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The human cerebral cortex appears to shrink during adolescence. To delineate the dynamic morphological changes involved in this
process, 52 healthy male and female adolescents (11–17 years old) were neuroimaged twice using magnetic resonance imaging, approx-
imately 2 years apart. Using a novel morphometric analysis procedure combining the FreeSurfer and BrainVisa image software suites, we
quantified global and lobar change in cortical thickness, outer surface area, the gyrification index, the average Euclidean distance between
opposing sides of the white matter surface (gyral white matter thickness), the convex (“exposed”) part of the outer cortical surface (hull
surface area), sulcal length, depth, and width. We found that the cortical surface flattens during adolescence. Flattening was strongest in
the frontal and occipital cortices, in which significant sulcal widening and decreased sulcal depth co-occurred. Globally, sulcal widening
was associated with cortical thinning and, for the frontal cortex, with loss of surface area. For the other cortical lobes, thinning was related
to gyral white matter expansion. The overall flattening of the macrostructural three-dimensional architecture of the human cortex during
adolescence thus involves changes in gray matter and effects of the maturation of white matter.

Introduction
Adolescence is a period of important cortical brain changes for
which longitudinal MRI studies are ideally suited. Recent find-
ings suggest that, during adolescence in both sexes, the cortex
globally contracts because of cortical thinning (Shaw et al., 2008;
Blakemore, 2012; Brown et al., 2012; van Soelen et al., 2012),
which may be highly heritable (van Soelen et al., 2012). Annual
reductions are found to be higher than 1% across most parts of
the cortex (van Soelen et al., 2012; Tamnes et al., 2013) and may
follow a posteroanterior pattern, with medial and dorsolateral
prefrontal areas the last to show decline (Gogtay et al., 2004;
Tamnes et al., 2013). During adolescence, development of gyral
and sulcal surface area (SA) shows a more subtle decline com-

pared with cortical thickness (CT) (Raznahan et al., 2011; Brown
et al., 2012). Subcortical white matter (WM) volume continues to
expand linearly in most but not all subcortical regions from
childhood to early adulthood (Lenroot et al., 2007; Tamnes et al.,
2010; Brouwer et al., 2012; Brown et al., 2012). The direct rela-
tionship among these processes is not well understood, nor is it
known whether such a relationship is invariant over different
cortical regions; better knowledge about these issues could pro-
vide important insights into the dynamics of cortical develop-
ment during adolescence.

This study used novel surface-based morphometric methods
that yielded two improvements with respect to previous surface-
based studies focusing on CT and SA during brain development.
First, the present analysis incorporates a new and detailed set of
sulcal measurements in addition to gyral measures of CT and SA.
Cortical SA varies between individuals because of differences in
either “exposed” (gyral) or “hidden” (sulcal) surface area or both.
Hidden sulcal SA makes up the largest part of the human cortical
surface (Van Essen and Drury, 1997) and varies between individ-
uals because of changes in sulcal depth (SD), length (SL), and
width (SW). Second, cortical thinning during adolescence may
partly be an artifact of the maturation of WM tracts that cause
voxels at the interface between WM and gray matter (GM) to
change their classification (Sowell et al., 2004; Shaw et al., 2008;
Paus, 2010).

The present analysis simultaneously examines the changes
over time in cortical SA, CT, gyrification index (GI), hull surface
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area (HS), gyral WM thickness (WT), SD, SL, and SW to gain
better insight into both the overall dynamics of cortical develop-
ment and to examine differences between different cortical re-
gions during adolescence. The direct dependency between WT
and CT was also examined to clarify to what degree cortical
changes might be attributable to WM maturation. Longitudinal
(2 years) changes in these parameters were examined in 52 typi-
cally developing male and female adolescents (all younger than
18 years).

Materials and Methods
MRI data were collected as part of a 2 year longitudinal multicenter study
of first-episode psychosis with onset in adolescence, which has been de-
scribed comprehensively previously (Castro-Fornieles et al., 2007).
Healthy controls were recruited from publicly funded schools in the
community. Subjects were offered a coupon to buy school supplies in
compensation for their participation, and a trained psychologist con-
ducted a preliminary telephone screening to check for inclusion cri-
teria. Those who passed the initial screening were interviewed with
their relatives at the clinical centers by experienced child and adoles-
cent psychiatrists.

The inclusion criteria included the following: (1) aged between 7 and
17 years at the time of first evaluation; (2) no current or previous psychi-
atric disorder as measured by the Kiddie Schedule for Affective Disorders
and Schizophrenia, Present, and Lifetime version (K-SADS-PL; a semi-
structured diagnostic interview designed to assess current and past psycho-
pathologic conditions (Kaufman et al., 1997); and (3) no neurological
disorders, head trauma, or mental retardation based on Diagnostic and Sta-
tistical Manual of Mental Disorders, fourth edition (DSM-IV) criteria (Amer-
ican Psychiatric Association, 1994).

The study was approved by the institutional review boards of partici-
pating clinical centers. After the study was thoroughly explained to the
participants, written informed consent was obtained from both the legal
representatives and the individuals (if older than 16 years of age). All
participants met MRI safety criteria.

A total of 98 subjects were initially included of which a subsample of 70
subjects completed baseline and longitudinal (2 years) imaging. Image qual-
ity was checked before image processing using two tools. The first is the
“check sample homogeneity” tool in the SPM-VBM8 toolbox (version r435;
http://dbm.neuro.uni-jena.de/vbm/check-sample-homogeneity/). This tool
calculates the SD by the sum of the squared distance of each image from the
sample mean. Images that were more than 2 SDs from the mean were
checked visually and excluded if deemed of insufficient quality. The second
was the Freesurfer QA tool (version 5.1; http://surfer.nmr.mgh.harvard.edu/
fswiki/QATools), which generates snapshots of anatomically labeled sur-
faces that were checked for major topological defects and label accuracy.
Images were excluded if deemed of insufficient quality 18 (mean � SD age,
15.1 � 1.6 years; five females) of the original 70 subjects had insufficient
image quality and were excluded from the study, leaving a sample of 52
subjects (20 females; Table 1).

Clinical and functional assessment
The diagnostic and clinical assessments and the functional assessments
(including IQ) were performed at the corresponding site by trained psy-

chiatrists or neuropsychologists, respectively, at baseline and follow-up.
The rater was the same for each subject at baseline and at the 2-year
follow-up assessment visit. Each neuropsychologist had been trained
previously in the use of the IQ scales before starting assessment and had
to reach good reliability with other previously trained neuropsycholo-
gists (an intraclass correlation coefficient higher than 0.80). Diagnosis
was established according to DSM-IV criteria, using the Spanish
K-SADS-PL. Parents and healthy controls were interviewed separately by
psychiatrists trained in the use of this instrument. Diagnostic consensus
was achieved when the presence or absence of a psychiatric disorder was
in doubt. The Pervasive Developmental Disorder exclusion diagnoses
were made following clinical and DSM-IV criteria.

The vocabulary, information, and block design subtests of the
Wechsler Intelligence Scale for Children–Revised or the Wechsler Adult
Intelligence Scale, third edition, were used to estimate the IQ of those
�16 or �16 years of age, respectively (Ringe et al., 2002), and is reported
to show good correspondence with full-scale IQ (Satler, 2001). Handed-
ness was assessed by means of item five of the Neurological Evaluation
Scale (Buchanan and Heinrichs, 1989).

MRI acquisition
All subjects had their two scans acquired using the same scanner and the
acquisition parameters are shown in the Table 2. Data were collected at
each center and processed at one site only. Two magnetic resonance
sequences were acquired for all the participants: a 3D T1-weighted sag-
ittal MPRAGE and a 3D T2-weighted axial turbo spin echo.

Both T1- and T2-weighted images were used for clinical neurodiag-
nostic evaluation by an independent neuroradiologist. No participants
showed clinically significant brain pathology.

Image analyses
Lobar CT, SA, GI, and WT. The FreeSurfer longitudinal stream (version
5.1) was used to generate accurate unbiased baseline and follow-up white
and pial surfaces, their voxel-based representations, the “ribbon” image
(Reuter and Fischl, 2011; Reuter et al., 2012), and a lobar cortical parcel-
lation (Dale et al., 1999; Fischl et al., 1999; Desikan et al., 2006; Reuter and
Fischl, 2011; Reuter et al., 2012). In the FreeSurfer cross-sectional anal-
ysis, each time point would be processed independently for each subject.
These processes involve solving many complex nonlinear optimization
problems that are typically calculated using iterative methods. Such
methods need starting conditions that may introduce biases in the final
results. The FreeSurfer longitudinal stream is designed to minimize bias
with respect to any time point in a subject. The longitudinal analysis uses
results from the cross-sectional analysis and consists of two main steps:
(1) creation of a template for each subject using all time points to build an
average subject anatomy and (2) analysis of each time point using infor-
mation from the template and the individual cross-sectional runs to
initialize several of the segmentation algorithms. This procedure of using
the repeated measures as common information from the subject to ini-
tialize the processing in each time point can reduce variability compared
with independent processing, as has been shown recently (Reuter et al.,
2012). Lobar CT and lobar pial SA were calculated from the WM and GM
surface (Fig. 1). FreeSurfer measurements of CT and SA have been vali-
dated via histological and manual measurements and have demonstrated
to show good test–retest reliability across scanner manufacturers (Rosas
et al., 2002; Kuperberg et al., 2003; Han et al., 2006).

The lobar GI was calculated to assess the degree of lobar gyrification
(Fig. 2; Zilles et al., 1988). The GI is defined as the lobar cortical SA
divided by the lobar hemispheric HS and represents the amount of
sulcal SA.

Lobar WT was estimated using a medial gyral WM surface that was
generated using the FreeSurfer WM segmentation derived from the rib-
bon image. The medial gyral WM surface is the surface that transverses
the gyral WM space, parallel to the gyral GM/WM borders and covers the
entire gyral “depth” from crest to base. Lobar WT is calculated as the
Euclidean distance between two points residing on opposing sides of
the FreeSurfer white surface in the direction normal to the medial gyral
WM surface averaged over all gyri pertaining to a lobe (Fig. 1; Kochunov
et al., 2009, 2012).

Table 1. Sociodemographics at baseline of the sample (n � 52)

Age at baseline (years) 15.4 � 1.5
Age at follow-up (years) 17.5 � 1.6
Interscan interval (years) 2.1 � 0.3
Age range (years) 11–17
Sex, n (% male) 32 (61.5)
Handedness, n (% right) 44 (84.6)
Parental education (years) 14.1 � 4.1
Parental socioeconomic status (1/2/3/4/5), n 6/16/15/3/12
Estimated IQ 108 � 17.6
IQ range 73–141
Ethiticity (Hispanic/white/other) 3/48/1
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Lobar SD, SL, and SW. The ribbon images of each subject were im-
ported into the BrainVisa (version 4.2.1) Morphologist 2012 pipeline
(Fig. 3). Using default settings, the ribbon image was used to generate
a GM/CSF mask from which the cortical sulci were then automatically
segmented throughout the cortex, with the cortical sulci correspond-
ing to the crevasse bottoms of the “landscape,” the altitude of which is
defined by image intensity. This definition provides a stable and ro-
bust median sulcal surface definition that is not affected by variations
in the CT or width or by the GM/WM contrast (Mangin et al., 2004;
Jouvent et al., 2011). The median sulcal surface spans the entire space
contained in a sulcus, from the fundus to its intersection with the hull.
Median sulcal surfaces were automatically labeled (Perrot et al.,
2011). Thereafter, the median sulcal surfaces were relabeled into lobes
by assigning each labeled sulcus to a lobe based on an a priori defini-
tion. Lobar SD is defined as the geodesic distance between the fundus
and the hull averaged over all points along all median sulcal surfaces
pertaining to a lobe (Fig. 1; Jouvent et al., 2011; Kochunov et al.,
2012). Lobar SL is measured on the hull and is defined as the distance
of the median sulcal surface intersecting the hull, summed over all
median sulcal surfaces pertaining to a lobe (Fig. 1). Lobar SW is
defined as the distance between each gyral bank averaged over all

points along all median sulcal surfaces pertaining to a lobe (Fig. 1;
Jouvent et al., 2011; Liu et al., 2011; Kochunov et al., 2012).

All of the measurements were either summed (for SA, HS, and SL) or
averaged (for CT, GI, WT, SD, and SW) across hemispheres. All of the
measurements were done in the native space of the subject’s images. For
each subject, all of the image processing steps were visually checked, and
no gross errors were found.

Statistics
Statistical analyses were performed using SPSS (version 13.0). Normality
of the distributions was checked before parametric analyses. Percentage
change over time relative to baseline was calculated as (follow-up mea-
surement � baseline measurement)/baseline measurement � 100.

Age at baseline, sex, interaction between age and sex, scanner, and time
between scan acquisitions may influence relative change in brain mor-
phology over time (Giedd et al., 1999). These variables and factors were
inserted in linear regression analyses with measures of percentage change
in lobar brain morphology metrics as dependent variables. Of 32 vari-
ables, a significant effect of site was found for percentage change in pari-
etal surface area only. No other significant main or interaction effects
were found considering a p value � 0.05 uncorrected for multiple com-
parisons. Therefore, age at baseline, sex, interaction of age and sex, scan-
ner, and time between acquisitions were not included in the main
analyses.

Thereafter, three inferential analyses were conducted. First, one-
sample t tests were used to assess whether percentage change relative to
baseline in CT, SA, GI, HS, WT, SD, SL, and SW was significant over time
(different from zero). Second, to test whether percentage change relative
to baseline was invariant over the cortex, we used ANOVA with percent-

Table 2. Acquisition parameters as well as number of subjects for each scanner

Scanner n (males)
Age at
baseline Voxel size (mm 3) FOV (mm 2)

Acquisition
matrix TR (ms) TE (ms) Flip angle (°)

Philips Gyroscan ACS 1.5T 26 (16) 15.3 � 1.4 T1 1.0 � 1.0 � 1.5 256 � 256 256 � 256 15.3 4.6 30
T2 1.0 � 1.0 � 3.5 256 � 256 256 � 256 5.8 120 90

Siemens Symphony 1.5T 14 (8) 15.9 � 0.9 T1 1.0 � 1.0 � 1.5 256 � 256 256 � 256 18.1 2.39 20
T2 0.98 � 0.98 � 3.5 256 � 180 256 � 180 5.8 120 150

GE Genesis Signa 1.5T 4 (2) 13.8 � 2.1 T1 0.98 � 0.98 � 1.5 250 � 250 256 � 256 12.1 5.2 20
T2 0.98 � 0.98 � 3.5 250 � 250 256 � 256 5.8 126 90

GE Genesis Signa 1.5T 6 (5) 16.7 � 0.5 T1 0.98 � 0.98 � 1.5 250 � 250 256 � 256 10.9 4.6 20
T2 0.98 � 0.98 � 3.5 250 � 250 256 � 256 5.8 126 90

Siemens Symphony 1.5T 2 (1) 15.9 � 0.9 T1 0.98 � 0.98 � 2.0 250 � 250 256 � 256 20.0 5.04 15
T2 1.0 � 1.0 � 3.5 256 � 192 256 � 192 5.8 116 150

Figure 1. Schematic representation of a gyrus and sulcus representing the different cortical
morphometrics used in the current study.

Figure 2. Parcellated hemispheric cortical surface overlaid with parcellated wire-frame rep-
resentation of the cortical surface hull.

15006 • J. Neurosci., September 18, 2013 • 33(38):15004 –15010 Alemán-Gómez et al. • Cortical Flattening during Adolescence



age change relative to baseline for each measure as the dependent variable
and lobe as the factor. When necessary, post hoc tests were used to deter-
mine which lobes showed significant differences. Third, Pearson’s partial
correlation was performed to explore the direct associations among per-
centage change relative to baseline of CT, SA, HS, WT, SD, SL, and SW.
These correlations calculate the correlation between each pair of vari-
ables while accounting for the effects of all remaining variables. In all
analyses, p � 0.05 was considered significant after controlling for multi-
ple comparisons using the false discovery rate (FDR) with q � 0.05
(Benjamini and Hochberg, 1995). Effect size is given as Cohen’s d.

Results
Longitudinal changes in CT, SA, GI, HS, WT, SD, SL, and SW
Over the whole cortex, CT, SA, GI, HS, SD, and SL decreased over
time by 1.6% (t � �5.10, p � 0.01), 1.5% (t � �7.57, p � 0.01),
1.3% (t � �8.38, p � 0.01), 0.17% (t � �0.98, p � 0.33), 0.3%
(t � �1.09, p � 0.32), and 0.8% (t � �2.12, p � 0.06) relative to
baseline, respectively. WT and SW increased over time by 1.6%
(t � 5.79, p � 0.01) and 2.5% (t � 3.80, p � 0.01) relative to
baseline, respectively.

Table 3 shows the percentage change relative to baseline for all
of these measures within cortical lobes and whether this change
was statistically significantly after FDR correction.

Differences in longitudinal changes between lobes
ANOVAs assessed whether, for each measure, percentage change
relative to baseline was different among the lobes. After FDR
correction for multiple comparisons, a nearly significant trend
among lobes for a relative loss in SA (F(3,204) � 3.4, p � 0.057) and
HS (F(3,204) � 3.4, p � 0.057) was found. Post hoc tests corrected
for multiple comparisons showed that the loss of SA was higher in
the frontal (t(102) � 2.6, p � 0.03, d � 0.50) and temporal (t(102) �
2.8, p � 0.02, d � 0.56) cortices compared with occipital cortex.
Loss of HS was higher in the frontal cortex (t(102) � 2.2, p � 0.04,

d � 0.43) and occipital cortex (t(102) � 2.5, p � 0.02, d � 0.50)
compared with the temporal cortex. However, these results
should be interpreted with caution because the effect of lobe was
only trend significant.

Partial correlations between longitudinal changes with
each lobe
The patterns of association among longitudinal changes in lobar
SD, SW, SA, WT, and CT are illustrated by the significant partial
correlations for each lobe after FDR correction for multiple com-
parisons (Fig. 4). Notably, CT was positively related to SW and
negatively to WT and CT in the occipital, temporal, and parietal
lobes.

Discussion
The present study investigated longitudinal changes in lobar CT,
SA, GI, HS, WT, SD, SL, and SW using an �2 year measurement
interval in a sample of healthy adolescents. The results both rep-
licate previous findings on global cortical thinning and loss of
sulcal SA in males and females during adolescence (Raznahan et
al., 2011) and extend previous findings in three important ways.
First, by fractionating changes in global sulcal SA over time into
changes in lobar SD, SL, and SW, the present study demonstrated
that, in addition to global sulcal widening, a decrease in SD in the
frontal and occipital cortices took place over time. Second, WT
increased over time in all lobes, suggesting that previously de-
scribed lobar increases in WM volume also take place in the gyri
adjacent to the cortex (Lenroot et al., 2007; Tamnes et al., 2010).
Third, the relationships among these events were compared di-
rectly, providing new insights into the dynamics of macrostruc-
tural change during adolescence as described below.

Previous reports in adult and elderly participants from cross-
sectional studies have described a relationship between global SD
decrease and SW enlargement (Magnotta et al., 1999; Im et al.,
2008; Kochunov et al., 2008, 2009). Extending these studies for
the first time to longitudinal adolescent brain development has
revealed a direct relationship between decreased SD and SW over
time that was strongest in the parietal lobe. The global widening
of the sulci and decrease of depth over time constitutes a macro-
structural flattening of the cortex during adolescence, most sub-
stantially in the frontal and occipital cortices (i.e., the regions in
which both morphological changes were significant). The simul-
taneous decrease in SD and increase in SW over time is a neuro-
developmental process that can explain the loss of sulcal SA
because, as a sulcus becomes flatter, its SA will also decrease.
Indeed, a direct relationship between sulcal widening and loss of
SA was found in the frontal cortex. The current study also shows
a global, strong, and direct relationship between sulcal widening
and cortical thinning as has been shown cross-sectionally (Im et
al., 2008). The decrease in lobar CT over time seems to produce a
double increase in lobar SW (Table 3), presumably because of the
presence of cortex on both sides of each sulcus (Kochunov et al.,
2008). These findings point to a mechanism in which cortical
thinning is related to loss of SA via sulcal widening.

The direct negative relationship between CT and SA indicates
that, after partialling out the effect of sulcal widening, individuals
with the thinnest cortex have the largest SA. This has been re-
ported previously (Seldon, 2005; Hogstrom et al., 2012). It has
been proposed that a negative relationship between CT and SA is
attributable to maturation of the WM, expanding and stretching
the outer surface like a balloon. Consequently, the outer cortical
surface has to thin out to cover the expanding SA (Seldon, 2005;
Hogstrom et al., 2012).

Figure 3. Schematic representation of the image processing. FreeSurfer (version 5.1) and
BrainVisa (version 4.2.1) software were combined.
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Figure 4. A, Pearson’s partial correlations between percentages change over time relative to baseline of the cortical morphological measures. Only partial correlations that were significant ( p �
0.05, two-tailed) after FDR correction (q � 0.05) are displayed. B–F, Scatter plots showing the relationship between different pairs of measures.

Table 3. Percentage change relative to baseline per lobe over a 2 year period in 52 healthy adolescents (age range, 11–17 years)

Frontal lobe Temporal lobe Parietal lobe Occipital lobe

Measure %a tb pc % t p % t p % t p

CT �1.7 �5 �0.001 �1.7 �4.1 �0.001 �1.4 �4.3 �0.001 �1.1 �2.7 0.014
SA �1.6 �6.9 �0.001 �1.3 �4.1 �0.001 �1.7 �7.1 �0.001 �0.7 �2.2 0.043
GI �1.8 �6.5 �0.001 �1.2 �4.1 �0.001 �0.7 �1.6 0.155 �1 �3.6 0.002
HS 0.1 0.5 0.660 �0.1 �0.5 0.660 1 2.3 0.035 0.3 1.1 0.335
WT 1.7 5.5 �0.001 1.2 3.6 0.002 2 5.7 �0.001 1.5 3.7 �0.001
SD �0.9 �3.5 �0.002 �0.6 �1.4 0.225 �0.2 �0.4 0.712 �1.2 �2.9 0.008
SL �1.8 �3 0.008 �0.69 �1 0.403 0.2 0.4 0.719 �1.5 �0.9 0.410
SW 3.4 4.7 �0.001 �3.2 �3.1 0.006 2.3 3.1 0.008 2.2 2.7 0.013
aPercentage change relative to baseline defined as (follow-up � baseline)/baseline � 100.
bt value from one-sample t test with degrees of freedom � 51.
cFDR-corrected p values (q � 0.05).
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An important question in adolescent brain development is
whether cortical thinning reflects true atrophy or is an artifact attrib-
utable to the maturation of adjacent subcortical WM (Paus, 2005).
Cortical thinning during adolescence may be attributable to under-
lying synaptic pruning, i.e., the use-dependent selective elimination
of synapses (Rakic et al., 1994; Huttenlocher and Dabholkar, 1997)
together with trophic glial and vascular changes and/or cell shrink-
age (Morrison et al., 1997). The concurrent presence of increasing
WT and cortical thinning over time in the current study is coherent
with previous studies showing global WM volume increase and de-
crease of CT in the same age range (Lenroot et al., 2007; Shaw et al.,
2008; Tamnes et al., 2010; Raznahan et al., 2011). The direct relation-
ship between WT enlargement and cortical thinning in the parietal,
temporal, and occipital cortices of individuals seen here provides
compelling evidence that, during adolescence, T1-based measure-
ments of CT in these regions are also dependent on the maturation
of the WM in the adjacent gyri. During adolescence, WM volume
increase probably reflects underlying changes in myelination and
axon diameter (Yakovlev and Lecours, 1967; Benes et al., 1994; Paus,
2010). Because the T1 signal is highly sensitive to changes in myeli-
nation (Walters et al., 2003), continuing myelination in the neuropil
and deep intracortical layers causes voxels on the WM/GM interface
to be classified as WM at later ages. Their being previously catego-
rized as GM at earlier ages would lead to an apparent age-related
cortical thinning (Sowell et al., 2004; Paus, 2005; Shaw et al., 2008;
Westlye et al., 2010; Geyer et al., 2011). The direct dependence be-
tween CT and WT may affect the interpretation of CT findings in
subjects with ongoing WM maturation and underscores the need to
evaluate CT in the context of both GM and WM development
(Geyer et al., 2011; Glasser and Van Essen, 2011).

There are several limitations to this study that should be taken
into account when interpreting the results. First, they are specific
to the age range covered here; the relationships among these mor-
phometric variables are likely to differ at other age ranges. Sec-
ond, we used global and lobar measures across hemispheres,
which precluded the analysis of more regional and lateralized
effects. Third, the distributions of subject numbers and males/
female ratios were not homogeneous over the age range, with
fewer subjects and fewer females at the onset of adolescence.
Therefore, these results might be more representative of middle
and late adolescence (14 –18 years of age) compared with early
adolescence. Fourth, we used a multisite design, but our sample
size was relatively small. Fifth, developmental trajectories of cor-
tical morphological measures may be nonlinear, depending on
the type of measure and the region. The current study had only
two time points, precluding detection of nonlinear changes in
morphometric variables. Future studies using these same mor-
phometric analyses and collecting multiple measurements (�2)
over time in a sample with a wider age range are needed to judge
how accurately the present results reflect the trajectory of cortical
brain changes from early to late adolescence.

In conclusion, we found widespread cortical thinning during
adolescence to be related to sulcal widening. In addition, SD
decreased in frontal and occipital lobes. The combination of in-
creasing SW and decreasing SD implies a flattening of the cortex,
which could be a mechanism producing the typical loss of cortical
SA seen during adolescence.

Notes
Supplemental material for this article is available at ftp://disco.hggm.
es/jjanssen/adoles_surfgmdevelop/. This material has not been peer
reviewed.
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