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Abstract
There is evidence that abnormal cerebral development during childhood is a risk factor for various
cognitive and psychiatric disorders. There is not, however, sufficient normative data available on
large samples of typically developing children, especially within the narrow preadolescent age
range. We analyzed high resolution MRI images from 126 normally developing children between
ages 6 and 10 years. Age related differences in cortical thickness and in the volumes of major
subcortical structures were assessed. Thinner cortices were observed in the occipital, parietal and
somatosensory regions as well as in distinct regions of the temporal and frontal lobes with
increasing age. Among the major subcortical sructures analyzed in this study, only the thalamus
showed increased volume with age after accounting for intracranial volume. Within the age range
studied age-related cortical and subcortical differences were similar for boys and girls except for
the right insula, where girls showed slight increase in thickness with age. The findings reveal age-
associated changes in brain anatomy, providing information about the trajectory of normal brain
development during late childhood.
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1. Introduction
In the first months after birth there is enormous growth of gray matter that is regionally
specific. Occipital regions grow faster than prefrontal regions (Gilmore et al., 2007b). The
overall brain size increases by 100% during the first year of postnatal life, resulting in a
brain at one year of age that is already about 73% of adult size, and at 2 years age about 80–
90% of adult size (Knickmeyer et al., 2008). During late childhood (ages 6–10) the brain
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reaches approximately 95% of the volume of the adult brain. Throughout this period,
volumetric changes are small. However, the brain undergoes a critical fine-tuning process to
reach the cognitive performance of an adult brain (Caviness et al., 1996). Especially during
the periadolescent period (8–10 in girls and 9–11 in boys), the second phase of neuronal
rearrangements takes place (Andersen, 2003). In this phase of brain development, significant
overshoot of synapses and receptors occur, which is followed by their pruning or
competitive elimination.

Studies of normal cortical development are important, not only in terms of generating basic
information about brain changes during development but also are critical for identification
of deviation from normal development to predict risk for psychopathology and cognitive
impairments. Alterations in brain morphology are associated with neuropsychiatric
(depression, schizophrenia, anxiety disorders) and neurodevelopmental (autism, ADHD)
disorders (Damsa et al 2009; Del Arco and Mora 2009; Garrett et al 2008; Geuze et al 2005;
Kates et al 2004; Kates et al 2002; Koenigs and Grafman 2009; Kyriakopoulos and Frangou
2009; Mitchell et al 2009; Shaw and Rabin 2009; Szeszko et al 2005; Verhoeven et al 2009;
White et al 2008). The vulnerability hypothesis suggests that the risk of developing these
disorders may, in part, be a consequence of pre-existing alterations in brain morphology
(Gilbertson et al 2002), which has been supported in studies of patients prodromal for
psychiatric disorders (Bhojraj et al; Witthaus et al). For instance, in a study of patients with
schizophrenia, Akbarian et al (1996) reported abnormal NMDA activity in the prefrontal
and frontal lobes in patients and suggested that these could be attributed to a developmental
defect in the formation of corticocortical and thalamocortical connections. Abnormal
development of brain regions in presence of neurodevelopmental or neuropsychiatric
disorders can only be understood only if normal trajectories of brain development are
established.

With a few notable exceptions, there has been surprisingly little attention directed at normal
brain development in exclusively preadolescent subjects and this is especially true for
studies examining cortical thickness. Using MRI, several studies have examined changes in
the developing brain from early childhood through adulthood by measuring lobar volumes
or gray matter density and a few studies used cortical thickness to quantify those changes.
For example, Giedd et al (1999) studied volumetric changes in the brain lobes and the white
matter using a combination of cross-sectional and longitudinal data from subjects between
ages 4 to 21. They documented linear increases in total brain white matter (WM) and
nonlinear, region-specific changes in the gray matter (GM). Frontal and parietal GM
increased until 11–12 years while the temporal lobe GM grew until 16 years and the
occipital lobe GM increased linearly over the whole age range.

Although studies of age-associated changes in lobar volumes provide information about the
overall brain development, they do not provide critical information about the development
of functionally distinct regions. In order to address this problem, several groups have
developed techniques to measure gray matter density at the voxel scale. Sowell et al (1999)
used voxel based morphometry (VBM) to study differences in GM between late childhood
and adolescence. They studied nine normally developing children (7–10 yrs) and nine
normal adolescents (12–16 yrs) and reported significantly less GM in dorsal parietal, motor
and prefrontal areas among adolescent as compared to preadolescent children. Similarly,
Wilke et al (2007) used VBM to investigate typical brain development between 5 and 18
years on a cross-sectional data. They also found significant GM loss in parietal and occipital
areas but they reported an increase in GM in the frontal and temporal areas.

A slightly different approach to quantify age associated changes in GM was proposed by
Sowell et al (2001) who studied brain growth and GM density in typically developing

Muftuler et al. Page 2

Brain Res. Author manuscript; available in PMC 2012 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



children (N=14, 7–11 years), adolescents (N=11, 12–16 years) and adults (N=10, 23–30
years). Their findings suggested that as compared to children, adolescents had significantly
less gray matter density in dorsal frontal and parietal lobes. However, between adolescence
and adulthood, the loss in gray matter density accelerated in the frontal lobe while it slowed
down in the parietal areas. Using the same approach, Gogtay et al (2004) studied age-
associated changes in the brain from longitudinally acquired MRI data. They investigated
brain development in preadolescent and adolescent children who were scanned two to four
times in two-year intervals (ages 4–21). They reported loss of gray matter density with age
in different regions of the neocortex, which progressed linearly in most cortical regions.
However, a nonlinear trajectory was seen in the postcentral gyrus and dorsolateral prefrontal
cortex (DLPFC), with an early increase between approximately 4 and 8 years followed by a
decrease between 8 and 21 years. They suggested that this loss in gray matter density could
be attributed to synaptic pruning together with trophic glial and vascular changes and
possible cell shrinkage

In general, these studies described the brain developmental trajectory between early
childhood and young adulthood using a variety of techniques and metrics. The only two
studies that investigated brain development restricted to the preadolescent period in typically
developing children have been published by Sowell et al (2004) and Caviness et al (1996).
In the study published by Sowell et al (2004), measures of cortical thickness were used
instead of GM density to quantify age-associated changes between 5 and 11 years in a
population of 45 children. Each subject was scanned twice and the local changes in mean
cortical thickness were studied between the two time points. The data for the first and
second time points were obtained from children that spanned an age range of 5.3 – 9.5 years
and 7.4 – 11.8 years, respectively. Cortical thinning was reported between the two time
points in occipital, parietal and frontal lobes. They also observed thickening in the language
areas. They suggested that the reduction in cortical thickness could partly be accounted for
by the proliferation of myelin into the periphery of the cortical neuropil. Thus, those regions
would appear as gray matter in younger subjects and white matter in older subjects. On the
other hand, Caviness et al (1996) studied volumetric changes in some of the subcortical
structures, white matter and the neocortex between 7 and 11 years. Interestingly, Caviness et
al (1996) did not detect any age-associated changes in the volumes of the structures they
studied. They suggested that their small sample size (30 children), cross-sectional sample
and their technique resulted in limited sensitivity and the failure to detect any changes.

Here, we assess age related, regionally specific changes in cortical thickness during a critical
period in brain development when a new phase of neuronal rearrangements takes place
(Andersen, 2003, Caviness et al., 1996). We investigated age-related, regionally specific
differences in cortical thickness as well as volumes of major subcortical regions in a group
of 126 typical, healthy preadolescent children between 6 and 10 years of age using high
resolution T1 weighted MRI images. In order to identify brain regions that followed a linear
trajectory of cortical development during this late childhood period, we first analyzed the
whole age range. Then, the same analyses were carried out for shorter age windows, each
one spanning approximately 2 years, allowing detection of potential non-linear changes. We
used sliding time windows with partial overlaps to study the early, intermediate and late
development in this age range. It is especially of interest to identify regions where the
second wave of brain development takes place during the periadolescent period, which was
described by Andersen (2003).

Our findings, which are presented at a higher spatial and temporal resolution than the
previous reports, indicate age related differences in cortical thickness in occipital, parietal,
sensorimotor and posterior temporal areas. Moreover we observed that the cortical
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development shifted to frontotemporal, prefrontal and frontal areas during the periadolescent
period.

2. Results
2.1. Age related differences in cortical thickness

Several cortical areas demonstrated significant age related differences in thickness (Fig.1,
blue overlays). In all brain regions shown in Fig.1, cortical thickness was negatively
associated with age. Furthermore, as shown in Table 1, regionally specific age related
differences in cortical thickness were observed based on the developmental stage. Age
associated cortical thinning was apparent at younger ages in the visual cortex and posterior
temporal lobe, followed by the somatosensory cortex. At older ages, age related cortical
thinning appeared mostly in the temporal and frontal lobes. Fig.2 illustrate scatter plots of
age-associated differences in cortical thickness from representative areas in occipital,
parietal, sensorimotor and frontal areas. Linear trend lines show the typical thinning pattern
in those areas.

Significant age associated cortical thinning was observed bilaterally in all major regions of
the brain across the entire age range that we studied (73 to 129 months). The primary visual
cortex, fusiform and lingual gyri in the occipital lobe; precuneus and posterior regions in the
parietal lobule; precentral, paracentral and postcentral gyri in the sensorimotor cortex;
insula, middle frontal gyrus (MFG) and inferior frontal gyrus (IFG) in the frontal lobe as
well as posterior cingulate in the limbic system have all followed a similar trajectory of
thinning bilaterally during this period. On the other hand, unilateral thinning was evident in
the right temporal lobe, specifically in the superior temporal sulcus (STS) and middle
temporal gyrus (MTG).

Analyses performed on shorter age ranges showed that between 73 and 97 months,
statistically significant age related thinning was observed bilaterally in the insula and MFG
in the frontal lobe, precentral and paracentral gyri in the sensorimotor cortex, precuneus in
the parietal lobule, primary visual cortex and lingual gyrus in the occipital lobe. On the other
hand, supramarginal gyrus in the parietal lobe and STS in the temporal lobe showed
significant age associated thinning only in the left hemisphere.

Between 85 and 109 months, age related cortical thinning was observed bilaterally in the
paracentral and precentral gyri in the sensorimotor cortex, and occipital and parietal lobes. It
should be noted that the cortical thinning was spatially more extensive in the right
hemisphere. In contrast, the precuneus, fusiform gyrus and posterior cingulate showed
cortical thinning only on the left hemisphere.

Between 97–129 months, age related bilateral cortical thinning was observed in the insula
and MFG in the frontal lobe, precentral and postcentral gyri in the sensorimotor areas, MTG
in the temporal lobes, precuneus and posterior parietal areas as well as the primary visual
cortex. The orbitofrontal cortex and superior temporal areas showed thinning only on the left
hemisphere while superior frontal gyrus, parietal lobe and cingulate showed thinning only
on the right hemisphere.

2.2. Sex differences in cortical development
Only a few cortical areas showed differences in developmental profiles between boys and
girls. The main differences could be observed in some focal regions in the right insula and in
the sensory areas (Fig.3, p<0.05 FDR corrected). These areas showed greater thickness in
older ages among girls but not boys. Examination of sex differences within smaller age
ranges revealed differences that were restricted to the 85 to 109 months interval. Girls
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displayed significant age associated thinning in the left medial orbitofrontal cortex (p<0.05,
FDR corrected) while boys did not. From table 1 it can be seen that this region was also
significant in the whole group analysis.

2.3. Volumetric changes in subcortical gray matter and cerebral white matter
As shown in Table 2, only the volume of the thalami was significantly and positively
associated with child age after controlling for intracranial volume (ICV). The effect was
stronger in the left than in the right hemisphere. Similarly, cerebral white matter showed
significant increase in volume with age.

Age-associated changes in subcortical structures did not differ by sex. However, a difference
was observed in the cerebral white matter. Although boys and girls both showed an increase
in the volume of white matter with age, a regression analysis revealed that left cerebral
white matter volume correlated with age more strongly among girls (t=2.8, p=0.006) as
compared to boys (t=1.9, p=0.061). On the other hand, age associated increases in cerebral
white mater in the right hemisphere were statistically significant for both girls (t=2.7,
p=0.008) and boys (t=2.5, p=0.013).

Nonlinear models were also explored for age-associated differences in the volumes of these
subcortical structures. However, quadratic and cubic models resulted in poorer model fit as
demonstrated by lower R values. For the left thalamus, R was approximately 0.29 for both
quadratic and cubic models compared to R=0.72 for the linear model. Similarly, the R
values dropped to approximately 0.20 for nonlinear model compared to R=0.67 for the right
thalamus. Nonlinear effects of age were not detected in any of the other subcortical
structures.

These results also show that the overall brain size did not significantly change with age
during this period, as demonstrated by a lack of correlation between ICV and age. However,
there is substantial variability in brain sizes between individuals of a certain age, resulting in
similar magnitude of variations in the size of the subcortical structures. By accounting for
this major confounding effect in the regression analysis, the magnitude of age-associated
differences could be evaluated.

3. Discussion
We observed age-related differences in cortical thickness and volume of thalami in a cross-
sectional sample of 126 typically developing preadolescent children. The current findings
based on a previously understudied narrow age range provide new information about normal
or expected neurodevelopmetal trajectories.

Age-related cortical thinning or gray matter density losses in typically developing children
are generally associated with cortical maturation (Gogtay et al, 2004, and Sowell et al, 2001,
2003 and 2004). The exact mechanisms for the loss in cortical thickness during typical
neurodevelopment are not clearly known. One of the major processes that take place during
neurodevelopment is synaptic pruning, which is preceded by an overproduction of neurons
and of synaptic connections to allow for plasticity and adaptation to the environment. In the
mature brain, a gradual, regionally specific pruning of the overabundant synaptic
connections allows for greater efficiency. Gogtay et al (2004) suggested that maturational
thinning of the cortex could be driven partially by synaptic pruning together with trophic
glial and vascular changes and possible cell shrinkage. Sowell et al (2004) also argued that
the reduction in cortical thickness could partially be accounted for by the proliferation of
myelin into the periphery of the cortical neuropil. Thus, those regions would appear as gray
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matter in younger subjects and white matter in older subjects, leading to reduced thickness
measurements in the cortex.

3.1. Age-associated differences in cortical thickness
In the presented study, age associated cortical thinning, a putative index of cortical
maturation, was seen bilaterally in several brain regions, which is consistent with the earlier
findings reported by others with a much broader age range (Gogtay et al, 2004, Giedd et al,
2009 and Sowell et al, 1999, 2001, 2003 and 2004). Substantial age related thinning was
observed in motor and somatosensory cortices and the primary visual cortex. In addition to
these major areas, specific areas such as precuneus and lingual gyrus showed significant
thinning with age. Occipital areas and precuneus, appear to be following a continuous
maturational trajectory between 6 and 10 years. Similarly, the sensorimotor areas generally
show significant age associated thinning between 6 and 10 years; however, the thinning in
the postcentral areas was significant only during the late period. Another important region
that followed a consistent thinning trajectory was the insula. In the frontal lobe, MFG
appears to be maturing during the entire age window. Similarly, pars orbitalis in the inferior
frontal gyrus showed thinning when the whole group was analyzed but we failed to detect
changes in shorter time windows, possibly due to loss of statistical power.

In general, we observed that the motor and sensory areas continued their development across
the entire age range as indicated by decreases in cortical thickness. On the other hand, the
development of frontal areas and frontal temporal lobes were more pronounced during the
late time window (periadolescent period).

It should be noted that the regions that show cortical maturation in our study are more focal
compared to previously published studies due to several factors. First, we focused on a
narrow age range of preadolescent children. Second, there are also several differences in our
data processing and analysis compared to previous studies. For instance, we did not use the
large spatial averaging filter that was used in earlier investigations. In previously published
studies, the GM density or cortical thickness was averaged over a 15mm diameter spherical
kernel to produce the maps. Moreover, we used a conservative correction scheme for
multiple comparisons, which was not applied by others. Third, the image resolution used in
our scans is higher compared to some of the earlier studies (1mm3 versus 4.5 mm3 in
Gogtay et al, 2004).

3.2. Age-associated differences in subcortical structures
Analysis of all major subcortical structures showed that only cerebral white matter volume
and the volumes of the thalami were associated with child age with linear increases between
6 and 10 years. This is an interesting finding since the thalamus is a critical structure that
acts as a relay between various subcortical areas and the cerebral cortex, particularly motor
and sensory circuits. During typical development in this age range, motor skills, cognitive
abilities, attention and behavioral controls improve, which could be explained by the
concurrent maturation of these thalamo-cortical systems. The increase in volume could
possibly be explained by ongoing synaptogenesis, myelination and neuronal proliferation
that takes place to accommodate these cognitive developments.

Interestingly, the left thalamus was more strongly associated with age compared to the right
side. The reason for this asymmetric development is not clearly known at this point and
should be explored further. It is possible that the developing motor skills and handedness
plays a role in this asymmetric growth.

When we studied age-associated changes using linear, quadratic and cubic models, we
observed that linear models represented the development of the thalami more accurately
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than the nonlinear models. Furthermore, neither linear nor nonlinear models sufficiently
explained the variability in other subcortical structures.

3.3. Sex differences in brain development
Evaluation of sex differences in age-associated cortical changes revealed significant
thickening in the insula for girls, but not boys. Insula is associated with important adaptive
functions such as motor control, emotional experience, self awareness as well as pain
perception and differentiation. Prior work has demonstrated gender differences in the
functioning of the posterior insula in the perception of pain (Moulton, et al., 2006).
However, it is not clear how cortical thickening in this specific area might contribute to
cognitive and behavioral differences seen between males and females.

Sex differences were additionally observed in the association between age and cerebral
white matter in the left hemisphere. Even though there were substantial age associated
increases in the white matter volume in both boys and girls, the association was stronger for
girls potentially indicating that the girls have an accelerated myelination and increased
synaptic proliferation during this period. These findings contrast with a prior study including
a broader age range of 4 to 21 years Giedd et al (1999) that suggested greater increases in
white matter volume in boys as compared to girls emphasizing the importance of evaluating
developmental changes within focused developmental windows.

3.4. Conclusion
In this study, we demonstrated age associated cortical changes at a high temporal and spatial
resolution using cross-sectional data acquired from a carefully selected population of
typically developing children. The increased resolutions were afforded by the increased
statistical power using the data from a relatively large population of children within a tight
age range. Previously published studies generally used smaller subject populations and
wider age ranges.

We have used cortical thickness as a measure of age-associated changes in the brain during
late childhood period, which was also proposed by Sowell et al (2004). This could be used
as a metric that reflects actual physical changes in the brain more closely compared to
measurements of GM density from T1 weighted MR images. Although Gogtay et al (2004)
noted that GM density and cortical thickness measurements were highly correlated in their
studies, the techniques to measure GM density usually sacrifice spatial specificity. For
example, in voxel based morphometry (VBM) intra-subject registration of brain images
cannot account for the individual variations in sulcal and gyral anatomy and large spatial
smoothing is usually applied to filter out some of the individual variations.

In this study, cross-sectional data from a large population of subjects was analyzed to
observe age-associated differences in cortical thickness as well as volumes of subcortical
structures during late childhood. A longitudinal study of brain development during late
childhood was published by Sowell et al (2004), in which changes in cortical thickness
between two time points were reported. Each subject was scanned twice with approximately
two years between imaging sessions. The first scans were acquired from children between
ages 5.3 and 9.5 years and the second scans were acquired when they were between 7.4 and
11.8 years old. Their results revealed cortical development in outstanding detail. However,
because each time point spanned a wide range of ages and there was overlap of these time
windows, cortical development was not demonstrated within the early, intermediate and late
periods that we studied.

Our data are among the few to characterize normative neurodevelopmental changes that
occur during the preadolescent period. This is a critical gap in our understanding of
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normative neurodevelopment, which has primarily focused on infancy and adolescents/
adulthood with limited investigation of developmental changes during early and middle
childhood. Not only is it important to characterize normative development, but also this
information may improve our ability to predict susceptibility for future cognitive and
psychiatric disorders. For example, schizophrenia has been considered a
neurodevelopmental disorder for over 20 years. Weinberger (1987) suggested that if a lesion
that occurs early in life affects a brain region that has yet to mature functionally, it might
increase the risk for developing a neuropsychiatric disorder later in life. He suggested that
the periadolescent period is critical for the appearance of the clinical symptoms of
schizophrenia because this is the period when certain brain regions and functions begin to
mature that are critical to meeting the challenges of adult life (Weinberger 1987, Lewis and
Levitt 2002). Jaaro-Peled et al (2009) also highlighted the fact that aberrant postnatal brain
development is a critical factor in schizophrenia. They noted that these deviations from the
normal trajectories of brain maturation caused by susceptibility genes and environmental
insults during early neurodevelopment initiate neurophysiological changes over a long
period of time, leading to the onset of full-blown disease mainly after puberty. They
provided several important findings that suggested that abnormal brain development during
late childhood and early adulthood could be one of the contributing factors in schizophrenia.
For instance, they noted that aberrant synaptic elimination during this period could account
for the timing of schizophrenia. They also cited disturbances in myelination, especially in
prefrontal and frontal areas, as another potential factor in the onset of this disease. Since
these processes continue through late childhood and mostly complete during young
adulthood, this period becomes important in the prodromal stages of this disease. Another
important study by Pantelis et al (2003) examined whether progressive structural changes
occur in prodromal subjects and they reported significant baseline differences in regional
gray-matter volume between those who subsequently developed a psychotic illness and
those who did not. Even though the mean age of the subjects was 19.3 (±3.7), it is possible
that those structural changes occurred earlier.

Therefore, the studies that establish the trajectories of typical brain development during
childhood could aid in studies that explore relationships between aberrant development in
certain brain regions during late childhood and various neuropsychiatric disorders that might
develop later in life. However, one must be careful when such associations are explored
because deviations from normal developmental trajectories could be one of many complex
factors that lead to mental health disorders; many individuals with similar aberrant brain
developments could lead a life free from such disorders.

4. Experimental procedures
4.1. Subjects

126 children (59 girls and 67 boys) between the ages of 74 and 129 months (~6 – 10 years)
were recruited for this study (mean age 96.4 months). These children were born at one of
two hospitals in the greater Los Angeles area (UC Irvine Medical Center, or Long Beach
Memorial Medical Center) and were recruited from ongoing protocols of development. The
potential participant’s mother was contacted by phone and the study was explained. If they
agreed to participate, a visit was scheduled. Subjects were paid $50 for their visit and were
reimbursed for their travel costs.

In order to study a cohort that would represent the general population, 10% of the children
were left-handed. Handedness was determined using a modified version of the Edinburgh
Handedness Inventory, (Oldfield, 1971). Our low risk sample was comprised of only
singletons with a stable neonatal course (Median Apgar = 9, Range 7 to 10) and without
known congenital, chromosomal, or genetic anomalies (e.g., trisomy 21), neonatal illness
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(e.g., respiratory distress, mechanical ventilation over 48 hours or sepsis). Participants had
no evidence of intraventricular hemorrhage (determined by ultrasound), periventricular
leukomalacia, and/or low-pressure ventriculomegaly in the newborn period and normal
neurologic findings at the current assessment. All children were typically developing and in
the appropriate grade for their age. The study was approved by the Institutional Review
Board for the protection of human subjects and written consents were obtained from the
parents.

4.2. MR Imaging protocol
MRI scans were acquired on a 3T Philips Achieva system. After the subject lay down on the
scanner bed and head coil was fitted, tight padding was placed around the head in order to
minimize head motion. Ear protection was given to all children. To further increase
compliance and reduce motion, children were fitted with headphones and allowed to watch
the movie of their choice while in the scanner. They were instructed to stay still while in the
scanner and were asked to inform us immediately if they wish to stop by using a squeeze
ball that alerts the operator. Usually, the parents stayed in the scanner room with the child to
keep them calm and alert us if they observe any signs of distress. They were also given ear
protection if they decided to stay in the scanner room.

In the beginning of a scanning session, the calibration and pilot scans were performed,
which took less than a minute. These were followed by a high resolution T1 weighted
anatomical scan, which was acquired using a 3D MPRAGE pulse sequence that covered the
whole brain. The images were acquired in the sagittal orientation with FOV=240×240mm2,
1mm3 isotropic voxel dimensions, 150 slices, TR=11ms, TE=3.3ms, inversion pulse delay
=1100ms, flip angle=18°. No signal averaging and no SENSE acceleration were used.
Acquisition time for this protocol was 7 minutes.

The images were reviewed by the MR operator immediately after the scan was completed. If
there were visible signs of motion artifacts, the subject was asked if he or she could stay for
an additional scan. If the subject agreed, he or she was reminded to stay still as much as
possible and a second scan was acquired.

4.3. Image processing
Cortical surface reconstruction and volumetric segmentation was performed with the
FreeSurfer image analysis software suite, which is available for download online
(http://surfer.nmr.mgh.harvard.edu/). Streamlined image processing procedures are provided
in this software package, which first begins by applying intensity normalization prior to
segmentation to minimize errors in identifying the boundaries (Sled et al., 1998). This is
followed by removal of non-brain tissues (Segonne et al., 2004). Then, the images are
transformed into the Talairach space and subcortical white matter and subcortical gray
matter structures are segmented (Fischl et al., 2002; Fischl et al., 2004a). Pial and white
matter surfaces are located by finding the highest intensity gradient, which defines the
transition from one tissue class to the other (Dale et al., 1999; Dale and Sereno, 1993; Fischl
and Dale, 2000). Once the preprocessing steps are completed, surface inflation is applied to
each individual brain (Fischl et al., 1999a) and the inflated brains are registered to a
spherical atlas. This procedure utilizes individual cortical folding patterns to achieve
accurate registration of cortical geometry across subjects (Fischl et al., 1999b). Cortical
thickness is calculated as the closest distance from the gray matter / white matter surface to
the pial surface at each vertex on the tessellated surface (Fischl and Dale, 2000). Procedures
for the measurement of cortical thickness have been validated against histological analysis
(Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat et al., 2004).
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The cortical surface images generated by the FreeSurfer software were visually inspected for
errors in segmentation and corrections were made as needed.

4.4. Analysis of differences in cortical thickness related to age and sex
Age related differences in cortical thickness were analyzed at each and every node on the
cortical surface using a linear regression model. Spatially normalized cortical thickness
maps of each subject were entered into a regression model. Children’s ages in months were
entered as a continuous variable and sex was entered as a categorical variable. All statistical
tests were thresholded at p <0.05, corrected for multiple comparisons using False Discovery
Rate (FDR).

We first analyzed the cortical maturation across the whole age range, studying image data
from all 126 subjects. Then, the same analysis was repeated for three shorter age ranges
using sliding and partially overlapping time windows. The time windows spanned the
following age ranges: 73–97 months (74 subjects), 86–110 months (71 subjects), and 99–
129 months (53 subjects).

4.5. Analysis of volumetric differences in subcortical gray matter and cerebral white matter
associated with age

The volume of each subcortical structure was calculated by the FreeSurfer program as
described in the previous section. A subset of those structures was selected to investigate
volumetric differences associated with age. Total brain volume was expected to strongly
correlate with the size of each structure; therefore, intracranial volume (ICV) was used as a
nuisance variable. We verified that ICV was not significantly associated with child age
r()=0.098, p=0.137.

For this analysis, the volume of each of the subcortical structure in native space was entered
into a linear regression analysis in which age in months and ICV were entered as
independent variables.
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Figure 1.
Inflated brain surfaces with statistically significant reduction in cortical thickness with age
shown with blue overlay (p<0.05, FDR corrected). Upper row is the lateral and medial
surfaces of the left hemisphere and lower row is the right hemisphere. Each column shows
changes in cortical thickness during the specified age range. The color bar indicates t-scores.
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Figure 2.
Scatter plots that illustrate age-associated differences in cortical thickness from several
representative areas (MFG: Middle frontal gyrus). Linear trend lines were also plotted and
the slopes and intercepts were printed in the insets.
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Figure 3.
Right insula thickness increased in girls and remained almost unchanged in boys between
ages 6 and 10 (p<0.05, FDR corrected). The color bar indicates t-scores.
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Table 2

Results of linear regression analyses to study the relationship between the volumes of cortical structures and
age in months. Age and ICV were entered as independent variables and the volume of each structure was
entered as the dependent variable. Only cerebral white matter and the thalami showed significant increase in
volume with age. Intracranial volume (ICV) did not show any significant correlation with age (Pearson’s
CC=0.098, p=0.14). It can be seen that ICV plays an important role on the overall size of each structure. R
values demonstrate that for most cases the regression model sufficiently explains the inter-subject variance in
the volumes of these structures.

Age in months ICV

t-scores R

Left cerebral WM 3.14 (p=0.002) 15.75 (p<0.000) 0.83

Right cerebral WM 3.69 (p=0.000) 15.28 (p<0.000) 0.82

Left thalamus 3.36 (p=0.001) 10.59 (p<0.000) 0.72

Right thalamus 1.85 (p=0.067) 9.65 (p<0.000) 0.67

Left putamen −0.31 (p=0.755) 7.53 (p<0.000) 0.56

Right putamen −0.90 (p=0.369) 8.03 (p<0.000) 0.59

Left hippocampus 0.143 (p=0.887) 10.19 (p<0.000) 0.68

Right hippocampus 0.858 (p=0.392) 10.12 (p<0.000) 0.68

Left amygdala −0.24 (p=0.809) 10.67 (p<0.000) 0.70

Right amygdala 1.22 (p=0.225) 11.39 (p<0.000) 0.72

Left caudate −0.17 (p=0.864) 6.82 (p<0.000) 0.53

Right caudate 0.098 (p=0.922) 6.54 (p<0.000) 0.51
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Table 3

Race/ethnic distribution distribution of the study cohort. The total number of children in each racial category
was given together with their percentage in the study population. Note that the percentages are rounded to the
nearest integer.

Child race Total number (%)

White (non-Hispanic) 43 (34%)

Hispanic 49 (38%)

Black 7 (6%)

Asian 10 (8%)

Multi-ethnic 17 (13%)

Brain Res. Author manuscript; available in PMC 2012 July 5.


