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Abstract Despite increasing evidence of the role of the prefrontal cortex in providing the neural substrate of
higher cognitive function and neurodevelopment, little is known about neuroanatomic changes in prefrontal
subregions during human development. In this prospective study, we evaluated prefrontal gray and white matter
volume in healthy infants, children, adolescents, and adults. Magnetic resonance imaging was performed on 107
healthy people aged one month to 25 years. Gray and white matter volumes of the dorsolateral, dorsomedial,
orbitolateral, and orbitomedial prefrontal cortex were quantified. The results indicated that both children and early
adolescents had larger dorsolateral gray matter volume than infants and adults. Dorsolateral white matter volumes in
children, early adolescents, and late adolescents were larger than those of infants. Dorsomedial white matter volumes
of early adolescents, late adolescents, and adults were also larger than those of infants. There was no significant
difference among age groups in both orbital prefrontal regions. These findings suggest that there are two important
stages of structural change of the prefrontal cortex from infancy to young adulthood. First, growth spurts of both
gray matter and white matter during the first 2 years of life have been shown to occur specifically in the dorsal
prefrontal cortex. Second, gray matter changes have been shown to be regionally specific, with changes in the dorsal,
but not orbital, prefrontal cortex peaking during late childhood or early adolescence. Thus, developmental
differences within sectors of the prefrontal lobe and evidence of neural pruning and myelination may be useful in
understanding the mechanisms of neurodevelopmental disorders.
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1. Introduction

A thorough understanding of human brain development
from birth through adolescence to adulthood is essential to
our understanding of cognitive development. Studies of
normal brain maturation have consistently shown that
brain morphology changes dynamically into adulthood
[1,2,3,4]. In the past 15 years, significant progress has
been made in delineating changes in brain morphology,
including those in gray and white matter, from birth to
adolescence. The human brain undergoes rapid growth
during the first 2 years of life [5]. Gray matter volume
reductions between childhood and adolescence with
relatively stable total brain volume in this age range have
been consistent findings in the literature [3]. This would
be expected given postmortem studies that have revealed a
protracted progression of myelination, particularly into
frontal and parietal regions [6]. Additionally, regressive

events, such as reductions in synaptic density and spines,
have been reported to occur throughout adolescence in
humans [7,8] and in monkeys [9,10]. Magnetic resonance
imaging (MRI) studies of human brain maturation during
adolescent years have consistently shown subtle increases
in total brain volume along with regionally variable
patterns of reductions in gray matter volume and increases
in total white matter volume [1]. Postmortem studies show
that maturational factors occur in a programmed way such
that more primitive regions of the brain (e.g., brainstem,
cerebellum) mature earlier, and phylogenetically more
advanced regions of the brain (e.g., association cortices of
the frontal lobes) develop later [6].

Neuropsychological studies show that the frontal lobes
are essential for such functions as response inhibition,
emotional regulation, planning, and organization [11]. The
human prefrontal cortex mediates the highest cognitive
capacities, including reasoning, planning, and behavioral
control [12]. This relatively large and complex associative
brain region has been shown to develop along with other
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higher-order association regions as children mature from
adolescence into adulthood [13]. Structural neuroimaging
studies using growth-mapping techniques suggest that the
prefrontal cortex matures more slowly than other regions
of the brain [14]. However, little is known about
differences in neuroanatomic developmental changes
within sectors of the prefrontal cortex in humans.

We previously studied MRI in healthy children aged 1
month to 10 years and found growth spurts of the whole
brain, frontal lobes, and temporal lobes during the first 2
years of life [5]. We further extended the age range until
the 20s and found that peak volumes occurred around
preadolescence [15]. The present study examines the
volume of medial and lateral aspects of the dorsal and
orbital prefrontal subregions using thin (1-mm) slices and
an imaging sequence optimal for gray matter (GM)/white
matter (WM) segmentation. (1) We hypothesized that GM
development in infancy through early adulthood would be
nonlinear as described before, and would progress in a
localized, region-specific manner in the prefrontal region.
(2) We also predicted that the regions associated with the
orbital prefrontal lobe would develop earlier compared
with the dorsal prefrontal lobe.

2. Methods

2.1. Participants

Study participants consisted of 107 healthy people with
no personal or family history of psychiatric or
neurological disorders. Participants included 13 infants (7
boys and 6 girls, aged 1 month to 2 years), 24 children (11
boys and 13 girls, aged 2 to 9 years), 18 early adolescents
(7 men and 11 women, aged 10 to 14 years), 36 late
adolescents (19 men and 17 women, aged 15 to 19 years),
and 16 adults (8 men and 8 women, aged 20 to 25 years).
They were recruited by advertisement in our university
and in the Kureha region of Toyama city. Their heights
and weights were all in the normal range. All subjects had
normal neurological development, and had no abnormal
findings in routine MRI studies. Nineteen subjects under 6
years of age were sedated with monosodium trichorethyl
phosphate syrup (0.5-1.0 ml/kg). This drug was
administered one time only; for 5 children who did not fall
asleep after the single dose, the study was discontinued.
Written informed consent was obtained from adult
subjects and the parents of underage subjects before their
participation in the study and after the purpose and all
procedures of the study were fully explained. This study
was approved by the Committee of Medical Ethics of
Toyama University.

2.2. MRI Acquisition

The MRIs were acquired on a 1.5-T Magnetom Vision
(Siemens Inc., Erlangen, Germany). Axial images were
obtained by using a fast low angle shot gradient refocused
3-dimensional (3-D) sequence with the following
parameters: flip angle = 35°, repetition time (TR) = 35
msec, echo time (TE) = 6 msec, nex = 1. The image
obtained was T1-weighted with a field of view of 256 mm
and a matrix size of 256 x 256, and the entire scan was
obtained in about 15 min. The slice thickness was 1.0 mm,
and 140 to 190 contiguous slices were obtained in each

case. Each acquisition was transferred to an on-line UNIX
workstation (SUN Microsystems Inc., SPARC20). All
image processing was performed by using a semi-
automated software package [16]. Brain volume was first
extracted by an algorithm [17] with optimal thresholding,
morphological operations, and Chamfer distance [18].
This algorithm serves as a presegmentation procedure to
estimate and extract a whole 3-D brain volume from the
MR image before the segmentation is performed. An
adaptive Bayesian algorithm was then applied for
segmenting 3-D MRIs into 3 tissue types: GM, WM, and
cerebrospinal fluid (CSF) [19,20]. The algorithm models
MRIs as collections of regions with slowly varying
intensity plus white Gaussian noise. Tissue type is
modeled by a Markov random field (MRF) with the 3-D
second order neighborhood system, where different
potentials are used for in-plane and axial directions to
account for anisotropic images. This model is essential for
accurate segmentation because it incorporates spatial
integration among adjacent label voxels, which reduce
degradation due to poor signal-to noise ratio and feature
contrast. We introduced a cubic B-spline function to
model slowly varying mean intensity of each tissue type
through the least squares fitting technique. The spline is
desirable for overcoming the “shading” effects and
reduces bias against small isolated regions, such as sulcal
CSF. Combining spline representation and adaptation
makes the segmentation more accurate and robust [21].

2.3. MRI Processing

2.3.1. Manual Delineation of Regions of Interest

Manual delineation of cerebral hemispheres [21] and
prefrontal subregions [22] was based on the standard
guidelines below.

2.3.1.1. Cerebral Hemispheres

Collection of data in the axial plane required
neuroanatomic knowledge to separate the supratentorial
from infratentorial compartments. All supratentorial slices
were analyzed and the infratentorial CSF and tissue were
excluded by placing a boundary around the posterior fossa
on each slice. The caudal brain stem structures below the
level of the cerebral peduncles of the midbrain were
excluded. The hypothalamic and chiasmatic cisterns were
retained, but the pituitary, the carotid cistern, the ambient
cistern, and the quadrigeminal plates were excluded.
Depending on head position, the following was
encountered. 1) Occipital lobes often projected onto the
same section as the cerebellar hemispheres and brain stem.
Because the tentorium slopes, the margins had to be
reconciled, and CSF in the superior cerebellar and
quadrigeminal cisterns had to be subtracted. 2) The sella
turcica was excluded since the enlargements of the CSF
space in and around the pituitary gland depended on the
intactness of the diaphragma sellae. However, CSF in the
chiasmatic cistern was included. 3) Other anatomic
variables included the uppermost portion of the midbrain
and the cisterns anterior to it. A line was drawn that
connected the two cerebral peduncles with the basilar
artery, and the brain stem posterior to that was excluded.
The most superior portion of the midbrain and the CSF in
the chiasmatic cistern anterior to this, along with
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structures of the hypothalamus (including the mammillary
bodies, tuber cinereum and infundibular stalk, and optic
chiasm), were included.

2.3.1.2. Prefrontal Subregions

Subdivisions were derived with neuroradiological and
neuroanatomic input, using topographical triangulation
and tissue segmentation techniques to maximize the
precision and reliability of region delineation. Prefrontal
cortex was divided into dorsolateral, dorsomedial, and
lateral and medial orbital sectors. Regions were drawn on
the sagittal series with 3-D visualization tools (Figure 1).

MIDLINE LANDMARKS MEDIAL-LATERAL LANDMARK

MEDIAL DORSAL & ORBITAL LATERAL

PREFRONTAL REGIONS PREFRONTAL REGIONS

Figure 1. lllustration of region placement for the prefrontal cortex. MRI
segmentation is illustrated on the upper right corner, where GM is
depicted in white, WM in light gray, and CSF in black. AC-PC indicates
anterior commissure—posterior commissure; CC, corpus callosum; DMP,
dorsomedial prefrontal; OMP, orbitomedial prefrontal; DLP, dorsolateral
prefrontal; and OLP, orbitolateral prefrontal

The prefrontal region for each hemisphere extends from
midline to the lateral cortical perimeters. The dorsal and
orbital regions are separated by a line drawn at the level of
the anterior commissure (AC). This dividing landmark is
used throughout the mediolateral extent of the frontal lobe.
The inferior genu of the corpus callosum at midline marks
the posterior border of the dorsal prefrontal region. The
posterior border of the orbitomedial region is a line drawn
from coordinates determined by the anterior tip of the
corpus callosum and the inferior cortical border at the first
appearance of the caudate. Laterally, the posterior border
of this region is a line drawn from the head of the caudate.
The posterior border of the orbitolateral region is marked
by the caudate and the insula. For dorsal and orbital
regions, an axial view of the gray-white segmented image
is used to determine the border between the medial and
lateral regions; they are divided by the medial-most aspect
of cortical GM, which runs along the transverse orbital
sulcus at the slice superior to the last view of the medial
orbital sulcus.

The dorsal prefrontal region includes the frontal pole
and frontomarginal, superior frontal, and anterior sections
of the middle and inferior gyri; portions of the anterior
cingulate may also be included at midline. The lateral
portion of the dorsal region includes the lateral aspects of
Brodmann areas 8, 9, 45, 46, and dorsolateral aspects of
area 10. The medial portion of this region corresponds to
the medial aspects of areas 8 and 9, dorsal portions of

areas 32 and 24, and dorsomedial aspects of area 10. The
orbital prefrontal region includes the rectal, medial orbital,
and suborbital gyri; the ventral portion of the mesial
superior gyrus; and the anterior, posterior, and lateral
orbital gyri. The lateral portion of the orbital region
includes area 47, lateral portions of area 11, and
inferolateral portions of area 10. The medial portion of the
orbital region corresponds to areas 12, 25, medial 11,
inferomedial 10, and ventral 32 and 24.

2.3.1.3. Reliability of Regional volumetric Measurements

The interrater reliability was examined in a sample of
10 randomly selected brain scans analyzed by three raters
(L.N., C.T., M.M.). The intraclass correlation (ICC) for
total cerebral volumes ranged from 0.95 to 0.98, and those
of prefrontal volumes ranged from 0.88 to 0.96. The
intrarater reliability was also examined in the same 10
scans analyzed by two of these raters (L.N. and C.T.), and
the correlation for total cerebral volume and prefrontal
volumes ranged from 0.90 to 0.97. The raters (L.N. and
C.T.) then completed the analysis on the remaining scans.

2.4. Statistical Analyses

We fit an additive model to each region on age,
adjusting for total volume in gray/white. Additive models
are generalizations of the classical linear model. For the
classical linear model, we model:

p
Y=a+) fiXj+e
i=1
where the errors have zero mean and constant variance,
are independent of the covariates, and the g s are scalars.

Conversely, the additive model is modeled by:

p
Y :a+2fi(xi)+e
i=1
where the errors are defined as above. Whereas in the
classical linear model, the f s are linear functions, the f s

in the additive model are arbitrary univariate smooth
functions. The smooth functions are estimated
simultaneously using a backfitting algorithm [23]. The
models were fit using the gam() function in the mgcv
package in R statistical package [24].

Thus, the model we fit was the following:

[Model 1]: RBV =a + fy(x) + fo (%) +&

where RBV is the brain volume of a particular region, or
regional brain volume. f;(x) represents the contribution

to RBV for each month of age, adjusted for total gray (or
white) volume in the brain. Likewise, f,(x,) represents

the contribution to RBV for each ml of total gray (or white)
volume in the brain, adjusted for age. An interaction
between age and total gray (or white) volume was tested
for, and found not to be significant in each region. We
also modeled total GM, total WM, and total CSF on age
using additive models.

To examine age effects and sex differences on
hemispheric whole-brain and regional volumes, we used
age as a grouping factor by dividing the participants into
infants (age < 2 years), children (2-9 years), early
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adolescents (10-14 years), late adolescents (15-19 years),
and adults (age 20-25 years), and performed a multivariate
repeated-measures analysis of variance (MANOVA) [25].
Sex was another grouping factor, and GM vs. WM and
Hemisphere were repeated-measures (within-group)
factors. Post-hoc Tukey’s tests were employed to follow
up the significant main effects or interactions yielded by
MANOVA. In addition, statistical differences in the
prefrontal subregional volume measures were also
analyzed with repeated-measures multivariate analysis of
covariance (MANCOVA) with whole brain volume as a
covariate for each region, and with age group and sex as
between-group factors; GM vs. WM and Hemisphere were
repeated-measures  (within-group) factors.  Post-hoc
Tukey’s tests were employed to follow up the significant
main effects or interactions yielded by MANCOVA.

3. Results

3.1. Whole Brain

Figure 2 is a plot of the predicted volume of total GM,
total WM, and total CSF by age. All three regions exhibit
a bend in the curve in the window of 50-75 months of age.
Since these bends are of interest, we wished to find
confidence intervals for these aspects of the curves. We
accomplished this as follows. We bootstrapped the data
1000 times. At each iteration, we fit model 1 and we
calculated the numerical first and second derivatives of the
predicted curves. Since we were interested in where the
slopes of the curves change the most, we found the age at
which the second derivative is at an extrema. Using these
1000 values of age, we constructed a 95% confidence
interval for point of the bend.

700
1

o® 0o Total Gray
"Wy £ Total White
P® o CSF

p < 0.0001, with infants having overall smaller volumes
than all age groups. There were also main effects for the
within-group (repeated-measures) factors. GM volumes
were larger than WM, F (1, 97) = 3134.50, p < 0.0001,
and right hemispheric volumes were overall larger than
left, F(1,97) = 34.52, p < 0.0001. Men had larger volumes
than women, F(1,97) = 17.14, p < 0.0001. However, these
main effects were qualified by higher order interactions.
GM vs. WM x age, F(4,97) = 98.62, p < 0.0001, indicated
that there were different patterns between GM and WM
among the age groups. Post-hoc analyses showed infants
had smaller GM volumes than children (p < 0.001) and
early adolescents (p < 0.05), children had larger GM
volumes than late adolescents (p < 0.01) and adults (p <
0.001), and early adolescents had larger GM volumes than
adults (p < 0.05). Thus, GM shows an increase from
infancy to childhood, followed by decline. On the other
hand, infants had smaller WM volumes than all age
groups (all, p < 0.001), and children had smaller WM
volumes than late adolescents (p < 0.001) and adults (p <
0.001). Thus, WM shows a steady increase from infancy
to adulthood. A GM vs. WM x sex interaction, F(1,97) =
6.02, p =0.016, indicated that the main effect of larger
volume of men came from GM, but not WM. A GM vs.
WM x hemisphere interaction, F(1,97) = 19.74, p <
0.0001, indicated that the main effect of larger right
hemispheric volumes came entirely from WM, while GM
is symmetric and even slightly larger on the left. A GM vs.
WM x age group x sex interaction, F(4,97) = 247, p
<0.05, indicated that differences between men and women
were relatively large for GM volume by age group, but not
for WM volume. No other interaction approached
significance.

Table 1. Summary Table for the MANOVA of whole brain

Volume {mm}
300 400 500 600
1 1 ] I
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L
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P00

0 50 100 150

Age (Months)

200

250

Source F p-value
Age group 22.779 <0.0001
Sex group 17.14 <0.0001
GW 3134.499 <0.0001
Hemisphere 34.523 <0.0001
Age group*Sex 1.306 0.2734
GW*Age group 98.62 <0.0001
GW*Sex 6.02 0.016
Hemisphere*Age group 0.665 0.618
Hemisphere*Sex 0.272 0.6029
GW*Hemisphere 19.744 <0.0001
GW*Age group*Sex 2.468 0.0498
Hemisphere*Age group*Sex 0.569 0.686
GW*Hemisphere*Age group 2.194 0.0753
GW*Hemisphere*Sex 2.238 0.1379
GW*Hemisphere*Age group*Sex 1.002 0.4105

Figure 2. Plot of the predicted volume of total GM, total WM, and total
CSF by age

CSF, cerebrospinal fluid
All three regions exhibit a bend in the curve in the window of 50-75
months of age. This shows the change in GM and WM volume is large
during this period.

The (age group x sex x GM vs. WM x Hemisphere)
MANOVA for the whole-brain values, presented in Table 1,
showed a main effect of age group, F(4,97) = 22.78,

Abb.: GW= Gray versus White matter contrast.

3.2. Prefrontal Volumes

The distributions by age of GM and WM volumes are
shown in Figure 3. Figure 4 is a plot of the predicted RBV
of GM (or WM) by age, adjusted for total GM (or WM)
for both the dorsal regions and the orbital regions. For the
prefrontal regions, the bend of interest is also an extrema.
Thus, we followed the same procedure as above for the
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whole brain with a slight alteration. We again bootstrapped
the data 1000 times. At each iteration, we fit model 1, and
calculated the predicted values of RBV across age at the
mean of gray (or white) total. We calculated the numerical
first derivative and found the maximum and/or minimum
of the predicted curve by interpolating the root of the first
derivative curve. Using the 1000 extrema, we calculated
95% confidence intervals for the maximum and/or
minimum. Table 2 shows the mean of the 1000 age values
for the bend(s) plus 95% confidence intervals in prefrontal
regions.

Table 2. The mean of the 1000 age values for the bend(s) plus 95%
confidence intervals in prefrontal regions.

Region Mean (month) Cl

GDL 145.0 85.6-204.3
GDM 151.7 106.9-196.4
GOL 162.2 116.8-207.5
GOM 162.4 139.4-185.3
WDL 122.7 45.1-200.3
WDM maximum 102.9 18.9-186.9
WDM minimum 165.8 46.5-285.2
WOL 167.9 138.8-197.0
WOM 171.8 143.1-200.4

GDL = gray dorsolateral, GDM = gray dorsomedial, GOL = gray
orbitolateral, GOM = gray orbitomedial, WDL = white dorsolateral,
WDM = white dorsomedial, WOL = white orbitolateral, WOM = white
orbitomedial.
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Figure 3. The distributions by age of GM and WM volumes

Blue squares show men and red circles show women.

Left upper plots show dorsal GM volume and right upper plots show
dorsal WM volume. Left lower plots show orbital GM volume and right
lower plots show orbital WM volume. Plots representing dorsal
distribution differ significantly from orbital plots.

(B)

W

Violurme (mm)

y 5

b= — A, “a
/ IED 00 ® e oy l‘._

aa l

10
1
£

0 50 100 130 200 250

Age (Months)

Figure 4. Plot of the predicted RBV of GM (or WM) by age, adjusted for total GM (or WM) for the dorsal regions (A) and the orbital regions (B)

GDL = gray dorsolateral, GDM = gray dorsomedial, WDL = white dorsolateral, WDM = white dorsomedial.

Blue numbers and arrows on lines show peak ages (years old).

The result of the MANOVA applied to the prefrontal
volumes (age group x sex x GM vs. WM x hemisphere x
prefrontal regions) is summarized in Table 3. Following
the MANOVA, the main effect for age group
demonstrates that infants had overall smaller volumes than
every group, the GM vs. WM effect indicates larger GM
values, the main effect for sex indicated that men had
larger volumes than women, and the main effect for
hemisphere reflects larger values on the right than the left
hemisphere across regions, groups, and compartments.
The main effect of prefrontal volumes indicates volumes
were in the order of dorsolateral > dorsomedial > medial
orbital > lateral orbital prefrontal region. Following the

MANCOVA, there were no main effects of sex, GM vs.
WM, and Hemisphere. These main effects were qualified
by several higher order interactions. The prefrontal
regions x age interaction indicated greater differences
among age groups in dorsolateral and dorsomedial regions
than medial orbital and lateral orbital prefrontal regions.
Infants also had smaller dorsomedial volume than children
and early adolescents. The prefrontal regions x sex
interaction indicated men had larger dorsolateral volume
than women, but there was no sex difference in any other
region. GM vs. WM x age group indicated there were
different age effects between GM and WM. That is,
children had larger GM volume than infants, late
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adolescents, or adults, while infants had smaller WM
volume than children, early adolescents, late adolescents,
or adults. A GM vs. WM x prefrontal interaction indicated
both GM and WM volume were in the order of
dorsolateral > dorsomedial > medial orbital > lateral
orbital prefrontal region. A GM vs. WM x age group X
sex interaction indicated that the main effect of children
was larger GM volume than infants and late adolescents
for men, while WM volumes of early adolescents, late
adolescents, and adults of both sexes were larger than
those of infants. Finally, a GM vs. WM x prefrontal
region x age group interaction indicated that the
differences among age groups were relatively showed for
dorsolateral prefrontal GM volumes and both dorsolateral
and dorsomedial prefrontal WM volumes (Figure 5). That
is, both children and early adolescents had larger
dorsolateral GM volumes than infants and adults.
Dorsolateral WM volumes of children, early adolescents,
and late adolescents were larger than those of infants. In
addition, dorsomedial WM volumes of early adolescents,
late adolescents, and adults were larger than those of
infants. There was no significant difference among age
groups in both orbital prefrontal regions. The above
interactions of MANOVA were also found in the results
of MANCOVA.

Table 3. Summary Table for the MANOVA of prefrontal volumes

Source F p-value
Age group 12.235 <0.0001
Sex group 13.819 0.0004
Region 264.051 <0.0001
GW 3583.708 <0.0001
Hemisphere 15.234 0.0002
Age group*Sex 1.338 0.2613
Region*Age group 13.122 <0.0001
Region*Sex 3.424 0.0176
GW*Age group 47.554 <0.0001
GW*Sex 5.02 0.0273
GW*Region 75.501 <0.0001
Hemisphere*Age group 0.632 0.641
Hemisphere*Sex 0.074 0.7866
Hemisphere*Region 63.379 <0.0001
GW*Hemisphere 50.061 <0.0001
Region*Age group*Sex 0.885 0.5623
GW*Age group*Sex 2.886 0.0263
GW*Region*Age group 11.744 <0.0001
GW*Region*Sex 1.182 0.317
Hemisphere*Age group*Sex 0.388 0.817
Hemisphere*Region*Age group 1.249 0.2488
Hemisphere*Region*Sex 0.338 0.7978
GW*Hemisphere*Age group 0.66 0.6214
GW*Hemisphere*Sex 1.311 0.2551
GW*Hemisphere*Region 5.238 0.0016
GW=*Region*Age group*Sex 1.148 0.3208
GW*Hemisphere*Age group*Sex 0.296 0.8799
GW*Hemisphere*Region*Age group 3.082 0.0004
GW*Hemisphere*Region*Sex 0.874 0.4547
GW*Hemisphere*Region*Age group*Sex 1.2 0.2821

Abb.: GW= Gray versus White matter contrast.
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Figure 5. Means of compartmental volumes (in milliliters) for age
groups for 4 prefrontal subregions. Left: GM, Right: WM

A GM vs. WM x prefrontal regions x age group interaction indicated
that the differences among age groups were relative for dorsolateral
prefrontal GM volume and both dorsolateral and dorsomedial prefrontal
WM volumes. Both children and early adolescents had larger
dorsolateral GM volumes than infants and adults. Dorsolateral WM
volumes of children, early adolescents, and late adolescents were larger
than those of infants. Dorsomedial WM volumes of early adolescents,
late adolescents, and adults were larger than those of infants. There was
no significant difference among age groups in both orbital prefrontal
regions.

4. Discussion

This study reported whole-brain and regional prefrontal
volume changes from infancy to adulthood. Regarding
whole-brain volume, the results showed that GM volume
increases during infancy and childhood, and decreases in
adolescence before adulthood. On the other hand, WM
volume continues to increase from infancy to adulthood.
These results were also applied to total prefrontal volume
and were consistent with previous MRI reports on whole-
brain volume [1,3,4,26]. That is, MRI studies of human
brain maturation during adolescent years have consistently
shown subtle increases in total brain volume along with
regionally variable patterns of reduction in GM volume
and increases in total WM volume. Several authors have
reported nonlinear changes in cortical GM, with overall
decreases of 23% to 32% between the ages of 4 and 30
years [27,28]. The present results showed changes in
whole-brain GM volume, with overall decreases of 14.8%,
and in WM volume, with increases of 33.2%, between
childhood (mean age of 6.3 years) and adulthood (mean
age of 21.0 years). Similarly, changes in prefrontal cortex
GM volume showed overall decreases of 16.7%, and WM
volume showed increases of 30.1%, between childhood
and adulthood. Giedd et al. [1] examined MRIs in subjects
aged 4 to 22 years and found that GM in the frontal lobe
increased during preadolescence, with maximum size
attained at 12.1 years for males and 11.0 years for females.
The results of the present study are consistent, and showed
peaks of GM volume during early adolescence (12 to 13
years) in the prefrontal cortex.

Furthermore, in this study, GM and WM volumes of the
dorsolateral, dorsomedial, orbitolateral, and orbitomedial
prefrontal cortex were quantified. The results indicated
that both children and early adolescents had larger
dorsolateral GM volume than infants and adults.
Dorsolateral WM volumes of children, early adolescents,
and late adolescents were larger than those of infants. In
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addition, dorsomedial WM volumes in early adolescents,
late adolescents, and adults were larger than those of
infants. On the other hand, there was no significant
difference among age groups in orbital prefrontal regions.
GM changes have been shown to be regionally specific,
with changes in the dorsal prefrontal lobe peaking during
late childhood or early adolescence. In addition, growth
spurts of both GM and WM during the first 2 years of life
have been shown to occur specifically in the dorsal
prefrontal, but not orbital, cortex. These results suggest
that major dynamic and regionally specific changes at the
two stages are occurring in structures of the prefrontal
cortex from infancy through adolescence. However, the
volume of the orbital prefrontal cortex does not remain
constant. Previous postmortem and neurcimaging studies
have suggested that anatomic reorganization of the frontal
lobes occurs in synaptic density count, myelination,
dendritic arborization, and in vivo global volumetric and
cortical complexity during this age range. Jernigan et al.
[29] hypothesized that the reductions they observed in
dorsal cortical volume were related to decreases in
synaptic density found during the same age range in
human autopsy material [30]. Thus, the present results
suggest that regressive (i.e., synaptic pruning) and
progressive (i.e., myelination) cellular events occur
simultaneously in the prefrontal cortex after childhood,
both of which could result in the appearance of GM
density reduction on MRI, as Sowell et al. [31] pointed
out. Myelination is recognized from infancy and the most
dorsal regions of the brain responsible for higher cognitive
functions may continue the process well into adolescence.
Dorsal and orbital cortices do not ultimately myelinate to
the same degree: on average, the dorsal cortex is more
myelinated than the orbital cortex.

That may be why different subregions of the prefrontal
cortex have different connections. Thus, a general
topological pattern of connectivity can be recognized,
particularly in primates. The orbital prefrontal cortex is
primarily connected to the medial thalamus, the hypothalamus,
the ventromedial caudate, and the amygdala. The
dorsolateral prefrontal cortex, on the other hand, is
primarily connected to the lateral thalamus, the dorsal
caudate nucleus, the hippocampus, and the neocortex [12].
Research on the cyto- and myeloarchitecture of the
developing prefrontal cortex in primates suggests that its
orbital areas mature earlier than the areas of the
dorsolateral prefrontal convexity [12]. The dorsal and
lateral areas undergo later development and further
differentiation than the medial and ventral areas.

Our results showed that women had smaller whole-
brain volumes than men, as most previous studies have
shown [21,32]. Our previous study failed to observe any
significant variation between sexes in infants and children
[5]. This study added more extended age, so that sex
differences clearly appeared from early adolescence to
adulthood. In postmortem and imaging studies of adult
brains, authors consistently point out gender differences in
total brain volume, with adult males having, on average, a
10% greater volume than females [2,21,27,33,34,35],
while women have a higher proportion of GM relative to
cranial volume [21]. Reiss et al. [28] reported that the first
appearance of gender differences in brain volume had
been recognized in children as young as 5 years of age.

Our study has several important limitations. The study
is cross-sectional, and longitudinal investigation of
prefrontal development is required to support the present
results. Second, the present findings of structural changes
in the lateral prefrontal cortex may accompany the
emergence of executive functions such as abstract
reasoning and planning that occur during adolescence. In
the future, we will need to investigate the relationship
between prefrontal function and structure. Finally,
knowledge of the course of normal brain development
must provide the foundation for the recognition of
pathologic brain development such as schizophrenia.
Morphologic changes in the present study may also relate
to pubertal alterations of higher cognitive and affective
functions, or to the decrease in cortical plasticity thought
to occur during late childhood and adolescence [22].

In summary, our findings suggest that there are two
important stages of structural change in the prefrontal
cortex from infancy to young adulthood. First, growth
spurts of both GM and WM during the first 2 years of life
have been shown to occur specifically in the dorsal
prefrontal, but not orbital, cortex. Second, GM changes
have been shown to be regionally specific, with changes in
the dorsal prefrontal cortex peaking during late childhood
or early adolescence. These findings may have some
implications for understanding the mechanisms underlying
neurodevelopmental disorders.
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