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Brain development continues actively during adolescence. Previous MRI studies have shown complex
patterns of apparent loss of grey matter (GM) volume and increases in white matter (WM) volume and
fractional anisotropy (FA), an index of WM microstructure. In this longitudinal study (mean follow-up=2.5
±0.5 years) of 24 adolescents, we used a voxel-based morphometry (VBM)-style analysis with conventional
T1-weighted images to test for age-related changes in GM and WM volumes. We also performed tract-based
spatial statistics (TBSS) analysis of diffusion tensor imaging (DTI) data to test for age-related WM changes
across the whole brain. Probabilistic tractography was used to carry out quantitative comparisons across
subjects in measures of WM microstructure in two fiber tracts important for supporting speech and motor
functions (arcuate fasciculus [AF] and corticospinal tract [CST]). The whole-brain analyses identified age-
related increases in WM volume and FA bilaterally in many fiber tracts, including AF and many parts of the
CST. FA changes were mainly driven by increases in parallel diffusivity, probably reflecting increases in the
diameter of the axons forming the fiber tracts. FA values of both left and right AF (but not of the CST) were
significantly higher at the end of the follow-up than at baseline. Over the same period, widespread
reductions in the cortical GM volume were found. These findings provide imaging-based anatomical data
suggesting that brain maturation in adolescence is associated with structural changes enhancing long-
distance connectivities in different WM tracts, specifically in the AF and CST, at the same time that cortical
GM exhibits synaptic “pruning”.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Adolescence is defined as the developmental period of transition
from childhood to adulthood and is characterized by maturation of
cognitive abilities and complex behavioral features (Spear, 2000).
Major advances in learning through education are made during
adolescence and obvious physical, hormonal, emotional, and social
changes occur. By contrast, changes in brain structure during
adolescence are more subtle. In the grey matter (GM), these changes
take the form of increased myelination of cortico-cortical connections
(Nielsen, 1963; Yakovlev and Lecours, 1967) or synaptic “pruning”
(Huttenlocher, 1979) or both. Increases in the diameter and
myelination of the axons forming the fiber tracts, alongside increased
neuronal size and glia proliferation, contribute to the monotonic

increase in white matter (WM) volume or density during childhood
and adolescence revealed by analysis of magnetic resonance imaging
(MRI) scans (Giedd et al., 1999; Paus et al., 1999). Understanding
changes in brain structures and the relationship between changes in
GM and WM structures during adolescence is an important goal not
only to understand normal brain development but also to aid in the
study of abnormal neurodevelopment in disorders such as schizo-
phrenia and bipolar disorder (Giedd, 2004; Paus et al., 2008).

Over the past decade, the availability of automated computational
techniques for analyzing structural MRI data of the brain has led to a
plethora of studies documenting changes during normal childhood
and adolescence. These studies are in general agreement that GM
volume decreases and WM volume increases during this age range
(Barnea-Goraly et al., 2005; Giorgio et al., 2008; Lebel et al., 2008;
Paus et al., 1999; Reiss et al., 1996). The literature on changes in WM
microstructure, measured using diffusion tensor imaging (DTI),
shows a consistent pattern of increased fractional anisotropy (FA)
across childhood and adolescence (Ashtari et al., 2007; Barnea-Goraly
et al., 2005; Bonekamp et al., 2006; Eluvathingal et al., 2007; Giorgio et
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al., 2008; Lebel et al., 2008; Muetzel et al., 2008; Nagy et al., 2004;
Schmithorst et al., 2002). However, previous DTI studies have been
cross-sectional, and few have focused on the late adolescent period.
Inconsistent findings reflect the need for more targeted studies and
highlight the importance of longitudinal studies to enable the
reconstruction of the dynamic course and anatomical sequence of
the developing brain (Toga et al., 2006).

In general, FA is a quantitative measure of WM organization and
structural integrity, but the specific nature of the developmental
changes that contribute to the observed changes is unknown. Some
fundamental phenomena that could illuminate this also remain to be
elucidated. For example, it is unclear whether increases in FA are due
to greater diffusivity along the main diffusion axis (Ashtari et al.,
2007) or reduced diffusivity along the axes perpendicular to it (Bhagat
and Beaulieu, 2004; Bonekamp et al., 2006; Eluvathingal et al., 2007;
Giorgio et al., 2008; Snook et al., 2005; Suzuki et al., 2003) or a
combination of the two.

Here, we present an analysis of longitudinal data obtained during
late adolescence. We analyzed T1-weighted brain images to examine
changes in GM and WM volumes and diffusion images to examine
changes in WM microstructure. The aims of this study were to (i)
replicate and extend previous findings from cross-sectional studies,
(ii) explore changes in GM andWMvolumes by using amore sensitive
longitudinal design, and (iii) examine the nature of the changes in
WM microstructure.

To our knowledge, this is the first study to examine within-subject
longitudinal changes in diffusion data in healthy adolescents. It also
combines analyses of different data types obtained in the same
individuals. In fact, we used two whole-brain approaches to measure
changes in brain structure: a voxel-based morphometry (VBM)-style
analysis to measure changes in GM and WM volumes (Good et al.,
2001) and tract-based spatial statistics (TBSS (Smith et al., 2006)) to
examine changes in diffusion data. We paid particular attention to
diffusion changes in two specificWMpathways, the arcuate fasciculus
(AF) and the corticospinal tract (CST). These two pathways had
previously been shown to have an increase in WM density in a large
cross-sectional study of 4- to 19-year-old subjects (Paus et al., 1999).

Materials and methods

MRI data were acquired at two time points in a group of 24 healthy
adolescents (10 males, 14 females; 21 right-handed, 3 left-handed).
Themedian age at baseline was 15.3 years, range was 13.5–18.8 years,
and mean was 15.7±1.4 years. This group was selected because the
age spread was fairly evenly distributed. All subjects were likely to be
in a similar phase of brain reorganization, although, with differing
ages, subjects would be at different points along any developmental
trajectory. Participants were scanned again after a mean of 2.5±0.56
years; the median age at follow-up was 17.8 years, range was 16.2–
22.1 years, and mean was 18.2±1.6 years.

None of the participants had a history of psychiatric or neurolog-
ical disease or substancemisuse. IQ scores weremeasured by a trained
psychology assistant using the Wechsler Abbreviated Scale of
Intelligence (WASI) (Wechsler, 1999). The subjects were of normal
intelligence (mean IQ score=109.4±12.9). Informed written con-
sent was obtained from all participants in accordance with ethical
approval from the Central Office for Research Ethics Committees (REF
no.06/Q1607/67).

Data acquisition

Scanswere obtained on a 1.5-T Siemens SonataMR scanner using a
standard single-channel head coil with a maximum gradient strength
of 40 mTm-1. For the DTI data, two sets of echo-planar images (EPI) of
the whole head were acquired (TR=8500 ms; TE=80 ms;
53×2.5 mm axial slices; in-plane resolution 2.5×2.5 mm2). Each set

comprised three non-diffusion-weighted and 60 diffusion-weighted
images acquired with a b-value of 1000 s mm-2 uniformly distributed
across 60 gradient directions. A T1-weighted image was also acquired
in each participant for a VBM-style analysis and image registration
(3D FLASH; TR=12 ms; TE=5.6 ms; 1 mm isotropic voxels;
matrix=256×256×208; elliptical sampling; orientation=coronal;
three averages).

Data analysis

Voxel-based morphometry-style analysis
We employed an ‘optimized’ VBM-style protocol (Good et al.,

2001) using FSL (FMRIB Software Library v4.1,www.fmrib.ox.ac.uk/fsl
(Smith et al., 2004)) tools for brain extraction (Smith, 2002) and tissue
segmentation (Zhang et al., 2001). FMRIB's Nonlinear Registration
Tool (FNIRT) (Andersson et al., 2007a, 2007b) was used to spatially
register the native images to a standard-space template. The
optimized protocol used to assess linear correlations between regional
changes in GM and WM volumes and increase in age was as follows.
The raw T1-weighted images were first segmented to form images
representing partial volume estimates of each tissue class (Zhang et al.,
2001). For the analysis of GM, the 48 GM images were nonlinearly
registered to the ICBM-152 GM template, mirror images were created
flipping the images across the midline, and a left–right symmetric
study-specific GM template was created from the average of these 96
images. The 48 native GM images were then nonlinearly transformed
to this template using FNIRT. The signal in each voxel of the
transformed images was modulated by the Jacobian determinant of
the nonlinear component of the warp field. This modulation adjusts
the signal in each voxel to reflect (or compensate for) the amount of
contraction or enlargement due to the nonlinear component of the
spatial transformation. It should be noted that we chose to exclude the
affine component of the registration from the modulation process,
therefore adjusting for the linear increase or decrease of global brain
size over time. Therefore, significant longitudinal local changes in GM
volume should be interpreted as a relative accelerated change
compared to the effect of age on global brain size.

All 48 modulated normalized GM volume images were smoothed
with an isotropic Gaussian kernel with a sigma of 3.5 mm (∼8 mm
FWHM). To test for local correlations between changes in GM volume
and increase in age from baseline to follow-up, a paired t-test
between each subject's images was performed using the difference
between age at baseline and follow-up as the covariate of interest.
This was implemented using a designmatrix containing regressors for
each subject's image pair, to remove the subject effect, and a final
regressor of age at scan (ages at baseline and follow-up separately),
which was orthogonalized to the subject regressors. In other words,
this analysis compares the change in GM volume between baseline
and follow-up with the increase in age between these two time
points. Inference on these statistics was carried out using the
“randomize” program within FSL, which performs permutation
testing (5000 permutations) (Nichols and Holmes, 2002). Threshold-
ing was carried out using TFCE (Threshold-Free Cluster Enhance-
ment), a new method for finding significant clusters in MRI data
without having to define them as binary units (Smith and Nichols,
2009). Clusters were assessed for significance at pb0.05, fully
corrected for multiple comparisons across space. Anatomical locations
of the significant GM clusters were determined by reference to the
Harvard-Oxford cortical structural atlas integrated into FSLView (part
of FSL).

For the WM, we used a protocol similar to that of the GM (see
above). All 48 modulated normalized WM volume images were
smoothed with an isotropic Gaussian kernel with a sigma of 4 mm
(∼10 mm FWHM). The levels of smoothing were chosen to be
compatible with previous analysis of similar data (e.g., Giorgio et al.,
2008; Paus et al., 1999).
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An independent GM and WM VBM-style analysis was carried out
in all right-handed subjects, after excluding the three left-handed
subjects.

Differences in GM and WM volumes between males and females
and the interaction between sex and age were also tested using
randomize within VBM-style analysis, with a significance level of
pb0.05, fully corrected for multiple comparisons across space.

Diffusion data analysis
Diffusion MRI data were pre-processed using DTIFit within the

FMRIB Diffusion Toolbox (FDT, part of FSL). Images were corrected
for eddy currents and head motion by using affine registration to
the nondiffusion volumes (b=0). Data were averaged across the
two acquisitions to improve signal-to-noise ratio. Images of frac-
tional anisotropy (FA), diffusivity parallel (λ1), and perpendicular
((λ2+λ3)/2) to the principal diffusion direction were obtained.
Voxel-wise correlations between within-subject FA changes and
subject-specific age increase were assessed using TBSS (also part of
FSL (Smith et al., 2006)). FA images were first nonlinearly registered
to a target image identified using FNIRT and then averaged. Because
the study subjects were all adolescents, the target image was
automatically chosen to be the most “typical” or “representative”
subject in the study. The average of all the data was thinned to create a
“skeleton” ofWM, representing the tracts common to all subjects. This
WM tract skeleton was thresholded at FAN0.2, resulting in a skeleton
with 120767 1×1×1 mm3 WM voxels, corresponding to approxi-
mately half of the WM voxels of the whole skeleton. TBSS then
projects each subject's FA data onto the mean WM tract skeleton. The
highest FA value near the skeleton in each subject (which should
correspond to the local tract center value) is then projected onto the
meanWM tract skeleton for analysis. The FA data were analyzed using
the same model as for the GM and WM volume analysis described
above in order to examine the linear correlation between changes in
FA and increasing age. Statistical inference was carried out using TFCE
thresholding in random (5000 permutations). Changes were consid-
ered significant at pb0.05, which is fully corrected for multiple
comparisons across space. An independent TBSS analysis was carried
out in all right-handed subjects, after excluding the three left-handed
subjects. Using TBSS, differences in FA betweenmales and females and
the interaction between sex and age were also tested.

The anatomical location of the significant clusters was determined
by reference to a fiber tract-based atlas of human WM anatomy
(Wakana et al., 2004) integrated into FSLView. In addition to the FA
data used for analysis on the WM skeleton in each participant (see
above), the parallel and perpendicular diffusivity data from the same
voxels also were processed using the TBSS protocol.

For clusters showing significant correlation between FA and age
over time with TBSS, we calculated mean FA, parallel and perpendic-
ular diffusivity values across all voxels within these clusters and
plotted these against age to help visualize in each subject the slope of
FA, parallel and perpendicular diffusivity values between baseline and
follow-up.

In a separate analysis, we used probabilistic tractography (Behrens
et al., 2003) to isolate the AF and CST in each hemisphere of each
subject at both time points. Tractography was constrained using a
multiple region-of-interest (ROI) approach. The ROIs were defined in
a common standard space (MNI152 standard template). A combina-
tion of four types of masks to constrain the tractography analysis was
used: seed mask (all voxels from which probabilistic tractography
proceeded), target mask (only those pathways reaching it were
retained), termination mask (ROIs “before” seed and “after” target
masks, used to terminate pathways beyond these regions), exclusion
mask (ROIs used to remove rather than just terminate any pathways
entering this region). Tracts that did not pass through the seed and
target masks were automatically discarded from the calculation of the
connectivity distribution.

The following symmetrical standard-space masks were defined in
each hemisphere and registered to the native diffusion space of each
subject using FMRIB Linear Image Registration Tool (FLIRT (Jenkinson
and Smith, 2001)).

Arcuate fasciculus masks (Fig. 1A)

1. Seed mask: this comprised voxels located in the WM of the AF
just anterior to the point where the tract begins to arc toward a
ventral orientation, in a single coronal slice located at Y=−38,
extending from X=30 to 42, and Z=20 to 34.

2. Two target masks: the first comprised voxels located in theWM
anterior to the seed mask at the level of a single coronal slice at
Y=−6, extending from X=26 to 42, and Z=16 to 32. The
second comprised voxels ventral to the seed mask, in a single
axial slice at Z=10, extending from X=32 to 44, and Y=−36
to −50.

3. Two termination masks: these comprised voxels located just
anterior and just below the first and second target masks,
respectively.

4. Two exclusion masks: used to remove branches extending
outside the AF. The first mask comprised voxels in a single
sagittal slice at X=50, extending from Y=−10 to −62, and
Z=6 to 44. The second one comprised voxels in a single
sagittal slice at X=22, extending from Y=−20 to 4, and Z=
−4 to 20.

In order to better isolate the AF, pathways generated in each
subject were thresholded to include only voxels in which at least 500
samples (out of 5000 generated from each seed and target voxel at the
same time) passed through.

Corticospinal tract masks (Fig. 1B)

1. Seed mask: this comprised the voxels of the whole cerebral
peduncle on a single axial slice at the level of Z=−22.

2. Target mask: this comprised the voxels located on a single axial
slice at the level of Z=56, extending from Y=−12 to−32 and
from X=10 to 32.

3. Two termination masks: the first one comprised voxels from
thewhole brain inferior to Z=−24 to terminate fibers traveling
below the peduncle. The second one comprised voxels
surrounding the target mask at the same axial slice, extending
from X=8 to 44 and from Y=−34 to −4 and including voxels
in an area of the same size at one slice above the target mask, at
the level of Z=58. The latter was used to cut off pathways
extending beyond the target mask.

In order to remove spurious connections, pathways generated in
each subject were thresholded to include only voxels in which at least

Fig. 1. In red–yellow group pathways thresholded at 20% (i.e., at any given voxel, at
least 20% of the subjects had the tract present) for (A) left arcuate fasciculus (AF) and
(B) corticospinal tracts (CST). In both images, blue bars represent seed and target
masks, green represents termination and exclusion masks. See Materials and methods
for details. Background image is the MNI152. Images are shown in radiological
convention.
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20 samples (out of 5000 generated from each seed and target voxel at
the same time) passed through.

This thresholding step refers to the outputs of probabilistic
tractography. The final output of tractography is an image in which
voxel values across the whole brain represent the number of these
pathways passing through that voxel. The number of samples passing
through a voxel is interpreted as the probability of that voxel being
connected to the seed mask. There is no straightforward statistical
framework in which to perform thresholding and so, typically, an
arbitrary cutoff is chosen. Here, we chose a value of 20 for the CST and
500 for the AF. Thresholds vary between AF and CST pathways due to the
different size of the seedmasks and different tracking conditions for each
tract. Thresholds were chosen based on pilot data in healthy subjects in
order to produce consistent and reproducible tracking results.

Once identified, pathways were binarize. Both FA values and tract
volumes were calculated from the binarized masks for these tracts for
each hemisphere, subject, and scan. We averaged the binary
representations of each tract across subjects to produce probability
maps for the AF and CST in each hemisphere separately (Fig. 1).

A repeated-measures analysis of variance (ANOVA) was used to
test the effects of time (baseline versus follow-up) and hemisphere on
FA and volume values in AF and CST. Comparisons of FA and volume
values in AF and CST between baseline and follow-up scans and
between left and right cerebral hemispheres in each time point were
carried out by paired-samples t-tests. These analyses were also
performed with interscan interval, which was different across
subjects, as a covariate. The relationship between FA and volume of
left and right AF and CST at both time points was tested by Pearson's
correlation coefficient.

Data were considered significant at two-tailed pb0.05. SPSS v16.0
(SPSS Inc., Chicago, Illinois) was used to perform statistical calculations.

Results

Correlations between changes in grey matter volume and age over time

A significant (corrected pb0.05) decrease in GM volume with
increasing age was found in five clusters (Fig. 2). The largest one

encompassed many cortical areas extending from the medial parieto-
occipital cortex to bilateral superior and inferior lateral parietal areas
including the parietal opercular cortex. In the right hemisphere, this
cluster also encompassed central opercular and superior temporal
cortex extending to portions of the inferior occipitotemporal cortex
and the right cerebellar hemisphere. A smaller additional cluster was
found in the left cerebellar hemisphere. Another cluster extended
from the medial frontal cortex to the superior frontal gyri bilaterally
and further on the right to include the middle and inferior frontal gyri.
Two small clusters were located in the left anterior insular cortex and
in the left central operculum/planum polare just lateral to Heschl's
gyrus. Because of the extent of the largest cluster, which encompassed
so many anatomical areas, we lowered the corrected p-value
threshold to b0.005 to reveal a number of smaller, more anatomically
specific and highly significant clusters (Figs. 3A–E and Table 1). No
changes in subcortical grey matter were found.

In a separate analysis, we showed that the pattern of these
observations was similar by excluding the three left-handed subjects
(data not shown).

No significant longitudinal increases in GM volume from baseline to
follow-up were found. Males and females showed no significant voxel-
wise difference in the degree of age-related change in GM volume.

Correlations between changes in white matter volume and age over time

Significant (corrected pb0.05) increases in WM volume from
baseline to follow-up with increasing age were found in three clusters
(Fig. 2). One cluster was located in the frontal WM bilaterally and was
connected via the body of the corpus callosum (CC). The other two
clusters symmetrically extended from the retrosplenial WM into the
WM underlying the medial parietal cortex and inferiorly into the
temporal lobe portion of the cingulum. Furthermore, the cluster on
the left also extended posteriorly into the WM underlying occipital
cortex and laterally to the left inferior longitudinal fasciculus (ILF). As
above, to identify more anatomically specific clusters, we re-
thresholded the data at corrected pb0.005 (Figs. 3F–L and Table 2).

The same pattern of changes in WM volume with age was seen
after excluding the three left-handed subjects (data not shown).

Fig. 2. Regions of grey (in blue–light blue) and white (in red–yellow) matter where volume shows significant (corrected pb0.05) decreases and increases, respectively, with age over
time. See Results for details. Background image is the MNI152. Images are shown in radiological convention.

97A. Giorgio et al. / NeuroImage 49 (2010) 94–103



No significant decreases inWM volume from baseline to follow-up
were found and, as with the GM changes, there was no significant
voxel-wise difference betweenmales and females in these age-related
WM volume changes.

Correlations between changes in voxel-wise FA and age over time:
tract-based spatial statistics (TBSS)

Significant (corrected pb0.05) age-related increases in FA were
found bilaterally in five WM clusters (Fig. 4). Four smaller clusters

were located in the right hemisphere at the level of the forceps minor
(two clusters), cingulum, and superior corona radiata (SCR). One
cluster encompassed most of the remaining WM skeleton. The voxels
surviving a higher p-value correction (pb0.01) were located in the
right posterior corona radiata (PCR), including the right AF, and in the
bilateral CST in a region spanning from the internal capsule (IC) to
cerebral peduncle (CP) (Fig. 5 and Table 3).

Excluding the three left-handed subjects did not change the
pattern of results (data not shown).

There were no significant decreases in FA from baseline to
follow-up.

To test whether the increase in FA seen between baseline and
follow-up scans was due to an increase in the parallel diffusivity or
to a decrease in the perpendicular one, we estimated these
diffusivities separately in averages across each cluster. Across all

Fig. 3. Most significant regions of grey and white matter change. Blue–light blue and red–yellow represent the regions of grey and white matter where volume shows highly
significant (corrected pb0.005) decreases and increases, respectively, with age over time in our group of adolescents. The crosshairs point to the local maxima in the (A) medial
parietal (precuneus) cortex, (B) right posterior middle temporal gyrus, (C and E) right cerebellum, (D) right middle frontal gyrus, (F) left superior corona radiata, (G) right arcuate
fasciculus, (H) splenium of the corpus callosum, (I) cingulum, and (L) left arcuate fasciculus. In panel L, part of the cluster in the left inferior longitudinal fasciculus is also visible.
Background image is the MNI152. Images are shown in radiological convention.

Table 1
Local maxima within each significant cluster showing significant (corrected pb0.005)
decrease in grey matter volume over time in adolescents.

Region (number of voxels) Side MNI t-Statistic

X Y Z

Right middle frontal gyrus cluster (532)
Frontal pole R 28 40 18 5.78
Middle frontal gyrus R 42 34 16 6.60

R 36 28 30 5.89
Right parietotemporal cluster (2587)
Superior temporal gyrus (middle) R 52 −10 −8 5.77
Heschl's gyrus (medial) R 44 −22 0 6.17
Supramarginal gyrus (anterior) R 56 −24 32 5.93
Planum temporale R 46 −34 10 5.09

R 42 −36 10 5.37
Middle temporal gyrus (posterior) R 70 −36 −8 6.17

Right anterior cerebellum cluster (11) R 26 −48 −30 5.30
Parietal cluster (7364)
Postcentral gyrus (superior) L −20 −38 58 4.37
Postcentral gyrus (superior) R 14 −40 58 5.41
Medial parietal (precuneus) cortex R 8 −42 56 5.48
Superior parietal lobule R 26 −42 56 5.02
Medial parietal (precuneus) cortex L −4 −52 38 6.59

L −2 −56 34 5.58
Right cerebellar and occipital cluster (1722)
Superior posterior cerebellum R 12 −70 −22 6.11
Occipital fusiform gyrus R 34 −70 −10 4.97
Superior posterior cerebellum R 18 −76 −26 5.35
Posterior cerebellar lobe R 20 −76 −40 4.94
Occipital fusiform gyrus R 24 −78 −10 5.53
Occipital pole R 26 −90 −6 4.45

Secondary local maxima are also shown when present. The grey matter clusters are
ordered by decreasing Y coordinates of their primary local maxima.

Table 2
Local maxima within each significant cluster (corrected pb0.005) showing increased
white matter volume over time in adolescents.

Region (number of voxels) Side MNI t-Statistic

X Y Z

Left frontal white matter cluster (515)
Superior corona radiata L −24 4 32 5.42
Body of the corpus callosum L −8 14 22 4.87

L −12 16 20 4.96
Right cingulum cluster (173) R 18 −52 30 7.71
Left arcuate fasciculus cluster (133) L −42 −22 28 5.93
Right frontal white matter cluster (364)
Superior corona radiata R 22 8 34 4.87

R 22 8 30 4.48
Arcuate fasciculus R 46 0 24 4.86

R 36 −6 20 4.95
Posterior callosum cluster (264)
Splenium of the corpus callosum L −14 −46 18 5.66
Forceps major L −22 −50 6 5.55

L −16 −48 6 4.42
Left retrosplenial cluster (2077)
Inferior longitudinal fasciculus L −34 −74 8 5.78

L −34 −86 −8 5.14
L −38 −60 −8 3.94
L −8 −82 −12 4.81

Secondary local maxima are also shown when present. The white matter clusters are
ordered by decreasing Z coordinates of their primary local maxima.
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significant clusters (Fig. 6) and for each cluster separately (data not
shown), this analysis revealed a prevalent increase in parallel
diffusivity with age, whereas perpendicular diffusivity remained
relatively unchanged.

Relationships between FA, volume, and age: tractography analysis of
the arcuate fasciculus and corticospinal tract

Pathways in both left and right AF and CST were traced in
individual subjects. Pathways were incompletely traced in two (AF)
and three (CST) subjects at baseline; therefore, they were discarded
from the statistical analysis testing the effect of time (baseline versus
follow-up) and hemisphere on changes in FA and volume in AF and
CST (Table 4).

For the remaining subjects, an ANOVA on FA values within the AF
revealed a significant main effect of time (F1,21=26.95, pb0.001) due
to significantly higher FA values in both left and right AF at follow-up
(t21=4.29, pb0.001; t21=4.01 p=0.001, respectively). We also
found a main effect of hemisphere (F1,21=25.82, pb0.001) with
higher FA values in the right than the left hemisphere at baseline
(t21=4.97, pb0.001) and at follow-up (t21=3.81, p=0.001). No
significant effects of time and hemisphere were found for FA values in
the CST. There were no significant main effects or interactions in a
similar ANOVA of the volumes of the AF and CST.

The same pattern of results was found after controlling the above
analyses for the interscan interval.

FA and tract volume were not significantly correlated in any tracts
at either time point.

Fig. 4.White matter tracts (in red–yellow) showing significant (corrected pb0.05) age-related FA increases over time in our group of adolescents. See Results for details. Significant
clusters are thickened for better visibility. Background image is the mean FA of all subjects, green is the white matter skeleton thresholded at FAN0.2 (visible where the age
correlation did not reach significance). Images are shown in radiological convention.

Fig. 5. Red–yellow shows the white matter tracts with highly significant (corrected pb0.01) age-related FA increases over time in our group of adolescents. The crosshairs point to
the local maxima in the (A) right posterior corona radiata, (B) right posterior limb of the internal capsule, (C) left cerebral peduncle, (D) left anterior limb of the internal capsule, and
(E) left anterior thalamic radiations. In panel A, part of the cluster in the right arcuate fasciculus is also visible. Significant clusters are thickened for better visibility. Background
image is the mean FA of all subjects, green is the white matter skeleton thresholded at FAN0.2. Images are shown in radiological convention.
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Discussion

We scanned 24 adolescents aged between 13.5 and 18.8 years and
rescanned, on average, 2.5 years later. We found evidence for
decreased grey and increased white matter volumes across many
different brain regions. Furthermore, we found that FA, which reflects
white matter microstructure, increased during the observation period
in many fiber tracts mainly due to an increase in diffusivity along the
main axis of these tracts. We discuss below each of these patterns of
change, their inter-relationships, and speculate about the putative
mechanisms underlying these changes.

Grey matter volume decreases

Grey matter volume changes in adolescence are dynamic. Previous
studies have shown substantial reductions in the frontal, parietal, and
temporo-occipital lobes (Gogtay et al., 2004; Sowell et al., 1999;
Sowell et al., 2001). This loss continues during the transition from
adolescence to young adulthood, especially in the dorsolateral
prefrontal cortex (Giorgio et al., 2008; Sowell et al., 1999; Sowell et
al., 2001). Specific processes underlying this reduction in grey matter
have not been defined (Paus, 2005; Toga et al., 2006). Two
mechanisms have been proposed: (1) an increase in the degree of
myelination of intracortical axons (Nielsen, 1963; Yakovlev and
Lecours, 1967) leading to an apparent loss of cortical grey matter as
revealed by computational analyses of T1-weighted images and (2) a
decreased number of synapses and complexity of axon ramifications
due to accelerated elimination (“synaptic pruning”). Evidence for the
latter has been demonstrated in primary visual (calcarine sulcus),
auditory (Heschl's gyrus), and prefrontal cortex (middle frontal
gyrus) (Huttenlocher, 1979; Huttenlocher and Dabholkar, 1997) and
associated with increasing “fine-tuning” of neuronal connectivity
(Cowan et al., 1984).

A large longitudinal cohort study (Giedd et al, 1999; Giedd 2004)
has shown that the grey matter volume changes follow a complex

Table 3
Local maxima within each significant cluster (corrected pb0.01) showing increased
white matter FA over time in adolescents.

Region (number of voxels) Side MNI t-Statistic

X Y Z

Right posterior corona radiata cluster (548) R 23 −38 31 3.96
R 23 −38 27 3.67
R 26 −39 23 5.00
R 27 −44 23 4.08
R 27 −41 22 3.91
R 27 −35 21 3.69

Left internal capsule cluster (86)
Posterior limb L −20 −6 13 3.83

L −17 −4 12 5.92
Anterior limb L −20 −8 11 3.24

L −16 −1 11 5.63
Posterior limb L −16 2 10 4.69

L −12 −3 6 2.82
Right internal capsule cluster (367)
Posterior limb R 18 −3 11 4.11
Anterior limb R 12 0 4 3.06
Posterior limb R 14 −7 1 3.21
Anterior limb R 19 −13 0 4.14
Posterior limb R 15 −11 −3 3.64

R 13 −9 −4 3.78
Left cerebral peduncle cluster (102)
Cerebral peduncle L −15 −6 −7 7.33
Internal capsule (posterior limb) L −12 −9 −7 3.86

Anterior thalamic radiations cluster (72)
L −15 13 −7 2.93
L −13 3 −5 2.97
L −14 7 −4 2.67

Secondary local maxima are also shown when present. The white matter clusters are
ordered by decreasing Z coordinates of their primary local maxima.

Fig. 6. Scatterplots, with longitudinal data points connected by a line, of mean values of
FA, parallel and perpendicular diffusivity fromwhitematter regions showing significant
relationship with age over time in adolescents. Orange lines indicate the three left-
handed subjects. Values of diffusivities are expressed in ×10-3 mm2/s.

Table 4
Mean and standard deviation of FA and volume values in left and right arcuate
fasciculus (AF) and corticospinal tract (CST) at baseline (time 1) and end of follow-up
(time 2).

Tract Side Measures Time 1 Time 2 Significance

AF L FA 0.404±0.020 0.417±0.015 pb0.001
Volume (ml) 5.451±0.785 5.490±0.616 NS

R FA 0.419±0.021 0.429±0.017 pb0.001
Volume (ml) 4.735±0.729 4.876±0.648 NS

CST L FA 0.439±0.020 0.449±0.021 NS
Volume (ml) 18.897±2.028 18.078±1.883 NS

R FA 0.441±0.025 0.449±0.020 NS
Volume (ml) 19.290±2.181 18.701±2.332 NS
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pattern of maturation during childhood and adolescence and that the
peak of change is different for males and females across brain lobes. In
our study, we saw a linear decrease in grey matter volume across
different parts of the cerebral cortex. The relatively small number and
restricted age range of our adolescent subjects precluded detailed
statistical analysis, although it appears that our findings relate to the
latter half of growth curves normally observed during childhood and
adolescence (Giedd, 2004; Giedd et al., 1999).

Another larger longitudinal study of children and adolescents has
reported that different cortical grey matter regions follow different
developmental trajectories: these appear simple and linear in limbic
areas but are potentiallymore complex in the higher order association
regions (Shaw et al., 2008). It has been suggested that there is a
distinct developmental sequence of cortical grey matter loss, with
primary areas maturing earlier and higher order association areas
following later (Gogtay et al., 2004; Shaw et al., 2008). However,
while we saw a decrease in grey matter volume over time in higher
order association areas such as the dorsolateral prefrontal cortex and
the superior temporal gyrus, generally consistent with this notion, we
also found grey matter changes in primary sensorimotor cortex
(precentral and postcentral gyri) and primary sensory cortex
(calcarine sulcus), suggesting that development in these areas also
continues during late adolescence.

White matter volume increases

In contrast to the complex pattern of development of grey matter,
it is clear from conventional structural MRI studies (Courchesne et al.,
2000; Paus et al., 1999; Pfefferbaum et al., 1994) that white matter
volume increases steadily throughout adolescence and adulthood.
Only slight differences in the trajectory for white matter maturation
have been reported between the four major lobes of the brain (Giedd,
2004; Giedd et al., 1999; Perrin et al., 2008). An increase in white
matter density and volume has been reported in previous cross-
sectional studies on children and adolescents at the level of the
corticospinal tract (Barnea-Goraly et al., 2005; Paus et al., 1999),
interthalamic pathways (Barnea-Goraly et al., 2005), corpus callosum
(Barnea-Goraly et al., 2005), and arcuate fasciculus (Barnea-Goraly et
al., 2005; Paus et al., 1999).

In the current study, we found age-related increase inwhitematter
volumes over adolescence in several regions. These included regions of
the frontal lobe, in which a significant increase inwhitematter density
and volume has been previously reported in cross-sectional studies on
children and adolescents aged 5–19 years (Barnea-Goraly et al., 2005;
Reiss et al., 1996). We also found a significant association between
increased white matter volume and age in the corpus callosum,
particularly at the level of the body and the splenium. These findings
are in agreement with those of previous longitudinal volumetric
studies in which maturation changes were described as following a
rostrocaudal direction, with the anterior sections maturing earlier in
childhood and more caudal regions maturing later (Giedd, 2004;
Thompson et al., 2000). In our adolescent cohort, we also found an
increase of white matter volume in the arcuate fasciculus bilaterally
but not in the internal capsule (but see below for analysis of FA). The
earlier study by Paus et al. (1999) described changes in white matter
volume in these two white matter regions in a large cross-sectional
cohort ranging in age from early childhood to late adolescence. A likely
explanation for this discrepancy is the narrow age range for subjects in
our study, which focused on the late adolescent period.

FA increases and tractography analysis

In addition to increases in white matter volume, we also found
age-related increases in FA in several white matter tracts. This accords
with the findings from a number of cross-sectional studies in
adolescence of increasing FA with age in: anterior limb of the internal

capsule (Bonekamp et al., 2006; Schmithorst et al., 2002; Snook et al.,
2005); superior longitudinal fasciculus (Bonekamp et al., 2006; Lebel
et al., 2008); left and right arcuate fasciculus (Ashtari et al., 2007;
Bonekamp et al., 2006; Eluvathingal et al., 2007; Schmithorst et al.,
2002); corticospinal tract (Eluvathingal et al., 2007; Giorgio et al.,
2008; Lebel et al., 2008; Schmithorst et al., 2002; Snook et al., 2005);
left and right inferior fronto-occipital/inferior longitudinal fasciculus
(Eluvathingal et al., 2007; Lebel et al., 2008; Schmithorst et al., 2002);
genu, splenium, and body of the corpus callosum (Ashtari et al., 2007;
Barnea-Goraly et al., 2005; Giorgio et al., 2008; Muetzel et al., 2008;
Snook et al., 2005); and cingulum (Bonekamp et al., 2006; Lebel et al.,
2008).

We thus have confirmed and extended our earlier cross-sectional
DTI study in adolescence (Giorgio et al., 2008). While some
differences are apparent between the two studies (e.g., in the number
of regions showing increases in FA over time and in their hemispheric
location), these are simply due, we believe, to the greater sensitivity of
having a paired longitudinal design and of an improved approach to
statistical thresholding. For example, the significant correlation
between FA in many parts of the corticospinal tract and age over
time found here with voxel-wise analysis of the whitematter skeleton
is consistent with our earlier study, in which a correlation between FA
and age was found in a region adjacent to the body of the corpus
callosum in the right hemisphere and in the right superior corona
radiata, which includes fibers projecting to and from the cerebral
cortex and descending motor fibers contributing to the corticospinal
tract. Overall, these findings fit with the concept of refinement of
capacity for improved motor skills during adolescence (Forssberg et
al., 1991; Lawrence and Hopkins, 1976; Muetzel et al., 2008).

Interestingly, our tractography analysis of the corticospinal tract
did not reveal evidence for significant increasing FA averaged across
the entire tract between the two time points. However, we found a
developmental FA increase in specific regions within the anterior and
posterior limbs of the internal capsule, extending the findings from
previous studies, where such an increase was demonstrated only in
the anterior limb (Bonekamp et al., 2006; Schmithorst et al., 2002;
Snook et al., 2005). These changes must reflect maturation of distinct,
specific pathways. The anterior limb of the internal capsule mainly
contains thalamocortical fibers connecting nuclei of the thalamus to
the frontal lobes. The posterior limb of the internal capsule mainly
contains fibers belonging to the corticospinal tracts.

We also found a significant increase of FA in the different parts of
the superior longitudinal fasciculus, including the arcuate fasciculus
bilaterally. This was confirmed by both the voxel-wise analysis of the
white matter skeleton and by the comparison of FA values in the
whole tractography-derived tract between the two time points. The
arcuate fasciculus has been previously segmented in humans using a
streamline tractography approach (Makris et al., 2005) based on a
priori knowledge from primates. The arcuate fasciculus is the fourth
subdivision of the superior longitudinal fasciculus, originating from
the caudal part of the superior temporal gyrus, arching around the
caudal end of the Sylvian fissure and extending to the lateral
prefrontal cortex (Frey et al., 2008). It is a functionally relevant
white matter pathway that, together with other fibers in the superior
longitudinal fasciculus, provides a connection between anterior
(Broca's) and posterior (Wernicke's) speech regions in the human
brain (Benson et al., 1973; Geschwind, 1970; Wernicke, 1968). In
our study, FA values computed from the whole arcuate fasciculus
obtained by tractography were significantly higher on the right
compared to the left hemisphere at both time points. This was not
explained by differences in segmented tract volumes and appears to
conflict with previous cross-sectional brain asymmetry DTI studies in
both children and adolescents (Eluvathingal et al., 2007) and adult
subjects (Buchel et al., 2004), in which a voxel-wise leftward FA
asymmetry (leftNright) in the frontotemporal segment of the arcuate
fasciculus was found, consistent with the lateralization of language to
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the dominant hemisphere. The differences may reflect different biases
in localization of changes. In both the aforementioned studies (Buchel
et al., 2004; Eluvathingal et al., 2007), a rightward FA asymmetry
(rightN left) was found in the frontoparietal segment of the arcuate
fasciculus.

Recent MRI studies suggest that the development of the brain may
be sexually dimorphic during adolescence (Lenroot and Giedd, 2006;
Schmithorst et al., 2008). This may also apply to white matter
microstructure. For example, greater FA values have been demon-
strated in a large group of children and adolescents in associative
white matter areas (including the frontal lobes) in boys and in the
splenium of the corpus callosum in girls (Schmithorst et al., 2008).
The lack of significant sex differences or significant interactions
between sex and age over adolescence found here is in agreement
with some previous studies (Bonekamp et al., 2006; Eluvathingal et
al., 2007; Giorgio et al., 2008). However, our sample size of 24 subjects
was underpowered to detect differences between the smaller
subgroups of males and females.

Assessment of parallel and perpendicular diffusivity in addition to
FA should add further insight into mechanisms underlying these FA
changes. However, findings in previous developmental studies have
been inconsistent, with varying patterns of diffusivity changes
explaining age-related FA increases in the white matter (Ashtari et
al., 2007; Bonekamp et al., 2006; Eluvathingal et al., 2007; Giorgio et
al., 2008; Lebel et al., 2008). The FA increases reported in our study
were driven primarily by increased parallel diffusivity over time with
relatively no changes in the perpendicular diffusivity. This is in line
with the results of a previous cross-sectional DTI study in later
adolescence (Ashtari et al., 2007).

The anatomical interpretation of this pattern of an increase in FA,
which certainly cannot be considered as a specific marker of
myelination (Beaulieu and Allen, 1994), is not certain, but it likely
reflects (1) increased axonal fiber diameter, which has been related to
the increase in height with age (Eyre et al., 1991); or (2) the presence
of more straightened fibers, due to their reduced tortuosity, as shown
in electron microscopy studies of the central and peripheral nervous
systems in developing rats (Joosten and Bar, 1999; Takahashi et al.,
2000) and across a wide range of animal species (Dodd and Jessell,
1988); or (3) some combination of (1) and (2).

Whereas the exact anatomical interpretation of increasing FA with
age is not entirely clear, there is growing evidence for its importance
as behavioral correlates are defined. For example, maturation of the
whitematter, as indicated by higher FA, is associatedwith full-scale IQ
scores (Schmithorst et al., 2005), working memory capacity, and
reading ability (Nagy et al., 2004) andwith language-related cognitive
tests in adolescent males (Ashtari et al., 2007).

Relationship between grey matter, white matter, and FA changes

Using a longitudinal design, we were able to map changes in grey
and white matter volumes and white matter FA and some of their
inter-relationships. The close spatial relationship between changes in
grey matter volume of the frontoparietal lobe and adjacent white
matter FA is consistent with a study in children and adolescents aged
8–18 years in which a combined DTI and functional MRI (FMRI)
analysis revealed a joint maturation of these two areas as part of a
functional network underlying workingmemory (Olesen et al., 2003).
In the current study, we also found a decrease of grey matter volume
in the dorsolateral prefrontal cortex. This is the structure to mature
last in the frontal lobe, showing a reduction in grey matter only at the
end of adolescence (Gogtay et al., 2004). The fact that this coincides
with its later myelination (Jernigan and Tallal, 1990; Yakovlev and
Lecours, 1967) suggests that myelination and synaptic pruning, at
least in this region, may occur in parallel (Gogtay et al., 2004).

We also found both FA and volume changes in the white matter
bilaterally. Overlaps between age-related FA and white matter

volume increases were present at the level of the bilateral superior
corona radiata, bilateral superior longitudinal fasciculus (including
arcuate fasciculus), bilateral cingulum, left part of the genu of the
corpus callosum, bilateral body of the corpus callosum, splenium of
the corpus callosum, bilateral forceps major, left uncinate fasciculus,
and bilateral inferior fronto-occipital/longitudinal fasciculus. Our
findings differ from those of a cross-sectional study of children and
adolescents aged 6–19 years, where the most significant overlaps
between increased FA and white matter volume were observed in the
internal capsule and in regions corresponding to white matter
pathways within the thalamus (Barnea-Goraly et al., 2005). The
reason for this disparity between FA and white matter volume
changes may reflect the existence of true histological differences
during the development of the white matter or indeed the differing
power of the twomethods used to discriminate whitematter changes.

It has often been assumed that the increase in myelination during
development that is documented in histological studies (Benes, 1989;
Benes et al., 1994; Yakovlev and Lecours, 1967) is the principal factor
determining an increase in white matter volume. This view is perhaps
too simplistic. Other factors, such as an increase of the fiber diameter,
also may contribute (Paus et al., 2008). In fact, a recent study on
adolescents found significant relationships between age-related
increases in white matter volume and decreases in magnetization
transfer ratio (MTR), a putative marker of myelin content in the white
matter (Perrin et al., 2008). The idea of an increased fiber diameter
during adolescence is supported in our study by the fact that increases
in FA were mainly driven by increases in parallel diffusivity. This
mechanism would explain the age-related changes that we found in
many fiber tracts, at least in those showing overlaps between FA and
white matter volume increase.

A limitation of our study is the relatively small number of subjects
involved, which precludes analyses of the effects of gender and
handedness. However, a larger study including cognitive measures is
planned. A recent meta-analysis (Hasan et al., 2007) has shown that
the findings of grey and white matter changes in this age range are
heavily influenced by the varying MRI techniques and analyses used.
One of the strengths of this study, therefore, lies in the use of imaging
analysis with proven sensitivity and reproducibility (Good et al.,
2001; Smith et al., 2006), alongside quality control of the scanning
procedures and image acquisition.
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