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Early-life development is characterized by dramatic changes, impacting lifespan function more than changes
in any other period. Developmental origins of neurocognitive late-life functions are acknowledged, but
detailed longitudinal magnetic resonance imaging studies of brain maturation and direct comparisons with
aging are lacking. To these aims, a novel method was used to measure longitudinal volume changes in devel-
opment (n=85, 8–22 years) and aging (n=142, 60–91 years). Developmental reductions exceeded 1%
annually in much of the cortex, more than double to that seen in aging, with a posterior-to-anterior gradient.
Cortical reductions were greater than the subcortical during development, while the opposite held in aging.
The pattern of lateral cortical changes was similar across development and aging, but the pronounced medial
temporal reduction in aging was not precast in development. Converging patterns of change in adolescents
and elderly, particularly in the medial prefrontal areas, suggest that late developed cortices are especially
vulnerable to atrophy in aging. A key question in future research will be to disentangle the neurobiological
underpinnings for the differences and the similarities between brain changes in development and aging.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Despite increasing recognition of the importance of developmen-
tal processes for later neurocognitive functions (Deary et al., 2006;
Kochunov et al., 2012), and neurodegenerative (Shaw et al., 2007)
and neuropsychiatric (Gogtay et al., 2011; Paus et al., 2008) disorders,
studies directly comparing brain changes in development and aging are
lacking. Human brain development is notably protracted (Blakemore,
2012; Giedd and Rapoport, 2010; Jernigan et al., 2011), and much of
the potential and many of the vulnerabilities of the brain depend on
the first two decades of life (Toga et al., 2006). It is even suggested
that common mechanisms may be implicated in brain maturation in
childhood and degenerative changes in aging (Nikolaev et al., 2009;
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Wines-Samuelson and Shen, 2005), reflected in potentially more
age-related atrophy in regions characterized by higher degree of plas-
ticity during development (Mesulam, 2000; Toga et al., 2006). Still,
testing of similarities and differences between patterns of change in
development and healthy aging has not been undertaken. Thus, the
purpose of the present study was to characterize developmental tra-
jectories across childhood and adolescence in both the cerebral cortex
and a range of subcortical structures, test how the pattern of matura-
tion changes across development, and directly compare this to the
pattern of atrophy in a sample of elderly.

Developmental magnetic resonance imaging (MRI) studies show
that while the first years of life are characterized by gray matter
(GM) increases (Gilmore et al., 2012; Knickmeyer et al., 2008), older
children and adolescents show cortical GM decreases in most regions,
increasing white matter (WM) volumes and heterogeneous changes
in subcortical structures (Brain Development Cooperative Group, 2012;
Brown et al., 2012; Giedd et al., 1996a, 1999; Lenroot et al., 2007;
Muftuler et al., 2011; Østby et al., 2009; Sowell et al., 2004; Tamnes et
al., 2010; Westlye et al., 2010b). Longitudinal studies with wide age-
ranges are needed, however, as they allow modulation of differences
in change-patterns across age, for instance enabling testing of the
posterior–anterior theory of cortical maturation, which suggests that
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higher-order association cortices mature relatively late (Gogtay et al.,
2004; Shaw et al., 2008). Moreover, simultaneous measurements
of cortical and subcortical structures yield a unique possibility for
characterizing the pattern of variation in developmental trajectories
across anatomical areas (Østby et al., 2009). In a benchmark study,
Shaw et al. (2008) found differing levels of complexity of develop-
mental trajectories across the cortex and that this pattern aligned
with the cortical types depicted in established cytoarchitectonic
maps. Subcortical changes were not investigated, however. Further-
more, studies combining samples of children and elderly are neces-
sary to test how developmental trajectories align with the pattern of
atrophy in aging. Similar to development, a heterogeneous pattern
of atrophy is seen in healthy aging, with the frontal and temporal
regions showing the largest changes (Fjell and Walhovd, 2010;
Lemaitre et al., 2012).

Here, we present analyses of longitudinal MRI data obtained from
85 children and adolescents (8–22 years), and compare developmen-
tal cortical and subcortical changes with atrophy in 142 healthy elderly
participants (60–91 years) (Fjell et al., 2009a). The aims of the current
study were to 1) characterize developmental changes in cortical and
subcortical structures, 2) test how the pattern of maturation changes
across development, and 3) directly contrast changes in development
and aging. An accurate description of healthy brain development and de-
tailed knowledge of individual differences in developmental trajectories
are paramount to understanding the foundations of cognitive develop-
ment, neurodevelopmental disorders, and later lifespan changes. We
used a novel unbiased method to quantify volumetric change (Holland
and Dale, 2011) that has been proven to be highly sensitive to even sub-
tle changes over short time periods in elderly participants (Holland et al.,
2012; Murphy et al., 2010), but which has never before been used in de-
veloping samples. Furthermore, this was combined with image segmen-
tation and parcellation to obtain change estimates in a large number of
cortical and subcortical regions.

Material and methods

Participants

The sample of children and adolescentswas drawn from the longitu-
dinal project Neurocognitive Development (Østby et al., 2009; Tamnes et
al., 2010), University of Oslo. The study was approved by the Regional
Ethical Committee of South Norway. Typically developing children
and adolescents aged 8–19 years were recruited through newspaper
ads and local schools. Written informed consent was obtained from all
participants older than 12 years of age and from a parent for partici-
pants under 16 years of age. Oral informed consentwas given by partic-
ipants under 12 years of age. Parents and participants aged 16 years or
older were at both time-points screened with separate standardized
health interviews to ascertain eligibility. Participants were required to
be right handed, fluent Norwegian speakers, have normal or corrected
to normal vision and hearing, not have a history of injury or disease
known to affect central nervous system (CNS) function, including neu-
rological or psychiatric illness or serious head trauma, not be under
psychiatric treatment, not use psychoactive drugs known to affect
CNS functioning, not have had complicated or premature birth, and
not haveMRI contraindications. Additionally, all scans were evaluated
by a neuroradiologist at both time-points and required to be deemed
free of significant injuries or conditions.

At time-point 1 (tp1), 111 participants satisfied these criteria and
had adequate processed and quality checked MRI data. Eighteen par-
ticipants did not want to or were unable to participate at time-point
2 (tp2), two were not located, three had dental braces and three
were excluded due to neurological or psychiatric conditions. Thus,
at tp2, 85 participants (38 females) underwent a second MRI scan.
The mean age at tp1 for this final sample was 13.7 years (SD=3.4,
range=8.2–19.4) and the mean IQ, as assessed by the Wechsler
Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999), was 109.0
(SD=11.4, range=82–141). The mean age at tp2 was 16.3 years
(SD=3.4, range=10.8–21.9) and the mean IQ was 112.5 (SD=10.5,
range=87–136). Themean interval between the two scanning sessions
was 2.6 years (SD=0.2, range=2.4–3.2). The length of the interval
was not related to age (r=− .03, p=.772) and not different for girls
and boys (t=0.42, p=.675).

The sample of healthy elderly was originally obtained from
the Alzheimer's Disease Neuroimaging Initiative (ADNI) database
(adni.loni.ucla.edu), and has previously been reported by Fjell et al.
(2009a), but has not previously been used as in the current study.
The total number of participants entering ADNI as healthy controls
at baseline, and who attended the one year follow-up was 204.
ADNI eligibility criteria are described at www.adni-info.org. Briefly,
participants were 55–91 years of age, had an informant able to pro-
vide an independent evaluation of functioning, spoke either English or
Spanish and had Mini-Mental State Examination (MMSE) (Folstein et
al., 1975) scores between 24 and 30 (inclusive) and a Clinical Dementia
Rating (CDR) (Morris, 1993) of 0. Of these 204, only those with MR
segmentation passing internal quality control for baseline, one year
follow-up and processing of change were included, andwe additionally
excluded those that had worse CDR sum of boxes score at the time of
follow-up. The final sample consisted of 142 participants (tp1 mean
age=75.6 years, range=59.8–90.2 years, 68 females), which were
followed for one year (tp2 mean age=76.7 years, range=60.8–
91.3 years).

MRI acquisition

Imaging data on children and adolescents were collected using a
12 channel head coil on a 1.5 T Siemens Avanto scanner (Siemens
Medical Solutions) at Rikshospitalet, Oslo University Hospital. The
same scanner and sequences were used at both time-points. The
pulse sequences used for morphometry analysis were two repeated
160 slice sagittal T1-weighted magnetization prepared rapid gradient
echo (MPRAGE) sequences (time repetition (TR)/time echo (TE)/time
to inversion (TI)/flip angle (FA)=2400 ms/3.61 ms/1000 ms/8°) per
participant per visit. To increase the signal-to-noise ratio (SNR) the
two runs were averaged during pre-processing. The protocol also in-
cluded a 176 slice sagittal 3D T2-weighted turbo spin-echo sequence
(TR/TE=3390/388 ms) and a 25 slice coronal FLAIR sequence (TR/TE=
7000–9000/109 ms) to aid the neuroradiological examination.

All ADNI scans used for comparison purposes in the present paper
were from 1.5 T scanners. Data were collected across a variety of
scanners with protocols and acquisition parameters standardized across
platforms, as described in detail at adni.loni.ucla.edu/research/protocols/
mri-protocols/mri-protocols-adni-1. A major effort has been devoted
to evaluating and adjusting the sequences for morphometric analyses
(Jack et al., 2008). For the sample included in the current study, raw
DICOM MRI scans (including two T1-weighted volumes per case) were
downloaded from the ADNI site. Consequently, while all the MRI data
from the children and adolescents were acquired on the same scanner
using the same sequence, different scanners were used across subjects
in the healthy elderly sample. Although this constitutes a caveat and
potential source of bias, previous studies have shown that brain mor-
phometry can be reliably estimated across a number of image acqui-
sition variables (Han et al., 2006; Jovicich et al., 2009), as well as
consistent age-related differences in elderly participants across multi-
ple samples (Fjell et al., 2009b; Walhovd et al., 2011).

MRI analysis

Image processing and analyses were performed at the Multimodal
Imaging Laboratory, University of California, San Diego. The raw data
were reviewed for quality, and automatically corrected for spatial
distortion due to gradient nonlinearity (Jovicich et al., 2006) and B1
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field inhomogeneity (Sled et al., 1998). The two image volumes for
each participant were co-registered, averaged to improve the SNR,
and resampled to isotropic 1-mm voxels. Volumetric segmentation
(Fischl et al., 2002) and cortical surface reconstruction (Dale et al.,
1999; Fischl and Dale, 2000; Fischl et al., 1999) and parcellation
(Desikan et al., 2006; Fischl et al., 2004), using the FreeSurfer soft-
ware package (version 5.1.0; Martinos Center for Biomedical Imaging,
Boston, MA), were used to quantify the volumes of brain regions,
as described in detail elsewhere (Fennema-Notestine et al., 2009;
Holland et al., 2009). The subcortical segmentation and surface re-
construction and parcellation procedures are run automatically, but
require supervision of the accuracy of spatial registration and tissue
segmentations. All volumes were inspected for accuracy and minor
manual edits were performed by a trained operator on the baseline
images for nearly all subjects, usually restricted to the removal of
nonbrain tissue included within the cortical boundary.

Longitudinal changes in brain structure measures were quantified
by QUARC (Quantitative Anatomical Regional Change) (Holland and
Dale, 2011; Holland et al., 2009; McEvoy et al., 2011; Thompson and
Holland, 2011), developed at the Multimodal Imaging Laboratory,
University of California, San Diego. For each participant, dual 3-D
follow-up structural scans were rigid-body aligned, averaged and
affine aligned to the participant's baseline. A deformation field was
calculated from a nonlinear registration (Holland and Dale, 2011).
The images are heavily blurred (smoothed), making them almost
identical, and a merit or potential function was calculated. This merit
function expresses the intensity difference between the images at
each voxel, and depends on the displacement field for the voxel centers
of the image being transformed; it is also regularized to keep the dis-
placement field spatially smooth. The merit function by design will
have a minimum when the displacement field induces a good match
between the images. It is minimized efficiently using standard numer-
ical methods. Having found a displacement field for the heavily blurred
pair of images, the blurring is reduced and the procedure is repeated,
thus iteratively building up a better displacement field. Two important
additions to this are: 1) applying the final displacement field to the
image being transformed, then nonlinearly registering the resultant
image to the same target, and finally tracing back through the dis-
placement field thus calculated to find the net displacement field;
and 2) restricting the displacement fields to regions of interest and
zooming when structures are separated by only a voxel or two.
These additional features enable very precise registration involving
large or subtle deformations, even at small spatial scales with low
boundary contrast. Although large deformations are allowed bymultiple
nonlinear registration (or relaxation) steps, nonphysical deformations
are precluded because at each level of blurring the image undergoing
deformation is restricted to conform to the target. Note that calculat-
ing the deformation field does not depend on initially segmenting tis-
sue. This deformation field was used to align scans at the sub-voxel
level. Furthermore, this was combined with image segmentation and
parcellation to obtain volume change estimates in a large number of
cortical and subcortical regions.

The second time-point was used as baseline, as it is reasonable
to assume that there is less motion distortion with older age in devel-
opmental samples. To ease the interpretation of the results, the direc-
tion of all effects was inversed in the surface illustrations. Subcortical
segmentation and cortical parcellation labels from the tp2 images
were used to extract the average volume change for each ROI. For
all ROIs, the annual percentage volume change from tp1 was calcu-
lated prior to statistical analyses. The FreeSurfer segmentation and
parcellation techniques were used as they allowed us to map longitu-
dinal changes in a large number of subcortical structures and anatom-
ically meaningful cortical regions. The scans from the healthy elderly
participants were processed very similarly to the current protocol, as
described in detail elsewhere (Fjell et al., 2009a). QUARC has previ-
ously been applied to serial pairs of scans from elderly participants
and proven to be highly sensitive to even subtle changes over short
time periods (Fjell et al., 2009a; Holland et al., 2012; Murphy et al.,
2010).
Statistical analyses

Statistical analyses were performed by use of FreeSurfer 5.1
(http://surfer.nmr.mgh.harvard.edu/) and PASW Statistics 18.0, and
curve fitting was performed using functions freely available through
the statistical environment R (http://www.r-project.org/). Longitudi-
nal change in cortical and subcortical brain volumes was calculated
as the percentage change relative to baseline. Cortical analyses across
the surface were performed with general linear models (GLMs) as im-
plemented in FreeSurfer and results were displayed on a semi-inflated
template brain. In the developmental sample (n=85, 8–22 years), we
first tested whether cortical changes were significantly different from
zero. Second, the statistical significance of the effects of sex on cortical
volume changewas tested. Third, we tested the effects of age on change
to investigate if the rate of cortical change differed across the studied
age-span. To visualize how cortical change differed across age, the
annualized rate of change (%) and standardized rate of change (Z-score)
across each hemispherewere estimated per year and smoothed across
the age-range by use of a smoothing spline approach (Fjell et al.,
2010a). Finally, the significance of the effects of the interaction term
age×sex on cortical volume change was tested, with age and sex
included as covariates. Scan interval was included as a covariate in
all GLMs. The surface significance maps were thresholded by a con-
ventional criterion for correction for multiple comparisons (false
discovery rate (FDR) at the 5% level) (Genovese et al., 2002).

For the ROI-data from the developmental sample, initial paired
samples t-tests were performed to compare longitudinal change in
the left and right hemispheres. To reduce the number of ROIs in fur-
ther analyses, mean change values of the left and right hemisphere
ROIs were used. One-sample t-tests were used to test whether longi-
tudinal change within each of the 47 ROIs was different from zero and
independent samples t-tests were used to compare change in girls
and boys. Next, Pearson correlations were performed between age
and change in each ROI. All ROI results were Bonferroni-corrected
by a factor of 47 (reflecting the number of ROIs), roughly correspond-
ing to a corrected alpha of pb0.001. To illustrate volumetric change
within individuals, spaghetti plots of volume by age were created
for each ROI. As global fits such as quadratic models may be affected
by irrelevant factors, such as the sampled age-range (Fjell et al.,
2010a), an assumption-free longitudinal nonparametric general addi-
tive model for each ROI as a function of age was fitted to accurately
describe changes across the studied age-range.

Longitudinal change and the effects of age on change are not
reported for the healthy elderly sample separately, as this has been
published previously (Fjell et al., 2009a). However, to characterize
brain structure changes in development in a life-span perspective, re-
gional annual percentage volume changes were compared between
the current sample (n=85, 8–22 years) and the sample of healthy
elderly participants (n=142, 60–91 years). To visualize the cortical
areas that showed more and less than average longitudinal change
in development and aging, respectively, the surface maps were
z-transformed for each hemisphere in each sample separately by
subtracting the mean rate of change and dividing by the standard
deviation of change. Finally, we calculated the differences between
the smoothed estimated Z-score maps in early development (age 8)
vs. aging (age 75) and late development (age 20) vs. aging (age 75).
Note that the estimated Z-score maps at these selected ages were
smoothed across the age-range (Fjell et al., 2010a), and thus not
dependent on the subjects only at these specific ages, but rather rep-
resent a sort of weighted average of the ages around the selected
points.

http://surfer.nmr.mgh.harvard.edu/
http://www.r-project.org/
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Results

Longitudinal developmental change: continuous surface analyses

When a commonly used approach to correct for multiple com-
parisons was employed (FDR 5%, corresponding to pb .045), signifi-
cant volume changes were observed across almost the entire cortical
surface in development (n=85, 8–22 years). Thus, a more conserva-
tive threshold (pb10−5) was used to allow differentiation of effects.
Highly significant volume reductions were still evident across almost
all cortical regions (Fig. 1). Annual percentage volume reductions
varied across the cortex, but exceeded 1.0% in many locations (Fig. 1).
Changesweremost prominent bilaterally in the dorsolateral prefrontal,
posterior part of the lateral temporal, inferior parietal, supramarginal
and precuneus cortices, where annual reductions generally exceeded
1.5%. Therewere no significant effects of sex on cortical volume change.
We also visually compared the annual percentage volume change
across the surface in girls and boys, and the effects were very similar.

Longitudinal developmental change: ROI analyses

For the regions of interest (ROI) data, we first tested for hemi-
sphere differences in annual percentage change by means of paired
samples t-tests. None of the subcortical or ventricular ROIs showed
significant hemisphere differences in change rates. For the 33 cortical
surface ROIs, five temporal and medial parietal regions showed signifi-
cantly (pb .001) larger percent volume declines in the left hemisphere:
superior temporal (−1.02 vs −0.89), inferior temporal (−1.18 vs
−1.04), transverse temporal (−0.86 vs −0.72), paracentral (−0.85 vs
−0.71) and precuneus (−1.40 vs −1.32), and four frontal and lateral
parietal regions showed larger decreases in the right hemisphere:
rostral middle frontal (−1.32 vs −1.19), pars triangularis (−1.26 vs
−1.10), inferior parietal (−1.64 vs −1.51) and supramarginal (−1.55
vs −1.40). Although statistically significantly different, the change
rates in these ROIs were rather similar across the two hemispheres.
Thus, to reduce the number of comparisons, the mean values from
the two hemispheres were used in the further main ROI-analyses,
and the readers are referred to the continuous surface analyses and
Supplementary Table 1 for inspections of hemispheric effects.

The annual percentage volume change in each of the 47 ROIs was
calculated (Table 1) and spaghetti plots of volume by age for the total
cerebral cortex, the subcortical structures and selected cortical regions
were created (Fig. 2). The total cerebral cortex showed remarkably
consistent change across individuals, with volume reduction seen in
Fig. 1. Longitudinal cortical change in development. General linear models were used to test
and adolescents (n=85, 8–22 years), with time between the two scans included as a co
projected onto a semi-inflated template brain. The upper row shows the significance of the e
percentage volume reductions.
nearly all participants. Of the subcortical structures, the caudate
(−0.82) showed the largest annual percentage reduction, followed
by the accumbens (−0.62), the putamen (−0.60), the cerebellum
cortex (−0.58) and the thalamus (−0.44). Smaller decreases were
observed in the pallidum (−0.20), hippocampus (−0.16) and amyg-
dala (−0.16, not significant), while the brainstem (0.52) increased
in volume. The lateral ventricles (1.92) showed large increases,
while no significant changes were found in the inferior lateral, third
or fourth ventricles. All surface ROIs showed significant volume reduc-
tions, except the entorhinal cortex and temporal pole, where no signif-
icant changes were found. Of the cortical regions, the inferior parietal
(−1.57), supramarginal (−1.47), banks of the superior temporal
sulcus (−1.43), precuneus (−1.36), middle temporal (−1.30), and
rostral middle frontal (−1.26) changed the most. Independent sam-
ples t-tests showed no significant sex differences in annual percentage
change in any of the ROIs.

Temporal patterns in developmental change rates

To investigate if the rate of cortical change differed across the
studied age-span in the sample of children and adolescents (n=85,
8–22 years), we performed GLMs testing the statistical significance
of the effects of age on volume change across the surface. The results
(Fig. 3) showed significantlymore change as a function of age bilaterally
in the precentral, superior frontal, frontal pole and anterior temporal
areas, and significantly more change at younger age bilaterally in se-
lected parietal, occipital and posterior insular areas. Almost the entire
cortical surface showed volume decrease with age (see Fig. 1), but
these results indicate accelerating volume reductions with higher age
in selected anterior regions and decelerating reductions in several pos-
terior regions. Therewere no significant effects of age×sex interactions
on cortical volume change. Upon visual inspection, the effects of age on
change were very similar for girls and boys.

Next, we performed correlation analyses between age and annual
percentage volume change in each of the ROIs (Table 1). A negative
correlation between age and change was found for one subcortical
structure: the brainstem, while four cortical regions showed positive
correlations: retrosplenial, precuneus, cuneus and lingual cortices, and
one cortical region showed a negative correlation: the temporal pole.
Additionally, the superior frontal, precentral and postcentral cortices
showed uncorrected significant negative relationships between age
and change (r=−0.28, p≤ .01). Note that the direction of the correla-
tion between change and age was negative in all frontal regions and
positive in all parietal and occipital regions, with the exception of the
the statistical significance of cortical volume change across the brain surface in children
variate. The significance of the effects and the rates of change were color coded and
ffects when a conservative threshold (pb10−5) was used. The lower row shows annual



Table 1
Annual longitudinal change and correlations between change and age in children and
adolescents (n=85, 8–22 years).

Mean annual change Correlation
change and age

% t p r p

Brain structures
Cerebral cortex −1.15 −20.72 b10−35 −0.05 .680
Cerebellum cortex −0.58 −11.86 b10−19 −0.17 .115
Accumbens −0.62 −11.98 b10−20 0.11 .317
Amygdala −0.16 −2.85 .006 −0.25 .019
Brainstem 0.52 8.54 b10−13 −0.80 b10−20

Caudate −0.82 −16.49 b10−28 0.14 .206
Hippocampus −0.16 −4.34 b10−5 −0.21 .049
Pallidum −0.20 −5.22 b10−6 −0.25 .020
Putamen −0.60 −15.27 b10−26 0.06 .579
Thalamus −0.44 −9.44 b10−15 −0.33 .002

Ventricles
Lateral ventricle 1.92 4.49 b10−5 0.22 .047
Inferior lateral ventricle 0.47 1.65 .103 0.02 .835
3rd ventricle 1.03 2.42 .018 0.29 .007
4th ventricle 0.02 0.83 .934 −0.04 .697

Cortical regions
Cingulate, rostral anterior −0.73 −15.18 b10−26 −0.11 .332
Cingulate, caudal anterior −0.80 −18.12 b10−31 −0.04 .739
Cingulate, posterior −1.11 −20.90 b10−35 0.24 .027
Cingulate, retrosplenial −1.00 −19.30 b10−32 0.37 b10−4

Frontal, superior −0.76 −11.56 b10−19 −0.28 .010
Frontal, caudal middle −0.94 −12.58 b10−21 −0.23 .037
Frontal, rostral middle −1.26 −14.81 b10−25 −0.15 .172
Frontal, pars opercularis −1.11 −17.88 b10−30 −0.06 .573
Frontal, pars triangularis −1.18 −15.39 b10−26 −0.03 .764
Frontal, pars orbitalis −0.91 −11.99 b10−20 −0.08 .447
Frontal, lateral orbital −0.84 −15.63 b10−26 −0.09 .406
Frontal, medial orbital −0.85 −16.54 b10−28 −0.18 .102
Frontal, pole −0.47 −3.79 b10−4 −0.34 .001
Frontal, precentral −0.49 −7.24 b10−10 −0.28 .009
Parietal, postcentral −0.93 −15.82 b10−27 −0.28 .010
Parietal, paracentral −0.78 −13.04 b10−22 0.02 .894
Parietal, superior −1.24 −18.31 b10−31 0.28 .009
Parietal, inferior −1.57 −20.40 b10−34 0.19 .087
Parietal, supramarginal −1.47 −19.57 b10−33 0.17 .125
Parietal, precuneus −1.36 −22.62 b10−37 0.52 b10−7

Temporal, parahippocampal −0.68 −11.39 b10−18 0.02 .857
Temporal, entorhinal −0.04 −0.53 .598 −0.15 .163
Temporal, pole 0.11 1.19 .239 −0.38 b10−4

Temporal, superior −0.95 −18.26 b10−31 0.06 .613
Temporal, middle −1.30 −16.68 b10−28 −0.14 .206
Temporal, inferior −1.11 −16.12 b10−27 −0.13 .240
Temporal, transverse −0.79 −17.85 b10−30 0.22 .043
Temporal, banks sup temp sulcus −1.43 −21.33 b10−35 0.22 .048
Temporal, fusiform −0.94 −18.10 b10−31 0.13 .242
Occipital, lateral −1.10 −16.79 b10−28 0.30 .006
Occipital, cuneus −0.80 −17.57 b10−30 0.39 b10−4

Occipital, pericalcarine −0.56 −14.42 b10−24 0.14 .197
Occipital, lingual −0.80 −19.44 b10−33 0.45 b10−5

The significance of the annual percentage volume change in each region was tested
with one-sample t-tests. Pearson correlations were performed to test the associations
between annual change and age. Bold: pb .05 (Bonferroni-corrected, factor of 47).
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postcentral gyrus. This indicates a pattern of more pronounced cortical
reduction at young age in the posterior areas andmore pronounced re-
duction in adolescence in the frontal areas. The spaghetti plots of vol-
ume by age for selected cortical ROIs (Fig. 2) confirm these results, by
showing slightly steeper trajectories in adolescence in the superior
frontal and precentral cortices and steeper reductions in late childhood
in the precuneus, retrosplenial and lingual cortices.

To delineate the effects of age on cortical change in childhood and
adolescence in more detail, annualized percentage volume reduction
was estimated per year and smoothed across age (Fig. 4, Video 1). A
clear posterior–anterior age-gradient was seen both laterally and me-
dially. To further illustrate the temporal pattern in cortical change,
the smoothed annual percentage volume changes (shown in Fig. 4)
were z-transformed across the surface for each hemisphere. The re-
sults (Fig. 5, Video 2) illustrate the areas of the cortex that show rel-
atively higher and relatively lower rates of change at different ages.
The most prominent features were a gradual relative reduction in
the rate of change with increasing age in the medial parietal cortex
(precuneus, retrosplenial cortex), and a gradual relative increase in
the rate of change in the medial temporal and inferior parietal corti-
ces, as well as in both the medial and lateral prefrontal cortices.

Longitudinal change in development and aging compared

Longitudinal changes and temporal patterns in change rates in the
aging sample are reported elsewhere (Fjell et al., 2009a), while we
here created spaghetti plots of volume by age for the total cerebral
cortex and the subcortical structures (Fig. 6). Next, we compared
the regional annual percentage volume change in the current sample
of children and adolescents (n=85, 8–22 years) and in the healthy
elderly sample (n=142, 60–91 years) (Table 2). While cortical re-
ductions exceeded the subcortical in development, the tendency
in aging was the opposite. Children and adolescents showed signifi-
cantly larger volume reductions in the cerebral cortex and caudate,
but smaller reductions in the amygdala and hippocampus. The rank
order correlation between the rate of change in development and
aging for the subcortical structures was − .33 (Spearman's rho), and
indicates no coordination of change. Much larger ventricular volume
increases were seen in aging than in development. Notably, the de-
velopmental sample showed substantially greater annual volume de-
creases than the aging sample in nearly all the cortical ROIs. Reductions
that were at least twice as large were found in 29 of the 33 surface
ROIs and reductions at least three times as large were found in 15 of
the surface ROIs, including all the parietal and occipital regions. Interest-
ingly, the only cortical regions that changed significantly more in aging
compared to development were the entorhinal cortex and the temporal
pole.

For the nine cortical regions that showed hemispheric differences
in change rates in development (see above), we also compared the
annual percentage volume change in development and aging sepa-
rately for the two hemispheres (Supplementary Table 1). In all of
these regions, substantially greater volume decreases were seen in
development. Next, we performed analyses of variance on the annual
percentage volume change in these regions to directly test if hemi-
spheric differences in change rates were different in development
and aging (Supplementary Table 1). Two of the regions showed
significant hemisphere×group effects, with larger left hemisphere
volume reductions in development and larger right hemisphere re-
ductions in aging: paracentral (F=13.38, pb .001) and inferior tem-
poral (F=10.44, p=.001) cortices.

To further compare the patterns of cortical volume reductions be-
tween development and aging, the annual percentage volume change
was z-transformed for each hemisphere in each sample separately.
The results illustrate the areas of the cortex that show relatively
higher and lower rates of change within each group (Fig. 7A). Across
development, higher than average volume reductions were observed
in the dorsolateral prefrontal, medial parietal around the precuneus
and retrosplenial cortex, lateral inferior parietal extending down to
the temporo-parietal junction as well as the lateral posterior tempo-
ral and lateral occipital cortices. Within the older group, higher than
average atrophy rates were most pronounced across the temporal
lobes, as well as in the frontal poles and in the medial and lateral
orbitofrontal cortices. Laterally, the reductions seen in development
and in aging were anatomically very similar, with the exception of
the anterior part of the temporal lobe, where larger than average re-
ductions were seen in aging and smaller than average reductions
were seen in development. Medially, however, there were striking
differences in the pattern of change. In development, reductions in



Fig. 2. Spaghetti plots for selected brain regions in development. Plots of volumes (mm3) by age (years) for selected brain regions in the sample of children and adolescents (n=85,
8–22 years). Volumes from the left and right hemispheres were averaged. Blue lines denote boys and red lines denote girls. For each region, an assumption-free general additive
model as a function of age was fitted to accurately describe changes across the studied age-range. For the cortical regions shown in the lower row, these models indicate steeper
reductions in adolescence in frontal regions (superior frontal and precentral) and steeper reductions at younger age in posterior regions (precuneus, retrosplenial and lingual).
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the medial frontal lobe were of average strength and the medial tem-
poral cortex, including the entorhinal and parahippocampal cortices,
showedmuch less than average reductions (b2 SD). In aging, themedial
orbitofrontal cortex and parts of the medial superior frontal gyrus
showed up to 2 SD stronger reductions than the average cortical rate,
and the same was seen for parts of the entorhinal cortex and inferior
parts of the temporal cortex. Thus, the medial fronto-temporal pattern
of cortical reduction characterizing healthy aging is not pronounced
across development during this age-range.

To understand these differences between development and aging,
it is necessary to look at the developmental trajectories. The medial
fronto-temporal areas of atrophy in aging overlapped substantially
Fig. 3. Effects of age on cortical change rates in development. General linear models were
between the two scans included as a covariate. Corrected for multiple comparisons (FDR 5
with higher age, especially prominent in anterior regions, and red–yellow areas indicate de
with areas showing negative correlations between change and age in
development (Fig. 3), i.e. areas that mature late. To directly compare
early development vs. aging and late development vs. aging, we calcu-
lated the differences between the smoothed estimated Z-scoremaps at
age 8 and at age 75, and the difference between the smoothed Z-score
maps at age 20 and age 75 (Figs. 7B–C). The patterns of relative cortical
changes in children and elderly participants were highly different in
the medial parietal and prefrontal areas, while the relative changes in
late adolescent development and agingweremuchmore similar. How-
ever, for the medial temporal cortex, large differences in the patterns
of change were seen between the group of elderly and both develop-
mental groups.
used to test the significance of the effects of age on cortical volume change, with time
%, corresponding to pb .016), blue–cyan areas indicate accelerating volume reductions
celerating reductions, especially in posterior regions.
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Fig. 4. Annual percentage cortical change across age in children and adolescents. Annu-
alized percentage volume change was estimated per year and smoothed across the
age-range by use of a smoothing spline approach (Fjell et al., 2010a), and shown in
lateral and medial views (see also Video 1). At age 8 years, the most pronounced re-
ductions are seen in the parietal lobes and the lateral occipital cortices. At age 20, sub-
stantial reductions are seen across most of the surface, including the frontal lobes and
the anterior part of the lateral temporal lobes, but not in the medial temporal and
occipital cortices. A general posterior–anterior age-gradient is seen both laterally and
medially.
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Discussion

The current study characterized developmental changes in cortical
and subcortical volumes, tested how the pattern of maturation
changes across development, and compared changes in development
and aging. First, the rate of change in development was generally
higher in the cerebral cortex than in the subcortical structures. Annual
volume reductions exceeded 1.0% in many cortical regions, compared
to changes of about 0.5% in the subcortical structures. Second, the
Fig. 5. Standardized cortical change across age in children and adolescents. To illustrate
relatively higher and relatively lower rates of change at different ages, the smoothed
annual percentage volume changes (Fig. 4) were z-transformed across the surface for
each hemisphere. Red–yellow areas indicate the largest relative cortical reductions at
different ages, while blue–cyan areas indicate smaller relative reductions (see also
Video 2). At age 8 years, larger than average volume reductions are seen primarily in
the parietal lobes and in the lateral occipital cortices, while at age 20, relatively larger
reductions are seen laterally in the frontal lobes and the inferior parietal and temporal
cortices, as well as in anterior medial frontal areas.
results showed decelerating developmental change with higher age
in posterior cortical areas and accelerating change in frontal areas, in
line with the posterior–anterior theory of cortical maturation. For in-
stance, change exceeding the average rate was first seen in the medial
orbitofrontal cortex towards the end of the teen years. Third, a mixture
of overlapping and spatially distinct patterns of change in maturation
and senescence was seen. While cortical changes exceeded the subcor-
tical in development, the tendency in aging was the opposite. Further,
while the patterns of changewere similar on the lateral cortical surface,
the medial temporal reduction characterizing aging was not precast in
development. Converging patterns of change in adolescents and elderly,
particularly in themedial prefrontal cortex, support the hypothesis that
late developed cortical systems are especially prone to atrophy in aging.
However, the increased rate of reduction in the medial temporal cortex
in aging is not mimicking developmental events. This indicates that dif-
ferent processes are responsible for atrophy in aging and maturational
changes in these areas. The implications of the findings are discussed
below.

The cerebral cortex and subcortical structures in development

Longitudinal volume reductions were found across almost the
entire cortical surface. Annual change rates varied, but exceeded 1.0%
in several regions and were substantially higher in the parietal lobes
and in the dorsolateral prefrontal and posterior lateral temporal cor-
tices. The results are largely consistent with previous studies on both
cortical volume and thickness (Giedd et al., 1999; Raznahan et al.,
2011b; Shaw et al., 2008; Sowell et al., 2004; Sullivan et al., 2011;
Tamnes et al., 2010). For instance, in a recent longitudinal twin study
(van Soelen et al., 2012), the average cortical thinning across the sur-
face from age 9 to 12 years was 1.5%, and effects were observed across
the parietal and lateral occipital cortices, as well as in several frontal
areas. The pattern of postnatal cortical expansion has intriguingly
been shown to be similar to the pattern of human evolutionary expan-
sion (Hill et al., 2010), indicating that certain phylogeneticmechanisms
may be recapitulated during ontogeny.

There has been less focus on subcortical structures, and results
for specific structures are still inconclusive. For example, while signif-
icant frontal and parietal cortical reductions were seen, subcortical
structures did not show consistent changes in a recent study (Sullivan
et al., 2011). Other longitudinal studies have focused exclusively on the
caudate (Lenroot et al., 2007), the hippocampus (Gogtay et al., 2006;
Mattai et al., 2011) or the cerebellum (Tiemeier et al., 2010). Here, we
found volume decreases for most of the subcortical structures and the
cerebellar cortex, while the brainstem and the lateral ventricles in-
creased. The cortical reductions were however markedly greater than
the subcortical changes, in coherence with the results from Sullivan
et al. (2011). Thus, it seems that even though significant maturation
is evident for the subcortical structures in this age-range, the cortical
changes are more prominent.

Of the subcortical structures, the caudate, accumbens and putamen
changed themost, while the hippocampus and amygdala showed only
small decreases. The results are generally in line with our previous
cross-sectional study (Østby et al., 2009), with two exceptions. First,
in the current study the thalamus decreased with age, while no age-
related differences were found in the cross-sectional study. Second,
in the cross-sectional sample, small volume increases were indicated
for the hippocampus and amygdala. Despite diverging effects across
studies (Giedd et al., 1996b; Guo et al., 2007; Mattai et al., 2011;
Sowell et al., 2002), it seems that the amygdala and hippocampus de-
velop at a different pace than other structures. Future studies should
delineate developmental effects in specific hippocampal subfields
(Van Leemput et al., 2009), as heterogeneous trajectories for the pos-
terior and anterior subregions have been found (Gogtay et al., 2006).

An imperative question is to what degree changes in different corti-
cal and subcortical regions are coordinated. In a previous cross-sectional
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Fig. 6. Spaghetti plots for selected brain regions in aging. Plots of volumes (mm3) by age (years) for selected brain regions in the sample of elderly (n=142, 60–91 years). Volumes
from the left and right hemispheres were averaged. Blue lines denote males and red lines denote females. For each region, an assumption-free general additive model as a function
of age was fitted to accurately describe changes across the age-range.
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study (Tamnes et al., 2010), we found that varied structural metrics
are complementary and only somewhat correlated. Cortical thickness,
WMvolume and diffusion tensor imaging indices all showed unique as-
sociations with age, but only moderate regional associations with each
other (Tamnes et al., 2010). In an elegant recent study, Raznahan et al.
(2011a) found that regional rates of cortical development are highly
organizedwith respect to one another and differ systematically inmag-
nitude between higher- and lower-order cortices. Although the factors
that contribute to these patterns remain unclear, it is suggested that
fronto-temporal cortices show elevated degrees of maturational cou-
pling because they subserve integrative processes that require greater
functional coordination across regions (Raznahan et al., 2011a). Regional
cortical development should also be deconstructed, as changes in cor-
tical volume arise through a complex interplay of several distinct facets
of anatomy (Raznahan et al., 2011b), including thickness, surface area
and degree of gyrification (Hogstrom et al., in press; Mills et al., in
press;White et al., 2010). This is of particular interest given that the ge-
netic influences on thickness and arealization are known to be largely
non-overlapping (Eyler et al., 2011; Panizzon et al., 2009). Future stud-
ies should also investigate hemispheric differences in longitudinal
cortical change in childhood and adolescence in greater detail, as the
current results showed somewhat larger volume reductions in selected
temporal and medial parietal regions in the left hemisphere and larger
reductions in selected frontal and lateral parietal regions in the right
hemisphere.

Patterns of change across development and aging

Importantly, the results showed steeper developmental trajecto-
ries in posterior cortical regions in childhood and steeper trajectories
in frontal regions in adolescence, supporting the proposition that cor-
tical maturation in general progresses in a posterior-to-anterior order
(Jernigan et al., 2011). This has previously been indicated by studies
showing that reductions appear first in primary sensory-motor corti-
ces, then in secondary areas and finally in polymodal association
areas (Gogtay et al., 2004; Shaw et al., 2008). Parallels between this
pattern andmilestones in cognitive development have been suggested
(Casey et al., 2005). Of great importance, however, is how trajectories
of change across development relate to the atrophic changes in aging
(Toga et al., 2006). Specifically, the relevance of developmental patterns
for healthy aging and dementia has been conceptualized in terms of
retrogenesis (Reisberg et al., 1999). Deterioration or degenerative
mechanisms are thought to proceed inversely to ontogenic acquisition
patterns, i.e. systems that are last to mature in development will be
more vulnerable to aging and disease in the other end of the lifespan.
The present report is the first to combine longitudinal data from
samples of children and adolescents (n=85, 8–22 years) and elderly
(n=142, 60–91 years) and directly contrast cortical and subcortical
changes in maturation and senescence. The results revealed substan-
tially greater cortical reductions in development than in aging, with
the annual volume decreases two–three times larger in children and
adolescents in most regions. In contrast, larger ventricular volume
increases were seen in aging. For the subcortical structures, the results
were more mixed, with larger decline in development in the caudate
and greater atrophy rates in aging in the amygdala and hippocampus.
An important question regards the extent to which atrophy in the el-
derly sample reflects normal aging or instances of subclinical condi-
tions such as preclinical dementia. As neurodegenerative conditions
may manifest in the brain years before clinical symptoms are detect-
able, follow-up data over several years are needed to rule out with
certainty that disease processes caused some of the observed atro-
phy. Still, previous studies have demonstrated that even participants
with the highest degree of stability on neuropsychological tests show
significant longitudinal brain changes (Fjell et al., 2010b), so we be-
lieve that the present results do not reflect subclinical age-related
neurodegenerative conditions.

A comparison of relative rates of cortical change in development
and in elderly revealed a mixture of overlapping and unique charac-
terizing changes in maturation and senescence. On the lateral surface,
the most pronounced cortical reductions in development and in aging
were anatomically similar. However, on the medial surface, we found
spatially distinct patterns of change in the medial frontal and tem-
poral lobes. Furthermore, comparisons of childhood development vs.
aging and adolescent development vs. aging revealed striking transi-
tions from highly different patterns of cortical reductions in early de-
velopment and aging, to much more similar patterns of change in
late development and aging. This was especially prominent in the me-
dial orbitofrontal cortex, and indicates a pattern where late developed
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Table 2
Annual longitudinal change in development (n=85, 8–22 years) and aging (n=142,
60–91 years) compared.

Mean annual change
(%)

Group difference

Development Aging t p Ratio

Brain structures
Cerebral cortex −1.15 −0.40 9.09 b10−17 2.9
Cerebellum cortex −0.58 −0.35 3.20 .002 1.7
Accumbens −0.62 −0.57 0.46 .647 1.1
Amygdala −0.16 −0.82 −4.79 b10−6 0.2
Brainstem 0.52 −0.31 −9.05 b10−17 1.7
Caudate −0.82 −0.24 4.69 b10−6 3.4
Hippocampus −0.16 −0.84 −6.14 b10−9 0.2
Pallidum −0.20 −0.40 −3.14 .002 0.5
Putamen −0.60 −0.43 2.37 .019 1.4
Thalamus −0.44 −0.69 −2.97 .003 0.6

Ventricles
Lateral ventricle 1.92 4.40 4.05 b10−5 0.4
Inferior lateral ventricle 0.47 5.47 7.63 b10−12 0.1
3rd ventricle 1.03 3.07 3.35 b .001 0.3
4th ventricle 0.02 0.71 1.78 .077 b0.1

Cortical regions
Cingulate, rostral anterior −0.73 −0.34 4.34 b10−5 2.1
Cingulate, caudal anterior −0.80 −0.27 5.99 b10−9 3.0
Cingulate, posterior −1.11 −0.25 9.54 b10−18 4.4
Cingulate, retrosplenial −1.00 −0.20 10.05 b10−20 5.0
Frontal, superior −0.76 −0.31 4.46 b10−5 2.5
Frontal, caudal middle −0.94 −0.40 5.11 b10−7 2.4
Frontal, rostral middle −1.26 −0.32 7.83 b10−13 3.9
Frontal, pars opercularis −1.11 −0.38 7.91 b10−13 2.9
Frontal, pars triangularis −1.18 −0.37 7.44 b10−12 3.2
Frontal, pars orbitalis −0.91 −0.38 4.59 b10−6 2.4
Frontal, lateral orbital −0.84 −0.42 4.54 b10−6 2.0
Frontal, medial orbital −0.85 −0.39 4.77 b10−6 2.2
Frontal, pole −0.47 −0.59 −0.62 .539 0.8
Frontal, precentral −0.49 −0.10 4.12 b10−5 4.9
Parietal, postcentral −0.93 0.09 11.83 b10−25 10.3
Parietal, paracentral −0.78 −0.17 6.54 b10−10 4.6
Parietal, superior −1.24 −0.18 10.76 b10−22 6.9
Parietal, inferior −1.57 −0.40 11.24 b10−23 3.9
Parietal, supramarginal −1.47 −0.38 9.93 b10−19 3.9
Parietal, precuneus −1.36 −0.30 12.16 b10−26 4.5
Temporal, parahippocampal −0.68 −0.36 3.61 b10−4 1.9
Temporal, entorhinal −0.04 −0.55 −4.15 b10−5 0.1
Temporal, pole 0.11 −0.56 −4.52 b10−6 0.2
Temporal, superior −0.95 −0.43 5.89 b10−8 2.2
Temporal, middle −1.30 −0.47 7.38 b10−12 2.8
Temporal, inferior −1.11 −0.47 6.47 b10−10 2.4
Temporal, transverse −0.79 −0.31 5.22 b10−7 2.6
Temporal, banks sup temp sulcus −1.43 −0.55 8.89 b10−16 2.6
Temporal, fusiform −0.94 −0.38 7.30 b10−12 2.5
Occipital, lateral −1.10 −0.19 10.41 b10−21 5.8
Occipital, cuneus −0.80 −0.04 10.83 b10−22 20.0
Occipital, pericalcarine −0.56 0.11 9.53 b10−18 5.1
Occipital, lingual −0.80 −0.02 12.05 b10−26 40.0

The significance of the difference in annual percentage volume change in each region in
development and aging was tested with independent samples t-tests. Bold: pb .05
(Bonferroni-corrected, factor of 47). Ratios were calculated by dividing the mean annual
change in the developmental sample on mean annual change in the aging sample.

Fig. 7. Relative rates of cortical change in development and aging. A: To compare and
contrast the pattern of cortical change in development and aging, the annual percentage
volume change was z-transformed for each hemisphere in children and adolescents
(n=85, 8–22 years) and elderly (n=142, 60–91 years) separately. Red–yellow areas
indicate the largest relative cortical reductions within each group. The pattern of lateral
cortical changes was similar in development and aging, except in the anterior part of
the temporal lobes, but the characteristic pronounced medial fronto-temporal reduction
in aging was not precast across development. B: Next, we calculated the differences
between the smoothed estimated standardized volume changes (z-scores) in early devel-
opment vs. aging (the difference between reductions at 8 years and at 75 years) and late
development vs. aging (the difference between reductions at 20 years and at 75 years).
Children showed larger relative parietal and occipital reductions than elderly participants,
while the elderly showed larger frontal and temporal reductions. The patterns of relative
changes in adolescent development and aging were much more similar, with the excep-
tion of the pronounced medial temporal reductions in aging. C: Highlights of some of
the striking transitions from the relatively large differences between early development
and aging to the much more similar changes taking place in late development and
aging. Note the deviant pattern in the medial temporal lobe. Only the left hemisphere is
shown in panels B and C, but results for the right hemisphere were similar.
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cortical areas aremore vulnerable to atrophy in healthy aging. A similar
link has been suggested in relation to AD, and it has been speculated
that the last systems to mature are characterized by high degrees of
plasticity throughout life and that this makes them more susceptible
to neurodegeneration (Mesulam, 2000; Thompson et al., 2003; Toga
et al., 2006). The notable exception to the general pattern of late ma-
turing areas being most affected by atrophy in aging was the medial
temporal cortex, including the hippocampus and amygdala. These
areaswere characterized by verymodest changes across development,
as also reported in previous research (Shaw et al., 2008; van Soelen
et al., 2012), but high degrees of atrophy in aging. Although medial
temporal lobe structures show a high degree of plasticity well into
old age (Buell and Coleman, 1981; Flood et al., 1985; Ming and Song,
2011), the suggested pattern of coordinated change in development
and aging is not reflected here.

The spatially distinct patterns of change support that cortical re-
ductions in development and atrophy in aging reflect partly different
underlying processes (Sowell et al., 2003; Westlye et al., 2010a). The
cellular and molecular mechanisms causing structural changes in
childhood and adolescence are not fully understood, but there is evi-
dence for at least two concurrent processes: dynamic synaptic reor-
ganization, including reductions of synaptic density in the cortex
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(Huttenlocher and Dabholkar, 1997; Petanjek et al., 2011) and con-
tinued myelination of the axons (Benes, 1989; Benes et al., 1994;
Yakovlev and Lecours, 1967). During the course of development the
brain likely sacrifices plasticity for the sake of efficiency and stability.
Pruning of underutilized connections may result in a loss of plasticity,
while strengthening of the remaining synapses and increased caliber
and myelination of highly used axons result in increased efficiency and
consistency of signal transmission (Blakemore, 2012; Tau and Peterson,
2010), which is even observed at the behavioral level (Tamnes et al.,
2012). Topographical differences have been found in the time course
for both synapse formation/elimination and myelination (Webb et al.,
2001), but the links with regional macrostructural changes are not
well understood. In aging, reductions in the number of synaptic spines
and synapses, as well as shrinkage of cell bodies, are thought to be
relevant factors (Esiri, 2007; Freeman et al., 2008; Jacobs et al., 1997;
Pereira et al., 2007). An important task for further research is to dis-
entangle to what degree common mechanisms may be responsible
for brain maturation in childhood and degenerative changes in aging
(Nikolaev et al., 2009; Wines-Samuelson and Shen, 2005), and to
what degree distinct processes are causing the observed macrostruc-
tural changes. Longitudinal studies should utilize multimodal and
multidimensional data to explore the relationships between morpho-
metric measures, water diffusivity and signal intensity and tissue con-
trast in development and aging (Brown and Jernigan, 2012; Groves et
al., 2012; Kumar et al., 2012; Salat et al., 2009; Westlye et al., 2009,
2010a), as this could indirectly inform us on the underlying specific
biological processes that give rise to the imaging effects. Intriguingly,
a recent cross-sectional study (Brown et al., 2012) found that different
imaging modalities contribute most strongly to predicting age over
the course of development, indicating a dynamic cascade of changes
with different features dominating at different points.

Conclusions

The present study demonstrates differing rates of change across
brain structures and regions in development, as well as accelerating
cortical change in frontal areas and decelerating change in posterior
areas, supporting that maturation in general proceeds in a “posterior-
to-anterior” direction. Comparisons of children and elderly revealed
a mixture of overlapping and spatially distinct patterns of change in
maturation and senescence, and indicated that late developed cortical
areas are more vulnerable to late-life atrophy, although an important
exception from this principle was seen in the medial temporal lobe.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.11.039.
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