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Abstract: In this study, we examined linear and curvilinear correlations of fractional anisotropy
(FA), mean diffusivity (MD), and white matter volume with age by using brain structural and diffu-
sion-tensor magnetic resonance imaging (MRI) in a large number of healthy children and voxel-
based morphometry (VBM) and region-of-interest (ROI) analyses. We collected data by brain struc-
tural MRI in 246 healthy children, aged 5-18 years. FA and MD images were normalized using the
normalization parameter of the corresponding structural MRI. Next, we analyzed the correlations
between FA and age and between MD and age by estimating linear and logarithmic functions. We
also analyzed the correlation between white matter volume and age by linear, quadratic, and cubic
functions. Correlations between FA and age and between MD and age showed exponential trajecto-
ries in most ROIs in boys and girls, except for several fibers, such as the corpus callosum connecting
the bilateral rectal gyri in boys. The correlation between white matter volume and age showed sig-
nificant positive linear trajectories in most ROIs in boys and girls, except for a few fibers, such as
the bilateral uncinate fasciculus. Additionally, maturational rates differed among major fibers, and
in girls, the left superior longitudinal fasciculus, which connects the frontal and temporal lobes,
showed a slower rate of maturation than other fibers. Our results may help to clarify the mecha-
nisms of normal brain maturation from the viewpoint of brain white matter. Hum Brain Mapp
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INTRODUCTION

Recent neuroimaging studies have revealed that human
brain development continues throughout childhood and
adolescence and is structurally and functionally a non-lin-
ear process [Giedd et al., 1999; Gogtay et al., 2004; John-
son, 2001; Lenroot et al.,, 2007, Thatcher, 1992]. White
matter volume also shows a curvilinear trajectory, with a
stable preadolescent volume followed by a slight postado-
lescent increase [Giedd et al., 1999; Lebel et al., 2008; Paus
et al., 2001; Sowell et al., 2002; Tamnes et al., 2010]. This
phenomenon is thought to result from a corresponding
increase and decrease in the number of synapses per
neuron and intracortical myelination in brain maturation
[Huttenlocher, 1979; Huttenlocher et al., 1982, 1997; Paus,
2005]. Thus, revealing the trajectory of white matter vol-
ume with age may help to improve our understanding of
the progress of brain maturation in each gray matter
region. Revealing the normal trajectory of brain white mat-
ter volume with age in whole white matter regions is also
important because several disorders, such as autistic spec-
trum disorders, show different trajectories in the correla-
tion between white matter volume and age compared with
that in age-matched healthy children [Ben Bashat et al.,
2007; Courchesne et al., 2001].

In addition to the correlation between white matter vol-
ume and age in healthy children, recent studies have
focused on the microstructure of white matter by using
diffusion-tensor imaging (DTI). DTI indirectly provides in
vivo information about tissue microstructures by using the
random diffusion of water molecules in the brain [Le
Bihan, 2003]. Using DTI, we can acquire information
regarding fractional anisotropy (FA) and mean diffusivity
(MD). The FA index is a commonly used intravoxel metric
that characterizes the degree of diffusion directionality
[Pierpaoli et al., 1996]. FA is sensitive to several neurobio-
logical features, such as axonal diameter, axonal density,
and the degree of myelination [Beaulieu, 2002; Mori et al.,
2006; Wozniak et al., 2006], and is a measure of the direc-
tionality of diffusion, with values ranging from 0 (isotropic
diffusion) to 1 (totally anisotropic diffusion). On the other
hand, MD is a measure of the average magnitude of water
diffusion. Recent studies analyzing the trajectories of FA
and MD with age in children showed that FA increases
with age and MD decreases with age from childhood to
young adulthood, with a linear relationship [Barnea-
Goraly et al., 2005; Bonekamp et al.,, 2007; Muetzel et al.,
2008; Mukherjee et al.,, 2002; Schmithorst et al., 2002].
However, the trajectories of FA and MD with age have
been shown to be curvilinear such that FA initially
increases rapidly with age, and then the rate of increase
slows, finally reaching a plateau. In contrast, MD initially

decreases rapidly with age, and then the rate of decrease
slows, finally reaching a stable value. Thus, several studies
have estimated these correlations by curvilinear fittings,
such as using exponential fitting in ROI analysis [Ben
Bashat et al., 2005; Lebel et al., 2008; Schneider et al., 2004;
Tamnes et al., 2010; Zhang et al., 2005].

Although many studies have focused on the correlations
of FA and MD with age in healthy children by fitting lin-
ear and curvilinear correlations such as exponential fit-
tings, to our knowledge, no reported study has analyzed
the linear and curvilinear correlations of FA and MD with
age using both ROI analyses and voxel-based analyses in
whole white matter regions. Voxel-based analysis has the
advantage of revealing brain maturation in whole brain
regions without setting any a priori ROL On the other
hand, ROI analysis has the advantage that we can focus
on the developmental changes of specific white matter
fibers. Thus, it is thought that both VBA and ROI analyses
are valuable in revealing the normal trajectory of brain
maturation from the viewpoint of white matter. In fact,
revealing correlations between measures of white matter
microstructure and age in healthy children is important
because the FA value is associated with several cognitive
functions, such as reading skills [Klingberg et al., 1999]
and working memory [Takeuchi et al., 2010]. Additionally,
subjects with autism show lower FA in several regions
such as the superior temporal sulcus and the fusiform
gyrus [Barnea-Goraly et al., 2005]. Thus, revealing the nor-
mal trajectory of the correlation between FA and MD with
age in the whole white matter may help in clarifying the
differences in brain maturation between healthy children
and children with autism.

The purpose of the present study was to examine linear
and curvilinear correlations of FA, MD, and white matter
volume with age using brain structural and diffusion-ten-
sor magnetic resonance imaging (MRI) in a large number
of healthy children using voxel-based analysis (VBA) and
region-of-interest (ROI) analysis. In VBA, we used voxel-
based morphometry [Ashburner et al.,, 2000], an estab-
lished automated neuroimaging technique that enables the
global analysis of brain structure without a priori identifi-
cation of a ROI in MRI preprocessing. In the ROI analysis,
we used 30 ROIs from a probabilistic fiber atlas that cov-
ered major projection, commissural and long association
fibers. We used linear and exponential functions to exam-
ine the correlations between FA and age and between MD
and age because recent studies have shown that these cor-
relations are largely explained by exponential fittings
[Lebel et al., 2008; Mukherjee et al., 2001; Schneider et al.,
2004; Tamnes et al.,, 2010]. To examine the correlation
between white matter volume and age, we applied linear,
quadratic, and cubic polynomial functions.
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MATERIALS AND METHODS
Subjects

All subjects were healthy Japanese children, and details
of their recruitment have been reported elsewhere [Taki
et al.,, 2010]. Briefly, we collected brain MR images from
290 subjects (145 boys, 145 girls; age range, 5.6-18.4 years)
who had no history of malignant tumors, head trauma
with loss of consciousness lasting over 5 min, develop-
mental disorder, epilepsy, psychiatric disease, or claustro-
phobia. In the advertisement used in subject recruitment,
we announced that only right-handed children could par-
ticipate, and we also confirmed that all subjects were right
handed using the Edinburgh Handedness Inventory [Old-
field, 1971]. We included subjects whose full-scale intelli-
gence quotient (IQ) was more than 70, and the criteria
were derived from a recent study on normal brain devel-
opment [Evans et al., 2006]. To assess IQ, trained exam-
iners administered the Japanese version of the Wechsler
Adult Intelligence Scale (WAIS), third edition [Fujita et al.,
2006] to subjects who were at least 16 years of age; for
subjects younger than 16 years, we used the Japanese ver-
sion of the Wechsler Intelligence Scale for Children
(WISC), third edition [Azuma et al., 1998]. We calculated
the full-scale IQ from the score on the WAIS/WISC for
each subject, and all subjects showed a full-scale IQ >70
(the mean, SD, and range of the full-scale IQ of all the sub-
jects was 102.6, 12.3, and 71-137, respectively). We did not
perform diffusion-tensor imaging (DTI) of 44 subjects due
to tiredness of the subjects. Thus, the final sample con-
sisted of 246 participants (119 boys and 127 girls). The
ages of the subjects ranged from 5.7 to 18.4 years.

Before MRI, written informed consent was obtained
from each subject and his/her parent after they had
received a full explanation of the purpose and procedures
of the study, according to the Declaration of Helsinki
[1991]. Approval for these experiments was obtained from
the institutional review board of Tohoku University.

Image Acquisition

All images were collected using a 3-T Philips Intera
Achieva scanner. Three-dimensional, high-resolution, T1-
weighted structural images were collected using a magnet-
ization prepared rapid gradient echo (MPRAGE) sequence.
The parameters were as follows: 240 x 240 matrix, TR =
6.5 ms, TE = 3 ms, TI = 711 ms, FOV = 24 cm, 162 slices,
1.0-mm slice thickness, scan duration 8 min 3 s. Addition-
ally, diffusion-weighted data were collected using a spin-
echo EPI sequence [TR = 10,293 ms, TE = 55 ms, big delta
(A) = 26.3 ms, little delta (§) = 12.2 ms, FOV = 224 cm, 2
x 2 x 2-mm° voxels, slice thickness = 2 mm, 60 slices,
SENSE reduction factor = 2, number of acquisitions = 1].
The diffusion weighting was isotropically distributed
along 32 directions (b value = 1,000 s/ mm?). Additionally,
a single image with no diffusion weighting (b value =

0 s/mm?; b0 image) was acquired. The total scan time was
7 min 17 s.

Image Analysis of Structural MRI

A schematic of the image analysis is shown in Support-
ing Information Figure S1. After image acquisition by
MR, all T1-weighted MR images were analyzed using Sta-
tistical Parametric Mapping 2 (SPM2; Wellcome Depart-
ment of Cognitive Neurology, London, UK; [Friston et al.,
1995]) in MATLAB (Math Works, Natick, MA) and part of
the MATLAB program “cg_vbm_optimized” (http://
dbm.neuro.uni-jena.de/vbm.html). First, the T1-weighted
MR images in native space were transformed into stereo-
tactic space [Talairach and Tournoux, 1988] by registering
each of the images to a custom template image that was
derived from all subjects in this study using VBM tools for
SPM2 (http://dbm.neuro.uni-jena.de/vbm/). Tissue seg-
mentation from the transformed images to the gray matter,
white matter, cerebrospinal fluid (CSF) space, and non-
brain was then performed using the SPM2 default segmen-
tation procedure. Additionally, we obtained gray matter
and white matter segment images in native space by
applying a reverse transformation to the linearly spatially
normalized gray matter and white matter segment images.
Next, the linearly normalized and segmented gray matter
images were non-linearly normalized to the custom tem-
plate using 7 x 8 x 7 nonlinear basis functions in three or-
thogonal directions. These normalization parameters were
reapplied to the TIl-weighted whole-brain structural
images of each subject to perform optimal spatial normal-
ization. The optimally normalized T1-weighted images
were segmented into gray matter, white matter, and CSF
space. We used normalized white matter segment images
in the subsequent image analysis. Additionally, these nor-
malized white matter segment images were smoothed by
convolving an isotropic Gaussian kernel (8 mm FWHM)
for the statistical analysis of VBA for the regional white
matter volume. This smoothing step was used to remove
individual variations in anatomy and to render the data
more normally distributed by the central limit theorem.

Image Analysis of DTI

After image acquisition in DTI, FA map images and MD
map images were calculated from DTI using the software
that was pre-installed on the Philips MR console. All FA
and MD map images were also analyzed using SPM2
[Friston et al., 1995] in MATLAB. First, FA map images
were coregistered to corresponding white matter segments
in native space for each subject. Next, the coregistration
parameter was applied to the corresponding MD map
images. We coregistered the FA map images to the corre-
sponding white matter segment images because the spatial
signal distributions of the images were similar to each
other; no obvious coregistration error was found in the
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method by checking all images of the subjects using the
Checkreg function of SPM2. Then, using the corresponding
normalization parameter derived from the normalization
process of structural MR images, both corresponding FA
and MD map images were non-linearly normalized. Next,
a white matter binary mask image consisting of a voxel
value that was higher than an empirically determined
value of 0.2 in the white matter image was applied to the
FA and MD map images to focus the statistical analysis on
the white matter. Finally, these masked FA and MD map
images were smoothed by convoluting an isotropic Gaus-
sian kernel (8 mm FWHM).

Statistical Analysis of VBA for the Regional
White Matter Volume

For the VBA analysis of the white matter volume, to an-
alyze the linear and curvilinear trajectories of white matter
volume with age, relationships between white matter vol-
ume and age were estimated by fitting three polynomial
functions of age (linear, quadratic, and cubic) to the
smoothed white matter segments derived from the image
analysis of structural MRI described above. We set three
separate models: Age, Age’ + Age, and Age® + Age® +
Age. In these models, an intercept term was added, and
higher-order polynomial regressors were orthogonalized
to lower-order ones to enable testing of each polynomial
component individually if needed. We determined the
best-fit linear model at each voxel by selecting the one that
showed the smallest Akaike information criterion (AIC)
value [Akaike, 1974]. This widely used model-selection
method, enabled us to rank models based on their single
AIC criterion value, which accounts for both the ability of
a model to explain the data and the complexity of that
model, such that the lowest value is associated with the
better model. Additionally, to restrict the information to
statistically significant areas only, we masked the results
of the AIC computation by the results of an F-test of the
cubic model’s three age regressors, thresholded at a signif-
icance level of P < 0.05 for the family-wise error rate.
Examples of the developmental trajectory for each function
are shown in Figure 1.

Statistical Analysis of VBA for the FA and MD

The relation between FA or MD and age was estimated
by fitting the following two different models in the data at
each voxel of the brain. The linear fitting equations were
of the form FA (or MD) = b + a x age, where b is an esti-
mated intercept of the linear fitting, and a is the slope of
the linear fitting. The exponential fitting equations were of
the form FA (or MD) = yy + A x e8/), where y, indi-
cates the estimated value of the asymptote, A indicates the
difference between the y, value and the estimated value at
age zero, and t is a time constant that indicates the rate of
development [Lebel et al., 2008; Tamnes et al., 2010]. We

Linear, P

White matter
volume

Quadratic, P

Quadratic, N

\

Cubic, P

Cubic, N

"

Age (years)

Figure I.
Examples of the developmental trajectory in each function. N
indicates a negative correlation, and P indicates a positive
correlation.

performed the VBA in the regions where the significance
level of the linear fitting between age and FA (or MD) was
less than 0.1. Those two equations were fitted at each
voxel assuming a normally distributed additive error.
Practically, as that fit relies on minimizing the sum of
squared errors, the normal equations provided the neces-
sary closed form for the linear model, whereas an iterative
optimization algorithm was used to fit the exponential
model (using the implementation available in the C++
minpack software library, http://devernay.free.fr/hacks/
cminpack/cminpack.html). To ensure that no single value
alone strongly impacted the fitting outcome, a dozen over-
lapping subgroups of subjects were created by keeping
only 75% of the total, randomly selected, over which the
models were fitted. Among these fits, we selected final
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models using the median value of the slope parameter (or
the scaling parameter in the case of the exponential
model). The effect of gender was investigated by doing the
whole fitting process (including the exclusion of 25%) sep-
arately in the boy and girl subgroups. Brain maps of the
adjusted-R* parameters were computed to assess the fit
quality. However, because it has been reported that the R
statistic should strictly apply only to linear models [Spiess
et al., 2010], we also computed the closely related AIC
with correction maps to rank the linear and non-linear
models. This manual assessment of the fitting process and
associated parameter maps was made possible through a
convenient per-voxel visualization tool to ensure that the
described results held.

Statistical Analysis of ROls

For the ROI analysis, we set 30 ROIs from a probabilistic
fiber atlas that covered major projection, commissural, and
long association fibers defined by the Center of Magnetic
Resonance Microimaging at Johns Hopkins Medical Insti-
tute (http://cmrm.med.jhmi.edu/). For projection fibers,
we used two ROlIs: those of the bilateral corticospinal tract.
For commissural fibers, we used 12 ROIs: the fibers con-
necting the bilateral cingulate gyri, cuneus, lingual gyri,
middle frontal gyri, middle occipital gyri, postcentral gyri,
precentral gyri, precuneus, rectal gyri, superior frontal
gyri, superior occipital gyri, and superior parietal lobules.
For long association fibers, we used 16 ROIs: the bilateral
inferior occipito-frontal fasciculus, inferior longitudinal
fasciculus, three parts of the superior longitudinal fascicu-
lus (the part that connects the frontal and parietal lobes,
that between the frontal and temporal lobes, and that
between the temporal and parietal lobes), the uncinate fas-
ciculus, cingulum of the hippocampus, and the cingulate
gyrus. We binarized the probabilistic fiber atlas such that
if the voxel value of the mask was not zero, then the value
of the voxel was set to one, and if zero, then it was set to
zero. Next, we determined the mean value of FA, MD,
and regional white matter volume in each ROI by calculat-
ing the average in each voxel. Then, we fitted the correla-
tion between FA and age and that between MD and age in
linear and exponential fittings using technical analysis
software (ORIGIN Pro, ver. 8.5, http://www.originlab.
com/). As in the voxel-based analysis, the linear fitting
equations were of the form FA (or MD) = b + a x age,
where b is an estimated intercept of the linear fitting, and
a is the slope of the linear fitting. Additionally, the expo-
nential fitting equations were of the form FA (or MD) = y,
+ A x %D where y, indicates the estimated value of
the asymptote, A indicates the difference between the yq
value and the estimated value at age zero, and ¢t is a time
constant that indicates the rate of development [Lebel
et al., 2008; Tamnes et al., 2010]. If the exponential fitting
did not converge, we applied a linear fitting for the corre-
lation between FA (or MD) and age. For white matter vol-

ume, the relationship between white matter volume and
age was estimated by fitting three polynomial functions of
age (linear, quadratic, and cubic) to the white matter vol-
ume. Here again, we determined the best-fit linear model
by selecting the model that showed the lowest AIC value.
The total number of ROIs was 30; thus, the significance
level was set at P < 0.05/30 = 0.0017 in all statistical anal-
yses of the ROI analysis.

We performed the statistical analyses on boys and girls
separately because recent studies have shown that the tra-
jectory of brain maturation, such as the correlation between
gray and white matter volumes and age, differs between
boys and girls [Giedd et al., 1999; Lenroot et al., 2007].

RESULTS

VBA of Correlations Between White Matter
Volume and Age

The white matter regions that showed significant corre-
lations with age, age®, or age® using the F-test of the cubic
model in boys are shown in Supporting Information Table
S1, and those in girls are shown in Supporting Information
Table S2. The results for the correlation between white
matter volume and age in boys fitted by linear, quadratic,
or cubic polynomial functions determined by AIC are
shown in Figure 2, and those for girls are shown in Figure
3. Overall, the correlation between white matter volume
and age showed an increasing trajectory. In boys, signifi-
cant linear correlations were found between age and re-
gional white matter volume in the bilateral corticospinal
tract of the pons, midbrain, and at the level of the centrum
semiovale. Additionally, significant quadratic or cubic cor-
relations were found between age and white matter vol-
ume in several regions, such as the precentral gyrus, pons,
and cerebellum in boys. In girls, significant linear correla-
tions were found between age and regional white matter
volume in the bilateral corticospinal tract of the midbrain
and the medial aspect of the cerebellum. Additionally, sig-
nificant quadratic or cubic correlations were found
between age and white matter volume in several regions,
such as the pons and midbrain in girls.

VBA of the Correlations of FA and MD with Age

The results for the correlation of FA with age in boys
and girls fitted by linear or exponential fittings are shown
in Figure 4A,B, respectively, and the correlations between
MD and age fitted by linear or exponential fittings are
shown in Figure 5A for boys and 5B for girls. In boys, the
correlation between FA and age was best fitted by an ex-
ponential function in several regions, such as the superior
longitudinal fasciculus connecting the frontal and temporal
lobes (arcuate fasciculus) and the corticospinal tract (Fig.
4A), and in girls, the correlation between FA and age was
best fitted by an exponential function in several regions,
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Figure 2.

Correlations between white matter volume and age in white
matter regions in boys fitted by linear, quadratic, or cubic poly-
nomial functions, determined by the Akaike information crite-
rion (AIC). Above, the results are superimposed on the axial
view of the brain; below, the results are masked by the results
of the AIC computation, by the results of an F-test of the cubic

model’s three age regressors, thresholded at a significance level
of P < 0.05 for the family-wise error rate. The left part of the
figure is the left part of the brain. The blue color indicates the
voxels regressed by the linear function, green indicates the vox-
els regressed by the quadratic function, and red indicates the
voxels regressed by the cubic function.

¢ 1847



¢ Taki et al. ¢

Linear
I Quadratic
Cubic

A\

Linear
Quadratic
Cubic

Figure 3.
Correlations between white matter volume and age in white matter regions in girls fitted by linear,
quadratic, or cubic polynomial functions, determined by AIC. Details are the same as in Figure 2.

such as the corticospinal tract and the right superior longi-
tudinal fasciculus connecting the frontal and temporal
lobes (Fig. 4B). In boys, the correlation between MD and
age was best fitted by an exponential function in several
regions, such as the right corticospinal tract and the right

inferior occipitofrontal fasciculus (Fig. 5A), and in girls,
the correlation between MD and age was best fitted by an
exponential function in several regions, such as the bilat-
eral superior longitudinal fasciculus connecting frontal,
temporal, and parietal lobes (Fig. 5B).
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Figure 4.
Correlations between fractional anisotropy and age for white matter regions in boys (A) and in girls
(B) fitted by linear and exponential functions determined by the adjusted R%. The results are shown
as a subtraction from the adjusted R? of the exponential function to that of a linear function and are
superimposed on the axial view of the brain. The left part of the figure is the right part of the brain.

ROI Analysis of the Correlations of FA, MD, and
White Matter Volume with Age

The results for the relationship between age and FA in
each white matter fiber using linear fitting and exponential
fitting in boys are shown in Table I, and those in girls are
shown in Table II. Additionally, the results of the relation-
ship between age and MD in each white matter fiber using
linear fitting and exponential fitting in boys are shown in
Table III, and those in girls are shown in Table IV. More-
over, the relationship between age and FA or MD in the
two representative fibers from the commissural, associa-
tion, and projection fibers that showed the highest and the
second highest R? in each gender, respectively, are shown

in Supporting Information Figures S2 (between age and
FA in boys), S3 (between age and FA in boys), S4 (between
age and MD in boys), and S5 (between age and MD in
girls). Overall, the correlation between FA and MD and
age showed an exponential trajectory in most ROIs in boys
and girls. Regarding the correlation between FA and age,
FA initially increased rapidly with age, and then the rate
of increase slowed and finally reached a plateau, shown as
Yo in the equation, in most ROIs in both genders. How-
ever, in boys, the FA value of the corpus callosum con-
necting the bilateral rectal gyri showed a different
trajectory with age such that the FA decreased linearly
with age. The correlation between age and FA of the cor-
pus callosum is also shown in Supporting Information
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Figure 5.
Correlations between mean diffusivity and age in white matter regions in boys (A) and in girls
(B) fitted by linear and exponential functions determined by the adjusted R%. The results are shown
as a subtraction from the adjusted R? of the exponential function to that of a linear function and are
superimposed on the axial view of the brain. The left part of the figure is the right part of the brain.

Figure S2 (C) in boys, and Figure S3 (A) in girls. The cor-
pus callosum connecting the bilateral cingulate gyri,
cuneus, precentral gyrus, precuneus, and superior parietal
lobules, and the bilateral corticospinal tracts showed rela-
tively higher estimated y, values (yo > 0.5) than did other
fibers in boys and girls. Additionally, the right inferior
longitudinal fasciculus in both genders and the left supe-
rior longitudinal fasciculus, which connects the frontal and
temporal lobes, in girls showed a relatively high estimated
t-value (t > 10), suggesting that these fibers show a slower
rate of maturation than do other fibers.

Regarding the correlation between MD and age, MD ini-
tially decreased rapidly with age, and then the rate of
decrease slowed and finally reached a stable value, shown
as yp in the equation, in most ROIs in both genders.

For white matter volume, the trajectory of regional white
matter volume with age in each ROI is shown in Support-
ing Information Table S3. The correlation between white
matter volume and age showed significant positive linear
trajectories in most ROIs in boys and girls. In boys, the
white matter volume of the bilateral uncinate fasciculus
showed significant negative quadratic trajectories with
age. These regions showed rapid increases in white matter
volume with age, and then the rate of increase slowed. In
girls, several white matter regions, such as the corpus cal-
losum connecting the bilateral cingulate gyri, the middle
frontal gyri, the precuneus, the superior parietal lobules,
the bilateral cingulum of the cingulate gyrus, and the left
superior longitudinal fasciculus, which connects frontal
and parietal lobes, showed significant positive quadratic
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TABLE I. Relationship between age and FA in each white matter fiber using linear fitting and
exponential fitting in boys

Linear Exponential

Regions b (SE) a (SE) Adjusted R? Yo (SE) A (SE) t (SE) Adjusted R?
CC (cingulate gyrus) 0.460 (0.007)  0.003 (0.001) 0.162** 0.513 (0.018) —0.109 (0.074) 6.177 (5.934) 0.158**
CC (cuneus) 0.482 (0.017)  0.005 (0.001) 0.078** 0.550 (0.009) —1.134 (1.856) 2.218 (1.199) 0.101**
CC (lingual gyrus) 0.422 (0.014)  0.004 (0.001) 0.093** 0.493 (0.022)  —0.204 (0.233) 4.732 (4.676) 0.096**
CC (middle frontal gyrus) 0.457 (0.007)  0.002 (0.001) 0.045* 0.477 (0.002) —13.427 (34.242)  1.008 (0.411) 0.061**
CC (middle occipital gyrus)  0.420 (0.007)  0.004 (0.001) 0.299** 0.495 (0.014) —0.176 (0.091) 5.483 (3.152) 0.309**
CC (postcentral gyrus) 0.445 (0.008)  0.003 (0.001) 0.150** 0.493 (0.004) —0.929 (1.065) 2.118 (0.764) 0.203**
CC (precentral gyrus) 0.475 (0.008)  0.003 (0.001) 0.090** 0.510 (0.003) —2.431 (3.189) 1.584 (0.493) 0.183**
CC (precuneus) 0.474 (0.007)  0.003 (0.001) 0.165** 0.524 (0.009) —0.205 (0.201) 3.813 (2.363) 0.169**
CC (rectal gyrus) 0.474 (0.008) —0.003 (0.001) 0.073* No data No data No data No data
CC (superior frontal gyrus)  0.461 (0.007)  0.002 (0.001) 0.059* 0.482 (0.002) —8.517 (18.92) 1.087 (0.412) 0.078**
CC (superior occipital gyrus) 0.425 (0.007)  0.004 (0.001) 0.290** 0.495 (0.008) —0.285 (0.193) 3.810 (1.622) 0.310**
CC (superior parietal lobule) 0.459 (0.007)  0.004 (0.001) 0.220%* 0.519 (0.013)  —0.150 (0.100) 5.221 (3.556) 0.224**
L cingulum (cingulate gyrus) 0.442 (0.007)  0.003 (0.001) 0.173** 0.485 (0.005) —0.294 (0.317) 3.000 (1.498) 0.179**
R cingulum (cingulate gyrus) 0.381 (0.010)  0.004 (0.001) 0.160** No data No data No data No data
L cingulum (hippocampus)  0.380 (0.009)  0.003 (0.001) 0.107** 0.426 (0.006)  —0.343 (0.456) 2.930 (1.754) 0.124**
R cingulum (hippocampus)  0.308 (0.015)  0.003 (0.001) 0.038* 0.366 (0.049) —0.108 (0.124) 6.968 (14.95) 0.033**
L cortico-spinal tract 0.492 (0.008)  0.002 (0.001) 0.068* 0.521 (0.003) —1.843 (2.858) 1.617 (0.606) 0.133**
R cortico-spinal tract 0.492 (0.007)  0.002 (0.001) 0.058* 0.515 (0.002) —13.873 (22.209)  1.064 (0.285) 0.154**
L IOFF 0.387 (0.006)  0.003 (0.001) 0.243** 0.442 (0.011)  —0.143 (0.092) 5.032 (3.112) 0.248

R IOFF 0.394 (0.006)  0.004 (0.000) 0.310** No data No data No data No data
L ILF 0.395 (0.006)  0.003 (0.001) 0.211** 0.441 (0.007)  —0.194 (0.161) 3.769 (1.943) 0.228**
R ILF 0.382 (0.005)  0.003 (0.000) 0.299** 0.477 (0.100) —0.109 (0.071)  17.468 (30.449) 0.295**
L SLF (fronto-parietal) 0.395 (0.007)  0.003 (0.001) 0.192** 0.442 (0.003) —0.894 (0.919) 2.111 (0.681) 0.243**
R SLF (fronto-parietal) 0.363 (0.006)  0.004 (0.001) 0.281** 0.440 (0.031)  —0.119 (0.030) 8.668 (8.031) 0.280**
L SLF (fronto-temporal) 0.399 (0.007)  0.003 (0.001) 0.195** 0.443 (0.003) —0.690 (0.693) 2.250 (0.758) 0.244**
R SLF (fronto-temporal) 0.399 (0.006)  0.004 (0.001) 0.259** No data No data No data No data
L SLF (temporo-parietal) 0.369 (0.007)  0.003 (0.001) 0.174** 0.420 (0.010) —0.176 (0.154) 4.241 (2.730) 0.184**
R SLF (temporo-parietal) 0.383 (0.006)  0.003 (0.001) 0.169** 0.402 (0.007) 0.001 (0.001) —4.079 (2.379) 0.186**
L uncinate fasciculus 0.390 (0.007)  0.002 (0.001) 0.112%* 0.426 (0.006) —0.213 (0.277) 3.199 (2.082) 0.119**
R uncinate fasciculus 0.399 (0.006)  0.001 (0.001) 0.046* 0.416 (0.002) —4.608 (15.99) 1.110 (0.668) 0.023**

CC (cingulate gyrus), corpus callosum connecting the bilateral cingulate gyri; IOFF, the inferior occipito-frontal fasciculus; ILF, the inferior
longitudinal fasciculus; SLF (fronto-parietal), the superior longitudinal fasciculus, which connects between frontal and parietal lobes.

*P < 0.05.

P < 0.0017. Bonferroni critical o = 0.0017. SE indicates standard error. The degrees of freedom in each model are 117 in Linear, and 116

in Exponential.

trajectories with age. These regions showed gradual
increases in white matter volume with age. Additionally,
the bilateral corticospinal tracts showed significant positive
cubic trajectories with age in boys and girls.

DISCUSSION

To our knowledge, this is the first report revealing linear
and exponential correlations of FA, MD, and white matter
volume with age in whole white matter regions over a
wide age range of healthy children by applying VBA and
ROI analysis. We found that the correlations of FA and
MD with age showed exponential trajectories in most
ROIs, except for a few fibers, such as the corpus callosum
connecting the bilateral rectal gyri in boys. Furthermore,
the correlation between white matter volume and age

showed significant positive linear trajectories in most ROIs,
except a few fibers, such as the bilateral uncinate fasciculus.
Additionally, the maturational rate differed among major
fibers, and in girls, the left superior longitudinal fasciculus,
which connects the frontal and temporal lobes, showed a
slower rate of maturation than other fibers.

We demonstrated that the white matter volume in most
regions showed a positive linear correlation with age in
VBA (Figs. 2 and 3, Supporting Information Tables S1 and
S2). In particular, the white matter in the bilateral cortico-
spinal tract in boys showed a significant positive linear
correlation with age. These results are consistent with
recent studies that showed an increase in overall white mat-
ter volume [Giedd et al., 1999; Lebel et al., 2008; Paus et al.,
2001; Sowell et al., 2002; Tamnes et al., 2010] and increases in
white matter density in the internal capsule [Paus et al.,
1999] during adolescence by using T1-weighted anatomical
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TABLE Il. Relationship between age and FA in each white matter fiber using linear fitting and
exponential fitting in girls

Linear Exponential
Regions b (SE) a (SE) Adjusted R? Yo (SE) A (SE) t (SE) Adjusted R?
CC (cingulate gyrus) 0.478 (0.007) 0.002 (0.001) 0.053* No data No data No data No data
CC (cuneus) 0.496 (0.015) 0.003 (0.001) 0.039% 0.537 (0.005) —3.970 (10.15)  1.416 (0.792) 0.041**
CC (lingual gyrus) 0.425 (0.012) 0.004 (0.001) 0.092** No data No data No data No data
CC (middle frontal gyrus) 0.479 (0.007) 0.000 (0.001) —0.007 No data No data No data No data
CC (middle occipital gyrus)  0.443 (0.007) 0.002 (0.001) 0.110** No data No data No data No data
CC (postcentral gyrus) 0.474 (0.008)  0.001 (0.001) 0.018 0.493 (0.005) —0.190 (0.453)  2.765 (2.731) 0.023*
CC (precentral gyrus) 0.493 (0.008) 0.001 (0.001) 0.022 0.514 (0.009) —0.075 (0.149)  4.373 (6.323) 0.020**
CC (precuneus) 0.499 (0.008) 0.001 (0.001) 0.026* 0.518 (0.003) —0.474 (1.126)  2.024 (1.452) 0.033**
CC (rectal gyrus) 0.480 (0.010) —0.004 (0.001) 0.133* 0418 (0.011)  0.227 (0.200)  4.270 (2.654) 0.147%
CC (superior frontal gyrus) 0.476 (0.006) 0.000 (0.001) —0.001 No data No data No data No data
CC (superior occipital gyrus) 0.449 (0.008) 0.002 (0.001) 0.097** 0.489 (0.009) —0.142 (0.152)  4.345 (3.352) 0.099**
CC (superior parietal lobule) 0.486 (0.007) 0.001 (0.001) 0.037* 0.508 (0.005) —0.179 (0.339)  2.930 (2.442) 0.042**
L cingulum (cingulate gyrus) 0.461 (0.006) 0.002 (0.001) 0.064* 0.483 (0.002) —0.811 (1.315)  1.840 (0.825) 0.091**
R cingulum (cingulate gyrus) 0.396 (0.009) 0.003 (0.001) 0.088** No data No data No data No data
L cingulum (hippocampus) 0.392 (0.008)  0.002 (0.001) 0.045* No data No data No data No data
R cingulum (hippocampus) 0.323 (0.014) 0.000 (0.001) —0.007 No data No data No data No data
L cortico-spinal tract 0.488 (0.007) 0.002 (0.001) 0.124** 0.531 (0.015) —0.088 (0.059)  6.556 (6.407) 0.124**
R cortico-spinal tract 0.499 (0.006) 0.001 (0.000) 0.054* 0.528 (0.028) —0.043 (0.020)  9.775 (21.16) 0.049**
L IOFF 0.412 (0.005) 0.001 (0.000) 0.050* 0.433 (0.009) —0.054 (0.067)  5.492 (7.133) 0.047**
R IOFF 0.412 (0.005) 0.002 (0.000) 0.148** 0.456 (0.027) —0.065 (0.017)  9.914 (13.03) 0.146**
LILF 0.414 (0.006)  0.001 (0.000) 0.054* 0434 (0.003) —0.201 (0.340)  2.685 (1.826) 0.060**
R ILF 0.396 (0.006) 0.002 (0.000) 0.129** 0.445 (0.043) —0.066 (0.016) 12.092 (20.833) 0.125**
L SLF (fronto-parietal) 0.412 (0.006) 0.002 (0.000) 0.062* No data No data No data No data
R SLF (fronto-parietal) 0.378 (0.006) 0.002 (0.000) 0.158** No data No data No data No data
L SLF (fronto-temporal) 0.415 (0.006) 0.001 (0.001) 0.042* 0.450 (0.067) —0.044 (0.034) 14.304 (50.342) 0.035**
R SLF (fronto-temporal) 0.419 (0.006) 0.002 (0.000) 0.109** 0.452 (0.008) —0.095 (0.086)  5.003 (4.029) 0.115**
L SLF (temporo-parietal) 0.392 (0.007) 0.001 (0.001) 0.020 No data No data No data No data
R SLF (temporo-parietal) 0.396 (0.006) 0.002 (0.001) 0.084** 0.434 (0.031) —0.056 (0.024)  9.627 (17.45) 0.071**
L uncinate fasciculus 0.408 (0.006) 0.001 (0.000) 0.022 0.419 (0.002)  0.000 (0.000)  0.216 (1.374) 0.014**
R uncinate fasciculus 0.411 (0.006) 0.000 (0.000) —0.006 No data No data No data No data

CC (cingulate gyrus), corpus callosum connecting the bilateral cingulate gyri; IOFF, the inferior occipito-frontal fasciculus; ILF, the infe-
rior longitudinal fasciculus; SLF (fronto-parietal), the superior longitudinal fasciculus, which connects the frontal and parietal lobes.

*P < 0.05;

P < 0.0017. Bonferroni critical o = 0.0017. SE indicates standard error. The degrees of freedom in each model are 125 in Linear, and 124

in Exponential.

images. We showed an increasing trajectory of white matter
volume with age by using the VBA method. Regarding the
mechanism(s) of the increase in white matter volume, a prea-
dolescent increase followed by a postadolescent decrease in
the number of synapses per neuron and intracortical myeli-
nation that occurs in brain maturation [Huttenlocher, 1979;
Huttenlocher et al., 1982, 1997; Paus, 2005] may affect the
white matter volume as well as the gray matter volume.
Additionally, it has been shown that initial development of
the white matter tract is observed in projection fibers, such
as the corticospinal tract, followed by the commissural and
association fibers [Feldman et al., 2010; Huang et al., 2006;
Schmithorst et al, 2010]. Moreover, recent studies have
shown that an increase in white matter volume continues
until around the fifth decade of life in healthy adults [Bartzo-
kis et al., 2001; Sowell et al., 2003; Taki et al., 2011b], suggest-
ing that white matter maturation continues until around

middle age. As described above, it is thought that the white
matter in the bilateral corticospinal tract showed a significant
positive linear correlation with age in this study because
white matter maturation starts from projection fibers.
Focusing on each fiber of the white matter in ROI analysis,
several fibers, especially the superior longitudinal fasciculus,
which connects the frontal and parietal lobes and the frontal
and temporal lobes, and the uncinate fasciculus showed sig-
nificantly higher F-values with age, suggesting that intensive
maturation of these fibers occurs in the age range of this
study (Supporting Information Table S3). The superior longi-
tudinal fasciculus, which connects the frontal and parietal
lobes, is involved in working memory [Vestergaard et al.,
2011], and the actuate fasciculus, which connects the frontal
and temporal lobes, is related to language function [Catani
et al., 2008; Friederici, 2009]. Additionally, the uncinate fasci-
culus, which connects the prefrontal cortex and temporal
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TABLE Ill. Relationship between age and MD in each white matter fiber using linear fitting and
exponential fitting in boys

Linear Exponential

Regions b (SE) a (SE) Adjusted R? Yo (SE) A (SE) t (SE) Adjusted R?
CC (cingulate gyrus) 845.2 (8.438) —6.933 (0.728) 0.432*  711.4 (32.2) 226.8 (55.4) 7.667 (4.513) 0.440%*
CC (cuneus) 983.0 (20.44) —9.745 (1.765) 0200% 7437 (2154) 3025 (96.6)  12.955 (21.82) 0.196*
CC (lingual gyrus) 1034.9 (24.33) —9.621 (2.101) 0.145* 8563 (75.2)  337.3 (208.0)  6.823 (7.435) 0.147%*
CC (middle frontal gyrus) 829.1 (10.43) —4.536 (0.900) 0.171** No data No data No data No data
CC (middle occipital gyrus) ~ 910.7 (11.64) —7.122 (1.005) 0.295%  730.8 (135.9) 222.7 (68.6)  13.664 (18.87) 0.293*
CC (postcentral gyrus) 885.8 (9.12) —7.683 (0.787) 0.444* 7629 (11.8)  416.6 (184.9)  4.267 (1.398) 0.481%
CC (precentral gyrus) 8739 (9.13) —8.067 (0.788) 0.468*  731.3 (21.8)  304.87 (98.7) 5.993 (2.575) 0.488**
CC (precuneus) 870.7 (8.80)  —6.821 (0.760) 0.403** No data No data No data No data
CC (rectal gyrus) 8273 (14.59) —0.882 (1.259)  —0.004 813.7 (6.9) 416.9 (2189.6)  2.040 (3.249)  —0.003
CC (superior frontal gyrus) 833.6 (8.51) —5.395 (0.734) 0.310**  735.7 (24.0) 192.1 (79.7) 6.506 (4.268) 0.317**
CC (superior occipital gyrus) ~ 902.6 (10.71) —7.540 (0.925) 0.357** No data No data No data No data
CC (superior parietal lobule)  879.5 (8.92) —7.114 (0.770) 0.417** No data No data No data No data
L cingulum (cingulate gyrus)  836.5 (7.72)  —6.030 (0.666) 0.407**  724.1 (24.9) 205.7 (62.2) 7.000 (3.982) 0.416**
R cingulum (cingulate gyrus) ~ 844.9 (7.76)  —7.125 (0.670) 0487+ 6907 (49.7) 2184 (22.9)  10.054 (6.865) 0.492%
L cingulum (hippocampus)  973.6 (23.12) —4.365 (1.996) 0.031* 9034 (31.0)  241.9 (488.7)  4.254 (6.321) 0.028**
R cingulum (hippocampus) 916.9 (23.58) —6.659 (2.036) 0.076**  816.6 (19.4) 631.3 (963.2) 3.151 (2.361) 0.087**
L cortico-spinal tract 825.0 (8.72)  —6.058 (0.753) 0.351** 732.7 (8.2) 453.2 (274.0) 3.485 (1.176) 0.386**
R cortico-spinal tract 7949 (720)  —5.958 (0.622) 0435 6954 (12.6)  262.9 (1085)  5.022 (1.980) 0.455**
L IOFF 854.8 (7.61)  —5.454 (0.657) 0.365**  753.7 (23.9) 187.5 (63.4) 6.892 (4.221) 0.373
R IOFF 859.7 (8.12)  —6.795 (0.701) 0441% 7187 (432) 2114 (32.9) 9.120 (6.212) 0.447%
LILF 872.0 (8.11)  —4.523 (0.700) 0257+ 7927 (19.0)  173.4 (92.6) 5.871 (3.988) 0.264**
R ILF 871.7 (8.01)  —6.489 (0.691) 0.425*  754.3 (21.8) 233.9 (76.5) 6.415 (3.213) 0.441**
L SLF (fronto-parietal) 855.3 (8.34)  —6.485 (0.720) 0.404** 737.3 (23.7) 229.8 (76.8) 6.552 (3.157) 0.415**
R SLF (fronto-parietal) 833.8 (8.67) —7.542 (0.749) 0460 6842 (37.6)  240.7 (48.0) 8.204 (4.864) 0.467+
L SLF (fronto-temporal) 854.2 (749) —6.032 (0.647) 0.422** 723.0 (49.0) 184.8 (21.5) 10.148 (7.984) 0.424**
R SLF (fronto-temporal) 833.3 (8.94) —7.349 (0.771) 0.432** 675.4 (55.5) 225.7 (27.8) 9.879 (7.415) 0.435**
L SLF (temporo-parietal) 858.7 (7.14)  —6.050 (0.616) 0447+ 7157 (654) 1854 (24.8)  12.074 (10.69) 0.447%
R SLF (temporo-parietal) 865.6 (7.72)  —7.124 (0.666) 0.490**  632.6 (213.1)  257.8 (173.6)  21.160 (29.79) 0.488**
L uncinate fasciculus 855.2 (7.64)  —5.258 (0.660) 0346 7592 (22.0)  186.2 (69.5) 6.595 (4.104) 0.357*
R uncinate fasciculus 858.8 (8.40) —6.503 (0.725) 0.402** 737.7 (26.7) 223.2 (68.3) 6.959 (3.949) 0.414**

CC (cingulate gyrus), corpus callosum connecting the bilateral cingulate gyri; IOFF, the inferior occipito-frontal fasciculus; ILF, the infe-
rior longitudinal fasciculus; SLF (fronto-parietal), the superior longitudinal fasciculus, which connects the frontal and parietal lobes.

*P < 0.05;

P < 0.0017. Bonferroni critical o = 0.0017. SE indicates standard error. The degrees of freedom in each model are 117 in Linear, and 116

in Exponential.

lobe, is related to declarative memory function [Mabbott et al.,
2009; Squire et al., 1991]. Because these higher cognitive func-
tions mature during adolescence, the increase in white matter
volume in these fibers may be associated with the maturation
of these higher cognitive functions during adolescence.

We also found that the volume of the cingulum in the
hippocampus showed a significant positive correlation
with age. The hippocampus is a site of the generation of
new neurons in several mammals including humans
[Eriksson et al., 1998; Gould et al., 1999]. In fact, hippo-
campal volume increases in adolescence and young adult-
hood [Guo et al, 2007; Ostby et al., 2009]. Thus, the
significant positive correlation between the volume of the
cingulum in the hippocampus and age is thought to be
related to neurogenesis in the hippocampus.

A significant positive correlation between regional white
matter volume and age was found in the corpus callosum

connecting the bilateral superior frontal, precentral, post-
central, and cingulate gyri in both genders. On the other
hand, the corpus callosum connecting the bilateral occipi-
tal lobes, such as the lingual gyrus and superior occipital
gyrus, showed rather small F-values, especially in girls.
Recent post-mortem studies of human brains have shown
that the time course of synaptogenesis is earlier in the vis-
ual and auditory cortex than in the prefrontal cortex
[Huttenlocher, 1979; Huttenlocher et al., 1982, 1997]. Addi-
tionally, synapse elimination starts earlier in the visual
cortex than in the auditory cortex, and that in the prefron-
tal cortex starts later than does either of the others [Hut-
tenlocher et al., 1997]. These results suggest that brain
maturation starts in the occipital lobe and then moves to
the temporal lobe, followed by the frontal lobe, as shown
in our previous study using perfusion MRI [Taki et al.,
2011a]. From these results, it is thought that maturation of
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TABLE IV. Relationship between age and MD in each white matter fiber using linear fitting and
exponential fitting in girls

Linear Exponential

Regions b (SE) a (SE) Adjusted R? Yo (SE) A (SE) t (SE) Adjusted R?
CC (cingulate gyrus) 809.3 (6.90)  —4.378 (0.554) 0.327** 732.6 (9.6) 224.5 (101.9) 4.942 (1.960) 0.364**
CC (cuneus) 908.7 (17.70) —4.226 (1.421) 0.059* 893.1 (64.0) —7.660 (35.4)  —8.295 (14.69) 0.053**
CC (lingual gyrus) 939.5 (21.50) —3.157 (1.727) 0.018 914.1 (17.3) —0.265 (1.7) —3.484 (4.332) 0.019**
CC (middle frontal gyrus) 811.7 (8.35)  —3.705 (0.670) 0.190** 745.6 (13.3) 175.7 (111.1) 5.286 (3.256) 0.205**
CC (middle occipital gyrus) 864.2 (10.70) —4.242 (0.859) 0.157** No data No data No data No data
CC (postcentral gyrus) 834.1 (7.68)  —4.059 (0.617) 0.251** 767.6 (6.4) 340.7 (207.7) 3.624 (1.253) 0.314**
CC (precentral gyrus) 828.3 (7.26)  —4.802 (0.583) 0.347** 749.6 (5.9) 402.5 (190.6) 3.625 (0.974) 0.434**
CC (precuneus) 828.2 (8.10)  —3.964 (0.651) 0.223** 7549 (15.9) 167.77 (87.0) 5.960 (3.717) 0.238**
CC (rectal gyrus) 813.9 (11.38) 0.020 (0.914) —0.008 No data No data No data No data
CC (superior frontal gyrus) 806.5 (6.73)  —3.607 (0.540) 0.257** 743.8 (9.0) 191.7 (105.7) 4.799 (2.211) 0.285**
CC (superior occipital gyrus) 852.1 (9.53)  —4.171 (0.766) 0.185** 746.7 (82.0) 135.9 (33.8) 12.933 (19.38) 0.182**
CC (superior parietal lobule)  833.9 (8.27)  —4.044 (0.664) 0.222** 758.2 (17.4) 165.9 (83.1) 6.187 (4.003) 0.236**
L cingulum (cingulate gyrus) 805.3 (6.35)  —3.776 (0.510) 0.300** 739.1 (8.9) 192.6 (93.5) 4.958 (2.114) 0.331**
R cingulum (cingulate gyrus) 810.6 (5.76)  —4.660 (0.462) 0.444** 723.6 (11.8) 190.4 (57.1) 6.171 (2.378) 0.473**
L cingulum (hippocampus) 916.1 (20.01) —0.610 (1.607) —0.007 908.3 (5.2) 0.0 (0.0) 0.177 (4.107) —0.012
R cingulum (hippocampus) 869.0 (17.62) —2.843 (1.415) 0.024* 832.9 (4.8) 0.0 (0.0) 0.431 (0.512) 0.038**
L cortico-spinal tract 797.3 (6.83)  —4.145 (0.549) 0.308** 722.3 (11.6) 188.9 (11.6) 5.518 (2.544) 0.337**
R cortico-spinal tract 765.9 (5.26)  —4.104 (0.422) 0.426** 693.4 (7.7) 201.6 (71.8) 5.119 (1.685) 0.471**
L IOFF 823.2 (6.42)  —3.389 (0.516) 0.251** 765.3 (7.7) 195.9 (113.8) 4.498 (1.983) 0.281**
R IOFF 825.1 (6.13)  —4.626 (0.492) 0.409** 735.9 (15.2) 176.1 (51.2) 6.803 (3.111) 0.430**
L ILF 8425 (6.71)  —2.848 (0.539) 0.176** 795.6 (6.2) 212.8 (166.3) 3.818 (1.809) 0.204**
R ILF 838.0 (5.97)  —4.385 (0.480) 0.396** 7529 (15.3) 165.2 (48.3) 6.923 (3.310) 0.416**
L SLF (fronto-parietal) 819.6 (7.03)  —3.949 (0.565) 0.275** 752.0 (8.4) 228.5 (123.5) 4.508 (1.855) 0.312**
R SLF (fronto-parietal) 793.8 (5.86)  —4.942 (0.470) 0.465** 705.5 (9.1) 231.8 (74.0) 5.336 (1.685) 0.510**
L SLF (fronto-temporal) 822.7 (6.66)  —3.805 (0.535) 0.282** 758.8 (6.8) 251.0 (137.9) 4.131 (1.528) 0.329**
R SLF (fronto-temporal) 795.1 (5.96)  —4.963 (0.479) 0.458** 705.4 (9.9) 224.8 (70.8) 5.533 (1.834) 0.501**
L SLF (temporo-parietal) 828.8 (6.02)  —3.990 (0.483) 0.347** 759.5 (7.9) 212.5 (93.9) 4.786 (1.760) 0.388**
R SLF (temporo-parietal) 830.5 (5.45)  —4.850 (0.437) 0.492** 730.7 (18.8) 168.3 (31.3) 8.145 (3.738) 0.511**
L uncinate fasciculus 829.9 (7.02)  —3.470 (0.564) 0.226** 770.5 (8.5) 197.2 (123.1) 4.536 (2.174) 0.250**
R uncinate fasciculus 830.6 (6.06)  —4.496 (0.487) 0.401** 748.7 (10.8) 197.2 (69.5) 5.693 (2.218) 0.432**

CC (cingulate gyrus), corpus callosum connecting the bilateral cingulate gyri; IOFF, the inferior occipito-frontal fasciculus; ILF, the infe-
rior longitudinal fasciculus; SLF (fronto-parietal), the superior longitudinal fasciculus, which connects the frontal and parietal lobes.

*P < 0.05;

P < 0.0017. Bonferroni critical o = 0.0017. SE indicates standard error. The degrees of freedom in each model are 125 in Linear, and 124

in Exponential.

the frontal lobe occurs more intensively than that in other
regions, such as the occipital lobe, in the age range of this
study; thus, a significant positive correlation between re-
gional white matter volume and age was found in the cor-
pus callosum primarily connecting the bilateral frontal
lobe in both genders.

Regarding the correlation of FA and MD with age, the
FA of most fibers showed significant exponential increases
with age, and the MD of most fibers showed significant
exponential decreases with age (Figs. 4A,B, 5A,B, and
Tables I-IV). These results are consistent with several
recent studies that showed exponential increases in FA
and exponential decreases in MD in healthy children [Ben
Bashat et al., 2005; Lebel et al., 2008; Schneider et al., 2004;
Tamnes et al., 2010; Zhang et al., 2005]. Regarding the
mechanism(s) of the increase in FA and the decrease in
MD, three factors are thought to be associated with this

phenomenon: dense axonal packing, large axonal diame-
ter, and a high level of myelination [Feldman et al., 2010].
Thus, our results suggest that most white matter fibers
show intensive maturational changes such as myelination
in an earlier period and then slower maturational changes
in late adolescence and young adulthood. However, the
FA of the corpus callosum connecting the bilateral rectal
gyri showed significant, or at least substantial, negative
correlations with age in both genders, as shown in Sup-
porting Information Figure S2(C) in boys and S3(A) in
girls. These findings are partially consistent with those of
a recent study that showed a slight decrease in FA in the
medial orbitofrontal lobe. Regarding the mechanism(s) of
the decrease in FA in the maturational period, if the prun-
ing process occurs in fibers oriented in the principal diffu-
sion direction rather than in crossing fibers in some
regions, it is thought that a decrease in FA could occur
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due to maturational changes in these regions [Schmithorst
et al., 2010]. Thus, not only the increase in FA but also a
decrease in FA and a decrease in MD may reflect matura-
tional changes in white matter microstructure.

This study has some limitations. This was a cross-sectional
study; that is, we showed relationships of FA, MD, and white
matter volume with age but not relationships over time.
Thus, we are planning to perform a longitudinal analysis to
examine the correlations of FA, MD, and white matter vol-
ume with age over time. Second, the age range of the subjects
is thought to be an important factor in determining the best-
fit function of correlations such as white matter volume and
age. Thus, to generalize our findings, subject characteristics,
especially the age distribution, are important.

In conclusion, we demonstrated linear and curvilinear
correlations of FA, MD, and white matter volume with age
using brain structural and diffusion-tensor MRI in a large
number of healthy children by using VBM and ROI analy-
ses. The correlations of FA and MD with age showed ex-
ponential trajectories in most ROIs in boys and girls,
except for a few fibers, such as the corpus callosum con-
necting the bilateral rectal gyri, in boys. The correlations
between white matter volume and age showed significant
positive linear trajectories in most ROIs in boys and girls,
except in a few fibers such as the bilateral uncinate fasci-
culus. Additionally, the maturational rate differed among
major fibers; in girls, the left superior longitudinal fascicu-
lus, which connects frontal and temporal lobes, showed a
slower rate of maturation than other fibers. Our study
may help to clarify the mechanism(s) of normal brain mat-
uration from the viewpoint of brain white matter volume
and make it possible to distinguish between normal trajec-
tories of white matter volume with age and abnormal tra-
jectories with age indicative of developmental disorders.
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