al., 2005). Studies in adults have shown leftward volume, fiber densi-
ty and FA asymmetry of the arcuate fasciculus (Nucifora et al., 2005;
Takao et al., 2010; Vernooij et al., 2007). Our findings of leftward
development of arcuate fasciculus suggest that the lateralized brain
function, language processing (Dirks, 1964), might appear in the
first 2 years of life. FA of left PLIC is 10–28% larger than right in the
first 2 years though left PLIC shows less FA change in the right. The
localized asymmetry in PLIC favoring left over right has been reported
by a study with 42 normal subjects aged 0 to 18 (Verhoeven et al.,
2010).

We have observed locally reduced FA values surrounding the
central body CC, which may be explained by the limitation of tensor
models. The body CC includes crossing fiber tracts extending to both
medial motor/sensory and lateral cortical regions. FA extracted from
single tensor models in fiber crossing regions may under-estimate
the diffusion anisotropy. The higher average RD in body CC com-
pared to genu CC may also be explained by the limitation of tensor
models in crossing fiber regions. Multi-tensor models and high an-
gular diffusion imaging techniques would overcome this limitation.
Some limitations of DTI acquisition, such as a low number of diffu-
sion gradient directions, a relatively high b-value for infants, and
motion artifacts by non-sedated infants, may hinder the discovery
of more subtle white matter developmental changes. The diffusion
parameters may not be completely independent from each other.
For example, FA is dependent on tensor eigenvalues, therefore RD
and AD. A multivariate statistical model is a direction to go to in fu-
ture studies.

Data investigated in this study are not purely longitudinal. Inter-
subject variation may not be completely taken cared of even after
image registration, and therefore might affect the detected develop-
mental patterns. A methodological limitation in this study is the con-
struction of a longitudinal DTI atlas. The two-step building of a DTI
atlas covering the age range from neonates to 2 years into one com-
mon coordinate system might yield some limitations on the precision
of fiber tract localizations. Active new methodology developments in
atlas mapping will demonstrate how to overcome the large geometric
variability across subjects and over time in large-scale studies given
limited image quality as available.

Our analysis depends on diffusion profiles extracted from atlas-
based tracts, providing more spatial specific information of fiber bun-
dles compared to other approaches such as TBSS (Smith et al., 2006).
Our functional statistical analysis requires the sample points along
the diffusion profiles to represent consistent spatial locations across
individuals. Therefore the sample points warped back to individual
space would not be evenly distributed any more, which may produce
a different performance compared to other approaches that evenly
sample the profiles in individual spaces.

In summary, we detected rapid maturation of ten major white
matter pathways in the first 2 years of life with a novel tract-based
functional analysis of DTI data. This work shows a promising frame-
work to study and analyze white matter maturation in a tract-based
fashion. Overall developmental patterns revealed in our study are
consistent with general rules of temporospatial white matter matu-
ration. All tracts show significantly increasing FA and decreasing
RD and AD in the first 2 years of life, and the changing rates of the dif-
fusion indices are significantly faster in the first year than the second
year. The first 2 years of life show a rapid white matter development
that is very likely related to rapid gray matter growth and functional
maturation, indicating a critical neuronal developmental period of
life.
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Appendix A. Definition of fiber tracts

Tenmajor white matter pathways, including commissure, projec-
tion and association 21 fiber tracts in total, were constructed and an-
alyzed on the DTI atlas. Table 3 illustrates the definition and region
selection for the ten pathways and 21 fiber bundles: body, genu
and splenium of corpus callosum (CC), bilateral ALIC and PLIC tracts,
bilateral motor and sensory tracts, bilateral uncinate fasciculus
tracts, bilateral inferior longitudinal fasciculus (ILF) tracts, bilateral
arcuate fasciculus tracts with three sub-tracts in each hemisphere:
arcuate-superior, arcuate-inferior-temporal, and arcuate-superior-
temporal.



Table A1
Descriptions of manually defined regions of interest along with snapshots.

Body of Corpus Callosum (CC), Genu of CC, Splenium of CC

CC : The source ROI is defined in the central body of  the corpus callosum as seen in the first coronal slice below. The target
ROI is defined to restrict the bundle at the motor cortex. 

Genu : The source ROI is in the anterior part of the Corpus Callosum (second axial slice below) and the target is to mark the
ends  of genu at the prefrontal cortex.  

Splenium : The source ROI marks the posterior part of  Corpus Callosum and the target marks the ends in the
somatosensory cortical region (third axial slice).  

The fourth sagittal slice shows all the three source ROIs together. 

Anterior Limb of Internal Capsule Tract (Left and Right) - ALIC

There is a single source ROI which is placed in the anterior limb of the Internal Capsule bundle. The tracts mostly seem to go
towards the frontal lobe.  

Posterior Limb of Internal Capsule Tract (Left and Right) - PLIC

There is a single source ROI which is placed in the posterior limb of the Internal Capsule bundle. The tracts mostly seem to
go towards the occipital lobe    

(continued on next page)

553X. Geng et al. / NeuroImage 61 (2012) 542–557

Unlabelled image


Table A1 (continued)

MotorMotor TraTract (Left(Left andand Right)Right)

TheThe sourcesource ROIROI isis placedplaced belowbelow thethe thalathalamus,us, atat thethe basebase ofof the largerthe larger InternalInternal CapsuleCapsule bundle. bundle. TheThe targettarget ROI lilimitsits itit toto
fiberfiber tractstracts alsoalso passpassinging throughthrough thethe motorotor cortexcortex andand mostlyostly following the superior-inferior pathway.   following the superior-inferior pathway.   

Sensory Tract (Left and Right)Sensory Tract (Left and Right)

Like the Motor tract, the source ROI is placed below the thalamus, at the base of the larger Internal CapsuleLike the Motor tract, the source ROI is placed below the thalamus, at the base of the larger Internal Capsule bundle.bundle. TheThe
targettarget ROIROI lilimitsits itit toto tractstracts passingpassing throughthrough thethe sosomatosensorytosensory cortical regioncortical region andand alsoalso mostlyostly followingfollowing thethe
superior-inferiorsuperior-inferior pathway.pathway. TheThe sensorysensory tracttract displaysdisplays a coa compound of thalapound of thalamocortical tract and corticopontineocortical tract and corticopontine tracttract fromfrom
thethe postcentralpostcentral gyrus.   gyrus.   

Uncinate Fasciculus Tract (Left and Right)

The source ROI is placed in the prefrontal cortical region of the frontal lobe and the target ROI is in the temporal lobe,
close to the hippocampus and amygdala. This makes the uncinate tract connect regions in the frontal and temporal
lobes.  

Inferior Longitudinal Fasciculus Tract (Left and Right) - ILF

The source ROI is placed in the temporal lobe and the target ROI is in the occipital lobe, such that the tract runs connecting
the two ROIs. 
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Table A1 (continued)

Arcuate Fasciculus Tract (Left and Right)

The source ROI is placed at the white matter beneath the temporoparietal junction. There are three target ROIs, the first
is positioned in the frontal cortex, and the second and third placed in the temporal lobe. The three target ROIs give
three sub-pathways within arcuate. The first is named Arcuate-Superior arcuate, which provides connections from the
temporoparietal junction to the frontal cortex and runs superior to the other two. The second is Arcuate-Inferior-
Temporal tract, which connects the temporal lobe and rises up towards the junction and then towards the frontal 
region. The third is Arcuate-Superior-Temporal tract, which also runs from the temporal lobe and rises upwards to turn
towards the frontal lobe. The second and third lie in an inferior and superior position with respect to each other and hence
the names.         
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