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Brain maturation is a complex process that continues well beyond
infancy, and adolescence is thought to be a key period of brain rewiring.
To assess structural brain maturation from childhood to adulthood, we
charted brain development in subjects aged 5 to 30 years using diffusion
tensor magnetic resonance imaging, a novel brain imaging technique
that is sensitive to axonal packing and myelination and is particularly
adept at virtually extracting white matter connections. Age-related
changes were seen in major white matter tracts, deep gray matter, and
subcortical white matter, in our large (n=202), age-distributed sample.
These diffusion changes followed an exponential pattern of maturation
with considerable regional variation. Differences observed in develop-
mental timing suggest a pattern of maturation in which areas with
fronto-temporal connections develop more slowly than other regions.
These in vivo results expand upon previous postmortem and imaging
studies and provide quantitative measures indicative of the progression
and magnitude of regional human brain maturation.
© 2007 Elsevier Inc. All rights reserved.
Introduction

Brain development is a complex process linked with behavioral,
emotional, cognitive, and overall maturation that progresses
throughout childhood, adolescence, and into adulthood. A thorough
knowledge of structural brain development during adolescence is
crucial for understanding the extensive cognitive and behavioral
advances that occur during the same period, and for linking brain
structure with brain function in both healthy and disease states.
Postmortem studies can and have provided valuable insight into
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white matter development, demonstrating continued myelination of
white matter tracts into the second and third decades of life
(Yakovlev and Lecours, 1967; Benes, 1989). However, these studies
are limited by the availability of young, previously healthy subjects.

Magnetic resonance imaging (MRI) is a powerful tool that has
made it possible to investigate healthy brain development in vivo,
demonstrating both global brain development, as well as more spe-
cific brain maturation. MRI has been used extensively to study brain
and tissue volume changes, and has demonstrated that though total
brain volume remains approximately constant after early childhood,
the volume of the individual tissue components changes throughout
the life span (Giedd et al., 1999; Good et al., 2001). Studies of cortical
gray matter development have shown regional patterns of brain
maturation, with distinct areas developing at different rates (Sowell
et al., 2004; Lerch et al., 2006; Whitford et al., 2007).

Despite the fact that adolescence is considered a crucial period of
brain rewiring, relatively little is known about the development of
the white matter tracts that form this wiring or the deep gray matter
structures that provide the relay stations. Previous studies using T1-
weighted anatomical MRI have shown various brain white matter
changes during adolescence, including an overall volume increase
(Giedd et al., 1999), and increases of “white matter density” in the
internal capsule and the left arcuate fasciculus (Paus et al., 1999).
Diffusion tensor MRI (DTI) is a non-invasive tool that provides
unique information about tissue microstructure, including indirect
measures of myelination and axonal growth, and may be more sen-
sitive than conventional imaging (Basser et al., 1994; Beaulieu,
2002; Le Bihan, 2003). DTI has demonstrated more widespread
white matter and deep gray matter development with age during
childhood and adolescence (Mukherjee et al., 2001; Schmithorst
et al., 2002; Barnea-Goraly et al., 2005; Ben Bashat et al., 2005;
Snook et al., 2005; Ashtari et al., 2007) than is observed on T1-
weighted scans. However, previous DTI studies of adolescence were
limited by small sample sizes (Morriss et al., 1999; Eluvathingal
et al., 2007), limited brain regions analyzed (Ben Bashat et al., 2005;
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McLaughlin et al., 2007), narrow age ranges (Schneider et al., 2004;
Snook et al., 2005), and/or assumptions of linear development
(Schmithorst et al., 2002; Barnea-Goraly et al., 2005; Giorgio et al.,
2007). Since nonlinear patterns of development have been shown in
some cognitive abilities during adolescence (Kail, 1993; Luna et al.,
2004), it is probable that DTI measures of specific brain white matter
and deep gray matter structures may also deviate from a linear tra-
jectory of development through adolescence.

Here, we use DTI to characterize the trajectory of microstructural
brain development from childhood to adulthood, showing regionally
specific changes in both timing and relative magnitude. We
measured fractional anisotropy (FA), an indicator of white matter
coherence and axonal organization, and mean diffusivity (MD), the
average magnitude of water diffusion, to assess brain development
in a large, age distributed sample. Subjects were 202 individuals
ranging from 5 to 30 years, with no history of neurological/
psychiatric disease or brain injury. Twenty distinct brain regions
were analyzed, including major white matter tracts, subcortical
white matter in gyri, and deep gray matter. Ten structures were
examined using region-of-interest analysis, and ten structures were
analyzed using diffusion tensor tractography, a novel method of
virtually reconstructing and visualizing white matter tracts in vivo
(Conturo et al., 1999; Jones et al., 1999; Mori et al., 1999; Basser
et al., 2000). These two complementary methods provide a means of
assessing three-dimensional white matter tracts, as well as structures
such as deep gray matter and subcortical white matter in gyri, which
cannot be examined using tractography.

Materials and methods

Subjects

This study included 202 healthy subjects with no self-reported
history of neurological or psychiatric disease or brain injury, aged 5.6
Table 1
Validation of semi-automated tractography versus manual tracking for all ten tract

Tract Linear correlation
(R)

Significance of correlation
(p)

Cingulum FA 0.903 b0.001
MD 0.983 b0.001

CST FA 0.838 b0.001
MD 0.839 b0.001

Fornix FA 0.836 b0.001
MD 0.863 b0.001

Genu FA 0.968 b0.001
MD 0.957 b0.001

IFO FA 0.972 b0.001
MD 0.961 b0.001

ILF FA 0.935 b0.001
MD 0.959 b0.001

Splenium FA 0.830 b0.001
MD 0.874 b0.001

SFO FA 0.836 b0.001
MD 0.871 b0.001

SLF FA 0.939 b0.001
MD 0.981 b0.001

UF FA 0.861 b0.001
MD 0.975 b0.001

a Negative mean differences indicate that manual method has higher values than
to 29.2 years (mean age±standard deviation: 15.2±6.1, 98 females,
104 males, 187 right-handed, 13 left-handed, 2 no preference). Sub-
jectswere approximately equally distributed across the age range, with
a minimum of 3 males and 3 females for each year from 6 to 22 years.
Health was verified by asking participants a series of questions to
ensure there was no history of neurological or psychiatric disease or
brain injury. All subjects gave informed consent; child assent and
parent/guardian consent was obtained for volunteers under 18 years.

Image acquisition

All data were acquired on the exact same 1.5-T Siemens Sonata
MRI scanner using identical methods. Total acquisition time was
approximately 26 min and included anatomical imaging and both
standard and cerebrospinal fluid (CSF) suppressed DTI. Standard
DTI was acquired using a dual spin-echo, single shot echo-planar
imaging sequence with the following parameters: 40 3-mm-thick
slices with no inter-slice gap, TR=6400 ms, TE=88 ms, 6 non-
collinear diffusion sensitizing gradient directions with b=1000 s/
mm2, 8 averages, field-of-view 220×220 mm2, matrix of 96×128
zero-filled to 256×256. Total DTI acquisition time was 6:06 min.
CSF-suppressed DTI was also acquired in 173 subjects and used a
dual spin-echo, echo-planar imaging sequence with TI=2200 ms,
TR=8600 ms, TE=88 ms, with 26 slices, and all other parameters
the same as the standard DTI. Total acquisition time for FLAIR
DTI was 8:12 min. High-resolution (1×1×1 mm3) T1-weighted
images were also acquired using MPRAGE with TE=4.38 ms,
TR=1870 ms, TI=1100 ms, and scan time of 4:29 min.

Region-of-interest diffusion measurements

Using the standard DTI scans, average mean diffusivity (MD) and
fractional anisotropy (FA) values were calculated for 10 brain regions
using region-of-interest (ROI) analysis by the same investigator (L.W.),
s in 15 individuals

Mean difference a

(FA unitless; MD units: 10−3 mm2/s)
Paired t-test significance
( p)

−0.006 0.123
−0.001 0.639
−0.012 0.047
0.020 0.002

−0.013 0.007
−0.020 0.064
−0.004 0.044
0.001 0.759
0.014 0.000
0.012 0.001

−0.011 0.000
−0.007 0.011
0.000 0.995

−0.020 0.004
0.009 0.007

−0.015 0.004
−0.007 0.003
−0.001 0.572
0.000 0.940

−0.003 0.181

automated method.
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including the anterior and posterior limbs of the internal capsule,
external capsule, corona radiata, centrum semiovale, subcortical white
matter in gyri (right superior frontal gyrus, right supra marginal gyrus,
right middle occipital gyrus, left superior temporal gyrus, and the left
postcentral gyrus), and four deep gray matter structures (thalamus,
globus pallidus, putamen, and head of the caudate nucleus), according
to previously described methods (Snook et al., 2005). In total, 4646
ROIs were outlined to yieldMD and FAvalues (9 regions with left and
right plus 5 subcortical regions in 202 subjects). A previous intra-rater
reliability study by the individual who performed all of the ROI
analysis in this paper showed good reliability of ROI measurements
(Snook et al., 2005). Three individuals were scanned on four separate
occasions, and FA was measured in four regions (genu of the corpus
callosum, corona radiata, thalamus and head of the caudate nucleus);
standard deviations were 0.02 or smaller for FAvalues within the same
individual. For this study, where appropriate, left and right measure-
Fig. 1. Age-related fractional anisotropy increases measured by tractography in
anisotropy (FA) changes in nine of ten white matter tracts measured using fiber trac
areas with frontal-temporal connections develop more slowly than others. Here, trac
tract matches color of curve in plot). Rapid development can be seen in the splenium
demonstrate more gradual maturation. The fornix, a very basic tract involved in m
showed similar age-related decreases of mean diffusivity, as shown in Fig. 4.
ments were made separately and averaged for further analysis, since
although some regions showed significant asymmetry, the absolute FA
andMD differences were quite small (0.01 or less for FA and less than
0.02×10−3 mm2/s for MD). The FA and MD values from each of the
five ROIs drawn in subcortical white matter in gyri were averaged to
give one value for each individual, in order to improve the fits of the
subcortical white matter in gyri. The five subcortical white matter
regions had poor individual fits, likely due to partial volume effects of
averaging with CSF. Eigenvalues were not analyzed for the regions
measured using ROI analysis.

Fiber tracking diffusion measurements

A novel, semi-automated tractography method was developed
specifically for this project to logistically permit the extraction of ten
tracts in 202 individuals. A template was created based on 20 scans of
202 individuals. Considerable variation was seen in age-related fractional
tography. These results suggest a hierarchical pattern of maturation in which
ts are shown in a 23-year-old male with corresponding FA-age plots (color of
and genu of the corpus callosum, while the cingulum and uncinate fasciculus
emory and emotion, shows no age-related changes at all. These structures
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one 25-year-old male. The images from these 20 scans were nor-
malized to each other using an affine transformation and averaged to
create the template. Non-diffusion-weighted images (b=0 s/mm2)
were registered to the template using an affine transformation fol-
lowed by tensor reorientation. For each tract, seeding, target, and
exclusion regions were selected manually on the template color map
and automatically copied to each normalized brain. All voxels within
the seeding region were used as seed points for fiber tracking for each
of the 202 subjects, and the target and exclusion regions served to
include or exclude fibers passing through specific areas. Fiber tracking
was performed in ExploreDTI, software developed by one of the
authors (A.L.), using a deterministic streamlinemethod. FA thresholds
were set to 0.25 to initiate and continue tracking, while the angle
threshold was set to 60° for the uncinate fasciculus and the superior
longitudinal fasciculus and 30° for all other tracts. An FA threshold of
0.25 was chosen to avoid voxels that are not part of the white matter
Fig. 2. Age-related fractional anisotropy increases measured by region-of-interest ana
(FA) changes for 8 of 10 structures measured using region-of-interest analysis; this dat
of a 6-year-old male with corresponding FA-age plots (color of ROI matches color of
deep gray matter structures such as the thalamus and caudate head showing very la
significant, changes. These structures showed similar age-related decreases of mean d
averaging FA values from five separate regions; only one region is shown above.
tract (cortex has FA ~0.2), minimize the inclusion of voxels with a
higher degree of partial volume contamination, and limit the presence
of spurious tracts. Tractography was used to identify the genu and
splenium of the corpus callosum, the inferior and superior longitudinal
fasciculi, the inferior and superior fronto-occipital fasciculi, fornix,
cingulum, uncinate fasciculus, and corticospinal tract, according to a
priori information on tract location (Wakana et al., 2004). Standard
DTI data was used to track all fibers except the fornix, for which we
used FLAIR-DTI data due to deleterious partial volume effects in the
standard (non-CSF-suppressed) DTI data.Where appropriate, left and
right fibers were measured separately and averaged for further ana-
lysis, since although some regions showed significant asymmetry, the
absolute FA andMD differences were quite small (0.01 or less for FA
and less than 0.02×10−3 mm2/s for MD). Eigenvalues of the ten
tractography-derived tracts were measured to determine what was
driving any FA changes. Parallel diffusivity was measured by the first
lysis in 202 individuals. Variation was seen in age-related fractional anisotropy
a also suggests hierarchical maturation. Here, regions are shown on the FAmap
curve in plot). Considerable variation is seen in the amount of FA change, with
rge percent changes and the white matter structures showing smaller, but still
iffusivity, as shown in Fig. 5. Subcortical white matter curve was obtained by
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eigenvalue (λ1), while perpendicular diffusivity was calculated by
averaging the second and third eigenvalues (λ2 and λ3).

Automated fiber tracking reliability

Validity of the semi-automated fiber tracking method was ensured
by manually tracking each of the ten white matter tracts in 15
randomly selected individuals. The results of the paired t tests com-
paring the manual and semi-automatedmethods are shown in Table 1.
While some tracts showed very small significant differences (all
differences of FA were less than 0.015 and differences of MD were
0.02×10−3 mm2/s or smaller), these differences are smaller than the
standard deviation of ROImeasurementsmade frommultiple scans of
the same individual (Snook et al., 2005). All correlations between
manual and semi-automated methods were highly significant (all
correlations were greater than 0.836 with pb0.001). Furthermore, the
semi-automated method of tractography is fairly robust to errors of
spatial normalization, because the FA thresholds used for tracking
help eliminate spurious fibers and allow seeding and target regions to
be larger than the actual structure of interest, accommodating for
misaligned structures due to poor normalization.

Curve fitting

Average values of FA and MD for each ROI and over the
entirety of each tract for tractography were correlated with subject
age using linear and non-linear regression. Linear, monoexponen-
tial and biexponential fits were compared using F-tests and the
Akaike Information Criterion (AIC). Negative values of the AIC
were considered to mean the exponential fit offered substantial
improvements over the linear fit, while a threshold of pb0.05 was
Fig. 3. Age-related changes of the parallel and perpendicular diffusivities. Parallel d
analyzed with tractography, while perpendicular diffusivity (λ23) declined more than
The superior longitudinal fasciculus and uncinate fasciculus are shown here as ex
used for the F-test between mono- and bi-exponential fits. Expo-
nential fitting equations of the form FA (or MD)=C+Ae− age/t

yielded time constants (t) indicating the rate of development, as well
as correlation coefficients and asymptotic standard error values
indicating the quality of the fits. To compare developmental timing
parameters, maximum development was defined as the FA and MD
values at the asymptotes of the exponential curves, and the time to
reach 90% of this maximum development from 5 years was
calculated for each tract. Male and female fits were calculated
separately and the timing parameters were compared to see if they
overlapped, given the standard error from the exponential fits. For
FA values, the timing parameter differences between genders were
less than one standard error and considered not to be significant. For
MD values, the differences were larger, with five structures showing
timing differences greater than two standard errors of the fit. How-
ever, the fits for all structures were considerably poorer when
separated by gender, and no gender differences of FA timing were
present, so data was combined to simplify interpretation and im-
prove confidence in the fits; therefore, all data shown is combined
male and female data.

Volume measurements

T1-weighted MPRAGE images were segmented using SPM5
(Wellcome Trust Centre for Neuroimaging, London, UK), after
normalization to the T1 template provided as part of the software
package. Total gray matter and white matter volumes were measured,
and total brain volume was calculated. CSF was not included in total
brain volumemeasurements. Linear regression was used to determine
whether significant age-related changes existed in gray matter, white
matter, and total brain volume.
iffusivity (λ1) remained constant or declined slightly in all white matter tracts
parallel diffusivity, driving the age-related increases of fractional anisotropy.
amples.
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Results

FA increases with age

For almost all structures, an exponential curve best represented
the cross-sectional age-related increases of FA; only the uncinate
fasciculus showed a linear increase of FA. The increases occurred
rapidly initially, then slowed and reached a plateau; for most struc-
tures, the plateau was reached during the late teens or twenties. FA
increased significantly in 17 of 20 structures measured; however, no
significant age-related changes were observed in the fornix, corona
radiata or centrum semiovale. As shown in Figs. 1 and 2, regional
differences in the rate of development were observed for FA, with
some brain regions, such as the corpus callosum and the inferior
longitudinal fasciculus, increasing in FA (and presumably devel-
oping) faster and earlier than other tracts that appear to develop quite
slowly, such as the fronto-temporal connections. An analysis of the
Fig. 4. Age-related mean diffusivity decreases measured by tractography in 202 indiv
ten structures measured using tractography. Here, all ten white matter tracts are shown
tract matches color of curve in plot). The rate of decrease varies regionally, with fro
occipital fasciculus, cingulum and uncinate fasciculus tending to mature later than othe
eigenvalues revealed a consistent pattern among the white matter
tracts measured with tractography, with perpendicular diffusivity
(λ23) decreasing in all tracts, while parallel diffusivity (λ1) remained
the same or decreased only slightly. Fig. 3 shows the age-related
changes of the eigenvalues for the superior longitudinal fasciculus
and the uncinate fasciculus, as examples.

MD decreases with age

An exponential fit best represented the age-related decreases of
MD for most structures, with only the corticospinal tract demon-
strating a linear increase of MD. For most structures, rapid de-
creases of MD occurred at younger ages, slowed, and gradually
reached a plateau during the late teens or early twenties, as shown
in Figs. 4 and 5. Significant differences of MD with age were seen
in all measured structures, including those that showed no age-
related FA changes. Like FA changes, regional differences of the
iduals. Significant decreases of mean diffusivity (mm2/s) were observed for all
in a 23-year-old male with corresponding mean diffusivity–age plots (color of
ntal connections, such as the superior longitudinal fasciculus, superior fronto-
r tracts such as the corpus callosum, fornix and inferior longitudinal fasciculus.



Fig. 5. Age-related mean diffusivity decreases measured by region-of-interest analysis in 202 individuals. Significant decreases of mean diffusivity (mm2/s) were
seen in all structures measured using region-of-interest analysis. Here, regions are shown here on the MD map of a 6-year-old male with corresponding mean
diffusivity–age plots (color of ROI matches color of curve in plot). Regional variation can be seen in the rate of the changes. Subcortical white matter curve was
obtained by averaging MD values from five separate regions; only one region is shown above.
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timing of MD changes were observed; however, the range of ex-
ponential time constants was more uniform for MD decreases than
for FA increases.

Timing and magnitude of changes

Fig. 6 shows the relative timing and magnitude of development
in all measured brain regions; these are also summarized in Table 2.
Error bars in Fig. 6 represent the standard error and indicate the
reliability of the timing parameter obtained from the exponential fit.
As can be seen from Fig. 6 and the Table 2, by age 20, approximately
half of measured structures have reached 90% of their maximum FA
values. At age 25, three structures have still not reached their plateau,
with the uncinate fasciculus appearing to continue development be-
yond 30 years. MD decreases continue slightly later than FA in-
creases, with only one structure having reached the 90%mark by age
15. Two structures, the head of the caudate nucleus and the cortico-
spinal tracts, appear to continue undergoing MD changes past
30 years of age. In addition, the greatest magnitude of changes occur
in the deep gray matter, which shows up to 50% increases of FA and
16% decreases of MD.

Volume

Total brain volume, as well as white and gray matter volume,
was measured for each subject using T1-weighted images. As
shown in Fig. 7, total brain volume is relatively constant through-
out our sample, from age 5 to 30 years; however, the major tissue
classes within the brain changed in opposite directions. A signif-
icant linear decrease of total gray matter was observed with a
corresponding linear increase in total white matter volume.

Discussion

Although DTI has demonstrated that much of brain develop-
ment occurs during the first few years of life (Hermoye et al., 2006;



Fig. 6. Magnitude and timing of developmental changes. The magnitude and timing of development vary by brain region. In this figure, the length of the colored
bar indicates the age at which the region reached 90% of its development plateau from 5 years, as measured by fitting parameters in the exponential equation. To
indicate the quality of the exponential fit, the small black bars indicate the standard error of the timing parameter (note: error bars were not included for regions
with development extending beyond 25 years). The color of each bar represents (a) the percent increase of fractional anisotropy (FA) or (b) decrease of mean
diffusivity (MD) from 5 to 30 years. The fornix, centrum semiovale and corona radiata showed no changes of FA; data not shown. Note the tendency of fronto-
temporal connections (e.g. cingulum, uncinate fasciculus) to mature later than other structures. Deep gray matter undergoes large percent changes, particularly of
FA, with the subcortical white matter showing moderate changes and white matter tracts showing smaller, but significant changes. Increases of FA for the
uncinate fasciculus in panel a and decreases of MD for the caudate head and corticospinal tract in panel b extend beyond 30 years. ILF= inferior longitudinal
fasciculus, SFO=superior fronto-occipital fasciculus, SLF=superior longitudinal fasciculus, IFO=inferior fronto-occipital fasciculus.
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Dubois et al., 2008; Provenzale et al., 2007), our results illustrate
that this process continues well beyond infancy. Tractography and
ROI analyses have provided direct evidence that maturation of
brain white matter and deep gray matter is widespread throughout
the brain and continues throughout adolescence and, in some struc-
tures, into the twenties.

The putative rate of development, as implied by changes in tissue
water diffusion parameters, can be obtained for each brain region from



Table 2
Correlation (R) and time constant (t) of the exponential fits, as well as absolute and relative increases of FA and reductions of MD over the age span of 5 to
30 years

Region FA MD (10−3 mm2/s)

R t a Absolute change
(5–30 years)

Percent change
(5–30 years)

R t a Absolute change
(5–30 years)

Percent change
(5–30 years)

Corona radiata b 0.354 6.68 −0.07 −9
Centrum semiovale b 0.602 6.03 −0.08 −10
Fornix b 0.426 5.23 −0.11 −11
Inferior longitudinal fasciculus 0.285 1.62 0.05 14 0.592 5.88 −0.09 −9
Splenium 0.382 2.57 0.06 13 0.350 4.87 −0.08 −9
Genu 0.355 2.58 0.05 9 0.453 6.09 −0.08 −9
Superior fronto-occipital fasciculus 0.453 3.47 0.05 12 0.625 9.31 −0.07 −9
Anterior limb 0.435 4.29 0.13 23 0.633 6.69 −0.10 −13
Superior longitudinal fasciculus 0.640 5.86 0.07 16 0.724 9.80 −0.10 −11
Inferior fronto-occipital fasciculus 0.580 6.19 0.07 17 0.560 3.15 −0.09 −10
Subcortical white matter 0.593 6.20 0.07 27 0.717 7.92 −0.11 −13
External capsule 0.543 7.20 0.10 23 0.704 6.62 −0.09 −11
Posterior limb 0.397 7.48 0.06 9 0.600 5.63 −0.07 −8
Thalamus 0.600 7.49 0.08 32 0.651 9.62 −0.08 −9
Corticospinal tract c 0.591 7.70 0.08 17 0.723 −0.07 −15
Caudate head 0.511 7.97 0.07 47 0.407 7.97 −0.12 −9
Globus pallidus 0.591 8.33 0.09 45 0.575 8.49 −0.07 −9
Putamen 0.488 8.79 0.06 41 0.729 6.81 −0.10 −12
Cingulum 0.560 9.86 0.08 19 0.673 9.28 −0.09 −11
Uncinate fasciculus d 0.514 0.06 15 0.697 7.82 −0.10 −11

The structures are ordered by increasing t for FA fits.
a t is obtained from the exponential fit according to the equation FA (or MD)=C+Ae− age/t.
b No fits for FA changes were obtained for the corona radiata, centrum semiovale, and fornix, so no data are shown.
c The MD changes in the corticospinal tract were best represented by a linear fit, so no t parameter is shown.
d The FA changes of the uncinate fasciculus were best represented by a linear fit, so no t parameter is shown.
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the exponential fit for that particular structure. There is considerable
variation in the development curves, suggesting that white matter
tracts with fronto-temporal connections, as well as deep gray matter
areas, tend to mature more slowly than other regions. Brain structures
can be categorized based on the age at which their curve reached 90%
of its limit, as measured from 5 years (see Fig. 6). The fornix, a white
matter connection involved in very basic processing such as memory
Fig. 7. Volume changes with age. Total brain volume on T1-weighted scans,
excluding cerebrospinal fluid, remains constant after age 5, despite major
internal changes taking place throughout adolescence. Total white matter
volume increases significantly, while total graymatter volume decreases over
this age range of 5 to 30 years.
and emotion, showed no changes of FA with age. DTI has demon-
strated that, during infancy, the fornix appears to be more developed
than other brain regions (Dubois et al., 2006, 2008), suggesting that its
development may be complete by age 5. Two other areas, the corona
radiata and the centrum semiovale, also showed no age-related FA
changes; however, these are complex regions of crossing fibres that
are difficult to measure and interpret using the standard tensor model.
The splenium and genu of the corpus callosum, crucial left–right
hemispheric connections, and the inferior longitudinal fasciculus, an
important occipital–temporal tract involved in visual processing
(Catani et al., 2003), show the earliest and most rapid changes of FA
with age, all reaching 90% of their maximum FAvalue by 11 years of
age. Most association fibers, such as the superior longitudinal fasci-
culus, the superior and inferior fronto-occipital fasciculi, and the
anterior limb of the internal capsule reach the 90%milestone between
13 and 20 years of age. The external capsule, posterior limb of the
internal capsule, corticospinal tract, all three of which are projection
fibers, as well as two deep graymatter structures, the thalamus and the
caudate head, all reach the 90% mark between the ages of 21 and 24.
The globus pallidus and putamen, two deep gray matter structures, as
well as the cingulum and uncinate fasciculus, important fronto-
temporal connections, mature much later, reaching 90% development
only after 25 years of age.

Reductions of mean diffusivity demonstrate less timing variation
amongst regions, and the changes, in general, occur later than the
increases of FA. Visual and hemispheric connections, such as the
inferior longitudinal fasciculus, and genu and splenium of the corpus
callosum, undergo 90% of their MD developmental changes by
20 years of age. According to the MD time course, most frontal
connections, gray matter structures, and the corticospinal tracts do
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not mature to this extent until age 24 or later. Although differences
exist in the order of development, patterns of change similar to those
observed with FAwere seen, with the commissural fibers developing
early and the fronto-temporal and gray matter structures maturing
later. All structures showed significant decreases of MD, including
the three structures that failed to show significant changes of FAwith
age. Although the FA development profiles for the posterior limb
and the corticospinal fibers were quite similar (see Fig. 6), the MD
profiles differed substantially, with the corticospinal tract leveling
off much later than the posterior limb.While the posterior limb of the
internal capsule contains the corticospinal tract, it also contains
fibers belonging to the corticobulbar fibers and thalamocortical so-
matosensory radiations, with the corticospinal tract occupying only
the posterior third (Kretschmann, 1988).

Analysis of the eigenvalues for the tractography data revealed that
the FA increases are due to age-related decreases of perpendicular
diffusivity accompanied by either a modest decrease or no change at
all in the parallel diffusivity for each tract (see Fig. 3). Remyelination
in the mouse brain is characterized by decreases of perpendicular
diffusivity without corresponding changes of parallel diffusivity
(Song et al., 2005), suggesting that increasing myelination with age
may be the cause of the drop of perpendicular diffusivity in our
population. Other studies have also shown that developmental in-
creases of FA are primarily driven by decreasing perpendicular
diffusivity (Snook et al., 2005; Giorgio et al., 2007).

Absolute changes of FA and MD varied across the brain, as
shown in Table 2, with deep gray matter regions and frontal asso-
ciation fibres showing slightly larger increases of FA and decreases
of MD than other regions. The percent changes of FA and MD,
however, reveal large differences, and the greater magnitude of age-
related diffusion parameter differences in the brain is interpreted as
regions undergoing more development during childhood and ado-
lescence. The deep gray matter structures examined, i.e., the tha-
lamus, caudate nucleus, putamen, and globus pallidus, showed by
far the largest percent changes of FA, increasing between 30% and
50% from 5 to 30 years of age. These large differences, particularly
with respect to more moderate changes across the white matter,
likely indicate that tracts emanating from or arriving at these gray
matter structures are becoming better organized or more myelinated,
perhaps undergoing so-called “rewiring”. Similarly, white matter
tracts may be extending into the deep gray matter structures from
which they originate or terminate, resulting in an increase of FA. The
subcortical white matter in gyri also showed relatively large age-
related increases of FA of approximately 25%, and this suggests that
as the brain develops, myelinated axons extend further into the cor-
tex, causing this rise of FA of subcortical white matter. Major white
matter tracts showed smaller increases of FA, between approxi-
mately 8% to 19%, indicating that myelination is still occurring
during adolescence, but the changes are not quite as dramatic as in
the subcortical white matter and deep gray matter. One interpretation
of these marked differences in relative changes, as well as timing,
could be that the white matter wiring is laid down earlier, followed
by “reprogramming” of the deep gray matter relay stations.

Despite total brain volume remaining constant after age 5
(see Fig. 7), major internal remodeling is occurring within the brain.
Total gray matter volume declines, while white matter undergoes a
corresponding increase in volume. Adolescence is thought to be a
time of cortical pruning (Toga et al., 2006), and previous studies of
cortical gray matter volume have shown inverted U-shaped curves
representing age-volume changes, with age of peak volume de-
pending on brain region (Giedd et al., 1999). The timing parameters
for maturation seem to indicate that white matter development
(i.e. myelination and/or axonal packing) and deep gray matter reor-
ganization occur in tandem with cortical changes, which, however,
were notmeasured in this study. Total graymatter volume decreases in
a linear manner across our age range while total white matter volume
increases; one possible explanation is that increased myelination and
advancing axons are causing tissue previously classified at gray
matter to be newly classified as white matter and accounting for the
tissue volume changes that occur despite constant total brain volume.

During infancy and early childhood, the brain undergoes rapid
microstructural changes; between birth and 5 years of age, FAvalues
increase by up to 200% and MD values decrease by approximately
40%, with the bulk of these changes occurring during the first
24 months of life (Mukherjee et al., 2001; Partridge et al., 2005;
Dubois et al., 2006, 2008; Hermoye et al., 2006). These relative FA
andMD changes are much larger than the ones reported in our study.
Nonetheless, although the most rapid development occurs in
infancy, we show that brain maturation continues well beyond that
time period, and most brain wiring is not fully established until the
teenage years and even the twenties. By age 12, only three of 20
structures measured have undergone 90% of their FA changes (recall
90% relative to age 5); by age 20, an additional five structures have
reached this 90% milestone, including most of the association tracts
and subcortical white matter. By age 25 years, only the cingulum and
the uncinate fasciculus, two important fronto-temporal connections,
have yet to reach a plateau.

In agreement with our findings, previous studies have con-
sistently reported brainmaturation during adolescence in the internal
capsule, arcuate fasciculus, and corticospinal tracts (Paus et al.,
1999; Schmithorst et al., 2002; Barnea-Goraly et al., 2005; Ben
Bashat et al., 2005). Developmental changes have also been reported
in a large number of other brain areas where we also found age-
related changes, including the corpus callosum and subcortical white
matter (Ben Bashat et al., 2005), occipital pathways (Barnea-Goraly
et al., 2005) and the inferior longitudinal fasciculus (Schmithorst
et al., 2002). We observed more widespread brain maturation,
however, with all brain regions measured demonstrating decreases
of MD, and most areas demonstrating FA increases during ado-
lescence. Timing parameters of non-linear development have been
previously reported in only one study of adolescents (Ben Bashat
et al., 2005); however, their cohort included much younger subjects
(as young as 4 months), making comparisons difficult due to the
rapid development of infant brains. Our observations of exponential
brain maturation during adolescence may be a continuation of the
exponential patterns of development that are observed during infan-
cy and early childhood in many of the same structures (Mukherjee
et al., 2001; Hermoye et al., 2006), or it may represent a different and
separate developmental time course; further studies over the entire
age range with the same imaging parameters and analysis methods
may be able to settle this question.

Several postmortem studies (Yakovlev and Lecours, 1967; Benes,
1989) have described a general pattern of posterior to anterior
myelination,while sophisticated image processing of anatomicalMRI
scans revealed a rostral to caudal wave of growth in the corpus
callosum (Thompson et al., 2000). Using DTI, we observed similar
results in the corpus callosum, with the splenium developing slightly
before the genu, as evidenced byMD changes; however, the timing of
FA increases in these two structures are similar. More generally, our
data seem to indicate that some frontal connections, particularly
fronto-temporal connections such as the uncinate fasciculus and the
cingulum, mature later and more slowly than other connections, such
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as the commissural connections of the corpus callosum. Some frontal
connections, however, such as the inferior and superior fronto-
occipital fasciculi, display relatively early maturation compared to
other structures. In addition, the deep gray matter structures and the
projection fibers seem to exhibit relatively slow maturation, perhaps
indicating the ongoing development of these structures. These
patterns are also similar to DTI studies of preterm infant brain
maturation that show frontal areas tend to mature later than others
(McKinstry et al., 2002; Deipolyi et al., 2005). The temporal lobe
demonstrates later maturation than other regions, as evidenced by
continued cortical thickening into the thirties and later volumetric
changes than other cortices (Giedd et al., 1999; Sowell et al., 2003),
supporting our findings of slow maturation of fronto-temporal
connections.

Our large, age-distributed sample relative to previous studies
allows for increased sensitivity to non-linear developmental
changes, and our findings challenge earlier DTI findings suggesting
a linear increase (Schmithorst et al., 2002; Barnea-Goraly et al.,
2005). These two studies used voxel-based analysis methods, which
assume linear development. Our observed non-linear pattern of
maturation was consistent across the brain, with only the uncinate
fasciculus showing linear development of FA with age and the
corticospinal tract demonstrating a linear reduction of MD with age.
Given a larger age range, these tracts would likely show non-linear
changes that level off during the thirties or later. Formost brain areas,
the exponential model was superior to the linear model, indicating
the robustness of these non-linear findings.

While several studies have observed asymmetry of brain ani-
sotropy (Buchel et al., 2004; Gong et al., 2005) and sex differences
during development (Giedd et al., 1999; Lenroot et al., 2007;
Schmithorst et al., in press; Schneiderman et al., 2007), we observed
only very small asymmetries and gender differences in our cohort, and
elected to combine all data for the final analysis. Asymmetry of
anisotropy has been reported in the cingulum (Gong et al., 2005) and
the superior longitudinal fasciculus (Buchel et al., 2004), both
showing left greater than right asymmetry. While we also observed
leftward asymmetry in both of these white matter tracts, the actual
differences of FA were very small, only 0.01 for each tract. Asym-
metry was observed in several other structures, but in all cases asym-
metry of FAwas 0.01 or less, and differences ofMDwere smaller than
0.02×10−3 mm2/s. Since these differences are very small and
separating them would add unnecessary complexity, all values from
left and right hemispheres were averaged in this paper. Similarly, male
and female data were combined, due to only minor differences in
developmental trajectories. Since we were interested in the relative
timings of development, we looked for differences between male and
female timing parameters, rather than absolute FA orMD differences.
For age-related FA changes, all gender differences of the timing
parameter were smaller than the standard error of the measurement.
Furthermore, fits were greatly improved by combining males and
females (effectively doubling the data set). Therefore, males and
females were combined for all of our analyses, as has been done in
many developmental studies (Mukherjee et al., 2001; Sowell et al.,
2003; Barnea-Goraly et al., 2005; Snook et al., 2005).

Deterministic tractography methods require threshold values of
FA to define each tract, although this practice may influence the
resulting FA values calculated from the tract. For this study, the
threshold was set to voxels with FA values greater than 0.25, to
minimize inclusion of voxels with a high degree of partial volume
contamination, and to avoid spurious tracts. The effect of choosing a
threshold is unlikely to substantially affect the age-related FA andMD
changeswith respect to the relative differences between structures. FA
values derived from tractography are, in general, lower than FAvalues
derived from ROI analysis due partly to this floor value, but primarily
to variability of FA along the tracts themselves. ROI analysis defines
structures on two-dimensional maps and generally includes the areas
of higher FA in a particular tract. Tractography, however, includes a
much larger portion of the tract, including the lower FAvalues near the
ends, and obtains values that are lower overall. This variability in FA
measures means that values obtained using identical methods can be
compared, while it is difficult to compare absolute FA measures from
different procedures.

We used diffusion parameters as surrogate markers for micro-
structural development to extract the magnitude and timing of
developmental changes in 20 brain regions that included major
white matter tracts, subcortical white matter, and deep gray matter.
We examined maturation of these structures over a wide age range of
5 to 30 years in a large sample of 202 healthy subjects. Both ROI
analysis and tractography revealed development trajectories for all
structures which, if compared to those in a patient population, could
highlight the presence and timing of specific brain abnormalities
associated with a particular disease.
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