
UC San Diego
UC San Diego Previously Published Works

Title
Localizing Age-Related Changes in Brain Structure between Childhood and Adolescence 
Using Statistical Parametric Mapping

Permalink
https://escholarship.org/uc/item/6ww6h4zd

Journal
NeuroImage, 9(6)

ISSN
1053-8119

Authors
Sowell, Elizabeth R
Thompson, Paul M
Holmes, Colin J
et al.

Publication Date
1999-06-01

DOI
10.1006/nimg.1999.0436
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6ww6h4zd
https://escholarship.org/uc/item/6ww6h4zd#author
https://escholarship.org
http://www.cdlib.org/


t
h
o
a
e
i
T
l
n
t
s
p
c
t
(
5
d
f
S
f
d
o
a
d
S
t
n
d
t
f
i
w
m
c
c
r

NeuroImage 9, 587–597 (1999)
Article ID nimg.1999.0436, available online at http://www.idealibrary.com on
Localizing Age-Related Changes in Brain Structure between Childhood
and Adolescence Using Statistical Parametric Mapping

Elizabeth R. Sowell,*,† Paul M. Thompson,* Colin J. Holmes,* Rajneesh Batth,*
Terry L. Jernigan,‡ and Arthur W. Toga*

*Department of Neurology, Laboratory of Neuroimaging, and †Division of Child and Adolescent Psychiatry, University of California at Los
Angeles, Los Angeles, California 90095; and ‡Department of Veterans Affairs Medical Center and Departments of Psychiatry and Radiology,

University of California, San Diego, School of Medicine, San Diego, California

Received August 6, 1998
1
G
J
h
d
t
t
b
b
v
l
L
l
i
o
l
a
t
m
c
a
o

t
e
b
m
f
c
s
c
p
s
i
n

Volumetric studies have consistently shown reduc-
ions in cerebral gray matter volume between child-
ood and adolescence, with the most dramatic changes
ccurring in the more dorsal cortices of the frontal
nd parietal lobes. The purpose of this study was to
xamine the spatial location of these changes employ-
ng methods typical of functional imaging studies.
1-weighted structural MRI data (1.2 mm) were ana-

yzed for nine normally developing children and
ine normal adolescents. Validity and reliability of the
issue segmentation protocol were assessed as part of
everal preprocessing analyses prior to statistical
arametric mapping (SPM). Using SPM96, a simple
ontrast of average gray matter differences between
he two age groups revealed 57 significant clusters
SPM5Z6 height threshold, P F 0.001, extent threshold
0, uncorrected). The pattern and distribution of
ifferences were consistent with earlier findings

rom the volumetric assessment of the same subjects.
pecifically, more differences were observed in dorsal
rontal and parietal regions with relatively few
ifferences observed in cortices of the temporal and
ccipital lobes. Permutation tests were conducted to
ssess the overall significance of the gray matter
ifferences and validity of the parametric maps. Twenty
PMs were created with subjects randomly assigned
o groups. None of the random SPMs approached the
umber of significant clusters observed in the age
ifference SPM (mean number of significant clus-
ers 5 5.8). The age effects observed appear to result
rom regions that consistently segment as gray matter
n the younger group and consistently segment as
hite matter in the older group. The utility of these
ethods for localizing relatively subtle structural

hanges that occur between childhood and adoles-
ence has not previously been examined.
1999 Academic Press
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INTRODUCTION

Studies of normal brain maturation (Jernigan et al.,
991; Pfefferbaum et al., 1994; Caviness et al., 1996;
iedd et al., 1996a,b; Reiss et al., 1996; Sowell and
ernigan, 1999; Sowell et al., submitted for publication)
ave consistently shown that brain morphology changes
ynamically into adulthood. Gray matter volume reduc-
ions between childhood and adolescence with rela-
ively stable total brain volume in this age range have
een consistent findings in the literature. This would
e expected given postmortem studies that have re-
ealed a protracted progression of myelination, particu-
arly into frontal and parietal regions (Yakovlev and
ecours, 1967) continuing well into the third decade of

ife. Additionally, regressive events, such as reductions
n synaptic density, have been reported to occur through-
ut adolescence in humans (Huttenlocher, 1979; Hutten-
ocher and de Courten, 1987) and in monkeys (Zecevic
nd Rakic, 1991). These studies show that matura-
ional factors occur in a programmed way such that
ore primitive regions of the brain (e.g., brain stem,

erebellum) mature earlier, and phylogenetically more
dvanced regions of the brain (e.g., association cortices
f the frontal lobes) develop later.
In a detailed in vivo study of human brain matura-

ion, Sowell et al. (submitted for publication) reported
vidence for a subtle increase in total cerebral volume
etween the ages of 7 and 16 years. Brain size-corrected
easures of overall white matter also showed evidence

or an increase with age, while measures of total
ortical gray matter (corrected for total brain volume)
ignificantly decreased with age. More dramatic corti-
al change appeared to be occurring in frontal and
arietal regions during this age range with highly
ignificant reductions in gray matter and concomitant
ncreases in white matter. Subcortical structures did
ot appear to be changing as much with significant

olume reductions observed only in the thalamus and
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588 SOWELL ET AL.
rend level reductions in the caudate nuclei. Cerebrospi-
al fluid (CSF) volume increases were observed adja-
ent to the frontal and lateral temporal cortices, but
hese changes were quite subtle relative to the cortical
ray and white matter age effects. Generally, the in vivo
ndings reflect the pattern of change observed in
ostmortem studies (e.g., Yakovlev and Lecours, 1967)
here maturational phenomena progress from inferior

o superior regions and posterior to anterior regions.
While volumetric studies have provided some evi-

ence for regional specificity of maturational changes,
he question of spatial localization of brain develop-
ent between childhood and adolescence has not been

ddressed in the literature. Such information could
rovide further insight into the functional significance
f regionally specific maturation in healthy children.
or example, volumetric studies show reductions in
ray matter with concomitant increases in white mat-
er and CSF within the frontal lobes, but the exact
istological underpinnings of these changes are not
nown. Clearly we can infer from our knowledge of
ostmortem studies that myelin deposition is continu-
ng and regressive events are occurring, but which is

ost responsible for the volumetric changes we ob-
erve? With in vivo volumetric studies, scientists are
omewhat limited in their localization abilities because
he boundaries of gross anatomical structures can be
mbiguous and time consuming to define in great
etail. Methods that are traditionally used to assess
unctional imaging data may be useful, and perhaps
ore efficient, in localizing the age effects observed in

he volumetric studies. With statistical parametric
apping (SPM) techniques, the whole brain can be

nalyzed at once without tedious slice by slice region
efinition. A similar approach was first reported by
ndraesen et al. (1994) where structural differences in
chizophrenia were examined on a voxel by voxel basis.
The goal of this study was to further explore matura-

ional changes in the developing human brain using
tatistical parametric mapping techniques (SPM96;
riston et al., 1995). A subset of the children and
dolescents studied earlier by Sowell et al. (submitted
or publication) was also studied here, and predictions
ere made that age-related changes observed in this

tudy would parallel the pattern observed in the volu-
etric assessment of these children. Specifically, it was

redicted that more age effects would be localized in the
orsal cortices of frontal and parietal lobes, while
elatively few age effects would be observed in the
entral cortices of the temporal lobes and in the subcor-
ical space.

METHODS

Subjects. Nine children (7 to 10 years; mean age 8.6

ears; 5 boys, 4 girls) and 9 adolescents (12 to 16 years; t
ean age 14 years; 5 boys, 4 girls) were examined with
PM. Another group including 19 subjects (15 of whom
ere also assessed in the SPM analyses) were assessed

or validation of the tissue segmentation methods. All
ubjects were recruited as normal controls for a large,
ultidisciplinary neurodevelopmental research center.
ll of the children were right handed and each was
creened for neurological impairments and for any
istory of learning disability or developmental delay.
nformed consent was obtained from all children and
heir parents.

Imaging protocol. Three whole-brain image series
ere collected for each subject. The first was a gradient-
cho (SPGR) T1-weighted series with TR 5 24 ms, TE 5
ms, NEX 5 2, flip angle 5 45°, field of view of 24 cm,

ection thickness of 1.2 mm, no gaps (shown in Fig. 1).
he second and third series were a fast spin-echo
cquisition yielding two separate image sets: TR 5
000 ms, TE 5 17 ms, ET 5 4 and TR 5 3800 ms, TE 5
02 ms, ET 5 8; for both sets the field of view was 24
m, section thickness 4 mm, no gaps (interleaved).
maging time for both series totaled approximately 30
in.
Image processing. Image data sets were subjected

o the following preprocessing analyses: reslicing of the
olume into a standard orientation, interactive isola-
ion of supratentorial cranial regions from surrounding
xtracranial and infratentorial tissue, three-dimen-
ional digital filtering to reduce inhomogeneity artifact
Sled et al., 1998), tissue segmentation using semiauto-
ated algorithms (Kollokian, 1996), and finally scaling

nto a standard space (Collins et al., 1994). All of the
bove preprocessing analyses were conducted on Sili-
on Graphics R5000 O2 180MHZ workstations.
Reorientation. First, reslicing into a standard orien-

ation was accomplished by trained operators ‘‘tagging’’
0 standardized anatomical landmarks in each sub-
ect’s image data set that corresponded to the same 10
natomical landmarks defined on the ICBM-305 aver-
ge brain (Mazziotta et al., 1995). With these tag
oints, parameters were computed for a three-transla-
ion and three-rotation rigid-body linear transforma-
ion for each subject, and a trilinear interpolation was
sed to create transformed images with new isotropic
-mm voxel dimensions. Reslicing provided image ana-
ysts with a standard view of the brain, making it easier
o apply standardized rules for defining cerebral and
oncerebral regions (Filipek et al., 1989).
Tissue segmentation. Next, trained operators tagged

amples of gray matter (40 voxels), white matter (40
oxels), ventricular CSF (20 voxels), and background
20 voxels) throughout the volume of each resliced data
et. These samples were used as training sets in a
issue classification algorithm that assigned each voxel
o one of the four categories. While several different

issue classification algorithms were available for these
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589MAPPING BRAIN MATURATION
nalyses (e.g., Minimum Distance, Bayesian, k Nearest
eighbor, Artificial Neural Nets; Kollokian, 1996), a
inimum distance classifier was chosen for this study

ecause it provided the best results (for this T1-
eighted imaging protocol) in a qualitative analysis of

he different methods. Sample tissue segmented im-
ges can be viewed in Fig. 1.
Brain masking. Tissue classified images were used

o aid in creating a mask of the brain, removing scalp
nd other nonbrain tissues within the imaged volume.
he advantage of using the tissue segmented images is
hat the segmented CSF around the outer edge of the
ortex (in most places) could be used as a predefined
order between brain and scalp. Analysts were only
equired to create boundaries where nonbrain tissue
ith signal values similar to gray or white matter was

ontiguous with brain tissue (see Fig. 2). After nonbrain
issue was separated, the brain mask was morphologi-
ally dilated to include subdural and ventricular CSF,
hus providing estimates of total brain volume (gray
nd white matter only), as well as intracranial volume
including gray matter, white matter, and CSF) for each
ubject. Using these methods, trained image analysts
an create a brain mask in roughly 1 to 1.5 h, which was

considerable time reduction over less automated
echniques.

Spatial filter. Signal intensity nonuniformities
aused by inhomogeneities in the scanner can result in
oor classification of tissue types in different spatial
egions of an imaged volume. Thus, after brain masks
ere created, a three-dimensional spatial filter was
pplied to each data set to remove low frequency
hanges or ‘‘drifts’’ in signal value across the volume.
hese new filtered images were then resubmitted to the
inimum distance tissue classifier using the same

raining tag points selected earlier. Nonbrain voxels
ere subtracted from the new rf-corrected segmented

mages, and infratentorial (cerebellar and brain stem)
tructures were defined and subtracted.
Spatial normalization and scaling. The filtered,

issue-classified supratentorial volume from each sub-
ect was then scaled into standard ICBM-305 space
sing a completely automated nine-parameter linear

with scaling in the x, y, and z planes) spatial normaliza-
ion algorithm (Collins et al., 1994). Note that the
patial normalization in the ‘‘reorientation’’ preprocess-
ng step consisted only of rotations in the x, y, and z
lanes with no scaling. After spatial normalization, the
egmented volumes were binarized to include only
oxels that segmented as gray matter for importation
nto the SPM96 software (Friston et al., 1995).

Smoothing. The spatially normalized gray matter
aps were imported into SPM96 and smoothed with an

-mm FWHM isotropic Gaussian kernel to reduce
ariation due to individual differences in gyral and

ulcal patterns. While other authors have chosen larger s
moothing kernels for structural analyses using SPM
e.g., Shah et al., 1998, 12 mm; Richardson et al., 1997,
3 mm) we chose the 8-mm smoothing kernel because
e thought that it best approximated the thickness of

he cortex we were examining. It is also consistent with
ne other study in which structural gray matter differ-
nces were examined (e.g., Wright et al., 1995). In their
iscussion of making statistical inferences, Frackowiak
t al. (1998) state that when the ‘‘smoothing increases
he probability that a large region occurs above u by
hance increases as well’’ (p. 91). This suggests that our
hoice of an 8-mm filter is somewhat conservative
elative to larger kernel sizes and is less likely to result
n type I error.

Statistical analysis. First, the validity of the tissue
egmentation and brain masking protocols was as-
essed by comparing results from the group of 19
ormal control subjects analyzed using these methods
nd the results from analyses conducted on the same 19
ubjects using an analysis protocol for the dual echo
mage series described by Jernigan and colleagues
Jernigan et al., submitted for publication). Interrater
eliability was also assessed for 10 of the 19 subjects
tudied. The mean errors were computed by averaging
he absolute values of the differences between two
easures (e.g., mean gray matter volume obtained by
RS and mean gray matter volume obtained by RB)
nd expressing them as a percentage of their mean.
Statistical parametric mapping was conducted for

he groups of 9 children and 9 adolescents using SPM96
nd two simple contrasts comparing the averaged
moothed gray matter segmentations for the younger
nd the older groups (child minus adolescent and
dolescent minus child). Differences between groups
ere displayed as SPMs (Z distribution) with a voxel

hreshold probability of 0.001 and an extent threshold
f 50 contiguous voxels per cluster. These 18 subjects
ere randomly assigned to groups for 20 new analyses

rom which the results (using the same height and
xtent thresholds as the group tests) were tabulated to
ssess the overall significance of the SPM.
Next, chronological age was used as a continuous

ariable in two multisubject single covariate-of-inter-
st statistical analyses (negative age effects and posi-
ive age effects). The covariate (age) effects were esti-
ated at each voxel to obtain SPM5Z6 maps with a voxel

hreshold probability of 0.001 and an extent threshold
f 50 contiguous voxels.
Each data set was segmented using samples of gray
atter, white matter, and CSF tagged within each

ndependent volume resulting in new segmented im-
ges where global differences in signal value from the
aw data were no longer relevant. All subsequent
nalyses were run on the classified data. Thus, correc-
ions for global differences in gray matter density or

ignal value (global normalization), that are typically
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591MAPPING BRAIN MATURATION
sed with functional imaging data sets, were not
pplied for the statistical parametric analyses because
ray matter ‘‘density’’ was no longer a characteristic of
he data (e.g., tissue segmentation yielded data sets
here gray matter voxels within a range of densities
ere collapsed into one category throughout each vol-
me).
To test the regional hypotheses that relatively more

ignificant differences would be observed in dorsal
rontal and parietal regions and relatively few would be
bserved in the ventral cortices and mesial structures,
everal brain regions were defined on an average of all
ubjects spatially normalized image data sets. First,
ubcortical gray matter (including caudate, putamen,
lobus pallidus, and mesial septal basal forebrain
tructures) was separated from the cortical structures.
our cortical quadrants were defined stereotaxically
ased on two planes, one axial plane (perpendicular to
he midsagittal plane) passing through the most ante-
ior point in the genu and the most posterior point in
he splenium of the corpus callosum and one coronal
lane (perpendicular to the axial plane) passing through
he midpoint between the anterior and posterior com-
issures. The four new quadrants were: (1) inferior to

he axial plane and anterior to the coronal plane, (2)
nferior to the axial plane and posterior to the coronal
lane, (3) superior to the axial plane and anterior to the
oronal plane, and (4) superior to the axial plane and
osterior to the coronal plane. Note that each new
uadrant consisted of gray matter, white matter, and
SF that was not previously defined within the subcor-

ical region described above. Statistical significance for
ach quadrant and the subcortical region was assessed
y counting the number of significant voxels from the

FIG. 1. Sample original T1-weighted and tissue segmented im-

FIG. 2. Tissue-segmented image undefined (left), image with gr
esignated in light blue (middle), and complete brain region filled in l
rges.
roup SPM analysis that fell into each region. This
istribution of voxels was compared to the null hypoth-
sis (that all quadrants and the subcortical region
ould have an equal number of significant voxels)
sing a x2 test. Because regions differed in gray matter
olume, each voxel count was expressed as a ratio to
hat of the total average gray matter volume in the
egion from which it was measured.

RESULTS

Statistical parametric mapping. For all statistical
arametric analyses, a height threshold probability of
.001 and an extent threshold of 50 contiguous voxels
ere used to assess for statistical significance.
Localized differences in gray matter between the

roup of nine children and the group of nine adoles-
ents are displayed as SPM5Z6 maps in Figs. 3A and 3B.
he SPM representative of gray matter loss between
hildhood and adolescence (e.g., child minus adoles-
ent) can be seen in Fig. 3A. When the same height and
xtent thresholds were used to assess gray matter
ncreases between childhood and adolescence (e.g.,
dolescent minus child), no significant voxels were
bserved. As shown in Fig. 3B, when a less stringent
eight threshold was used (P 5 0.005), one significant
luster was revealed.
Results from the regional hypotheses (of gray matter

osses; Fig. 3A) indicate that the pattern of significant
oxels (relative to total regional gray matter volume) is
ot uniform across all five anatomical regions (x2 5 160,
f 5 4; P , 0.001). As predicted, the dorsal cortices of
he frontal and parietal regions were much more vari-
ble with age than were the ventral or subcortical
egions. The parietal region had more significant voxels
han the frontal region (x2 5 8.5, df 5 1, P , 0.01). The
istribution of significant voxels for each of the five

nd white matter pixels which are contiguous with nonbrain pixels
t blue for one sample slice (right).
ay a
egions can be seen in Table 1, and Table 2 contains a
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592 SOWELL ET AL.
ist of Talairach coordinates for the most significant
oxel within each of the 10 largest clusters from the
roup analyses (child minus adolescent contrast).
To assess the overall significance of the omnibus

roup test, subjects were randomly assigned to groups
n 20 new analyses. The mean number of significant
lusters for the 20 randomized tests was 5.8 (SD 5 6,
ange 0 to 26), compared to the 57 significant clusters in
he omnibus group test (P , 0.05; permutation test).
igure 4 contains two representative randomized SPMs.
The covariate (age) effects were estimated at each

oxel to obtain SPM5Z6 maps for the two contrasts
positive age effects and negative age effects). The
esults of these analyses were similar, but not identical,
o those for the group difference tests discussed above.
he SPM representative of gray matter loss with

FIG. 3. (A) SPM5Z6 map of the group effect of gray matter loss
epresenting the contrast: children minus adolescents. (B) SPM5Z6
ap of the group effect of gray matter gain representing the contrast:

dolescents minus children.
ncreasing age (e.g., negative age effects) can be seen in
ig. 5A. When the same height and extent thresholds
ere used to assess gray matter increases with increas-

ng age (e.g., positive age effects), no significant voxels
ere observed. As shown in Fig. 5B, when a less

tringent height threshold was used (P 5 0.005), one
ignificant cluster was revealed.
Figure 6 is a graphical display of the age effect for one

ighly significant voxel from the covariance of interest
nalysis. As can be seen, the older subjects have a lower
ignal value (more similar to white matter) at that
oxel location than do their younger counterparts. In
ig. 7, the significant clusters for both the covariance

negative age effects; in red) and the group tests (child
inus adolescent; in green) for age effects can be seen
apped onto three sequential left hemisphere sagittal

ections for the average younger and average older
ubjects. Note the dramatic change in appearance and
erhaps posterior relocation of the marginal arm of the
eft cingulate sulcus between childhood and adoles-
ence revealed with these analyses.

TABLE 1

Ratio of Significant Voxels from the Group Difference SPM
to the Total Average Gray Matter in Each of Five Regions

Region gray
matter in

voxels
Significant

voxels
Voxels/
region

nferior anterior (orbital
frontal and anterior tem-
poral) 205,689 291 0.0014

nferior posterior (occipital
and posterior temporal) 186,002 304 0.0016

uperior anterior (dorsal
frontal) 284,759 1867 0.0065

uperior posterior (parietal) 390,413 4034 0.0103
ubcortical 68,667 66 0.0010

TABLE 2

Talairach Coordinates of the Most Significant Voxel within
he 10 Largest Clusters in the Group Contrast (Child Minus
dolescent)

luster size
in voxels

Talairach coordinates (mm)

x y z

1104 27 0 72
1015 21 258 27
982 227 235 76
902 211 242 67
613 238 264 57
558 1 231 72
489 235 245 67
455 44 257 212
449 30 261 65
395 222 273 57
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593MAPPING BRAIN MATURATION
Segmentation validity. Volumetric results obtained
sing these tissue segmentation methods were very
imilar to the results obtained in another laboratory
Jernigan et al., under review) when the same 19
ubjects were examined. The Pearson correlations for
otal gray, white, and CSF volumes obtained using the
wo methods were 0.88, 0.88, and 0.83, respectively.
he correlation for total brain volume obtained by the
wo laboratories was 0.99.

Segmentation reliability. Interrater reliability mea-
ures for gray matter, white matter, and CSF volumes
btained for 10 subjects by two experienced image
nalysts (authors E.R.S. and R.B.) were high. Pearson
orrelation coefficients were 0.98 for gray matter, 0.96
or white matter, and 0.94 for CSF. Error estimates
ere 1% for gray matter and 2% for white matter and
SF. The variability between raters for these measures
rises from differences in tag point selection.

DISCUSSION

The goal of this study was to localize maturational
hanges in brain morphology between childhood and

FIG. 4. SPM5Z6 maps of two representative randomized group

sests.
dolescence by testing for age effects on a voxel by voxel
asis using parametric statistics. As predicted, more
ge-related differences in the SPMs were seen in the
orsal cortices of the frontal and parietal lobes whether
roup differences or continuous age effects were as-
essed. The most dramatic changes appear to be occur-
ing in parietal cortices and seem to result from regions
n the border between gray and white matter that are
hanging from gray matter signal in the younger
ubjects to white matter signal in the older subjects.
uch effects would be expected given that myelin
eposition continues to occur throughout the age range
tudied here, and the association cortices of frontal and
arietal regions are known to myelinate later than
ortices in more ventral brain regions (Yakovlev and
ecours, 1967). Changes that seem to result from

FIG. 5. (A) SPM5Z6 map of the covariate of interest analysis for
he contrast assessing the negative effects of age. (B) SPM5Z6 map of
he covariate of interest analysis for the contrast assessing the
ositive effects of age.
ubtle movement or relocation of some sulci between
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594 SOWELL ET AL.
hildhood and adolescence (e.g., posterior relocation of
arginal arm of cingulate sulcus in the left hemi-

phere) have not previously been noted in the litera-
ure, and further studies are under way to address this
ossibility.
Interrater reliabilities for tissue segmentation of

ray matter, white matter, and CSF were all 0.94 and
bove using these methods. These correlation coeffi-
ients are considerably higher than reported reliability
0.81) from another group doing similar studies with
issue classification and SPM (e.g., Wright et al., 1995).
he results obtained using this tissue segmentation
rotocol for the high-resolution T1-weighted images
ere comparable to the results obtained for the same

ubjects when analyzing a dual echo series and using a
ore sophisticated tissue classification algorithm (Jerni-

an et al., submitted for publication). While the dual
cho series probably yields more accurate tissue segmen-
ation (Clark et al., 1995), the tradeoff for an increase in
patial resolution with the single T1-weighted series is
rucial for this type of study where localization is the
oal. Additionally, in a regression analysis, the age
ffects for total gray matter were highly significant for
olume reduction (b 5 20.35, P , 0.001) when brain
ize was also taken into account as a covariate. These
esults are virtually identical to the age effects ob-
erved for total gray matter volume (relative to total
rain volume) when the dual echo protocol was used
Sowell et al., submitted for publication). Given these
ndings, it seems that multispectral imaging protocols,
hich are typically lower in spatial resolution, could be
xchanged for high-resolution single-spectrum T1-

FIG. 6. Scatterplot of signal value by chronological age (at
alairach coordinate 235, 269, 20) for one highly significant voxel
rom the covariance analysis (negative age effects).
eighted imaging protocols, particularly in relatively a
oung subjects where gray/white contrast is reasonably
igh.
As seen in the SPMs, the original hypotheses of this

tudy (that the distribution of significant clusters would
oughly parallel the pattern of results observed in the
olumetric studies of the same subjects) are supported.
he relatively subtle effects of continuing myelination
nd regressive maturational factors that occur through-
ut adolescence can be localized using these methods. It
hould be noted, however, that the sample size studied
ere was relatively small, and the generalizability of
he results is not known. Assessment of gender differ-
nces in the age effects may also be relevant, but could
ot be assessed here due to the small sample size.
onetheless, the significant findings are valid in this

ample, providing further evidence that the human
erebral cortex does mature in a regionally and tempo-
ally variable progression throughout adolescence.
The significance level for the clusters in the SPMs
as determined by permutation tests, rather than by
sing the theory of Gaussian random fields, since fewer
ssumptions about the signal are required by the
onparametric test. The multiple comparison correc-
ion factors in SPM96 are inappropriately stringent for
his type of study because of the presence of higher
patial frequencies in structural maps relative to func-
ional activation maps. In functional imaging studies,
esearchers analyze significance by using nonparamet-
ic approaches (e.g., permutation test) or by making
dditional assumptions (e.g., signal can be modeled as

smooth Gaussian random field). By making the
dditional assumptions, an approximate P value for the
ffect is obtained at the expense of possibly overcorrect-
ng the significance level. Permutation tests are prefer-
ble because they require fewer assumptions (Bullmore
t al., 1996), although they are time consuming and
omputationally intensive.
The age effects observed here resulted from signal

alues that decrease with increasing age, as would be
xpected given the findings from volumetric studies. In
ther words, the younger children had signal values
ore representative of gray matter in dorsal frontal

nd parietal regions, and the adolescents had signal
alues more representative of white matter in these
egions. Notably, the results varied somewhat depend-
ng on the design of the statistical analysis. The re-
ional distribution of age effects in both group and
ovariance analyses appeared quite similar, but subtle

FIG. 7. Three left hemisphere sagittal sections from the average
rain of the young children (left column) and the corresponding
agittal slices for the average brain of the adolescents (right column).
ighlighted in green are the clusters that were significant in the

roup analysis (child minus adolescent, P , 0.001) and in red are the
lusters which were significant in the covariance analysis (negative

ge effects, P , 0.001).
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596 SOWELL ET AL.
ifferences in the spatial location and size of the
ignificant clusters suggest that the two types of analy-
es might tap different aspects of maturation. This is
ot surprising given that we would expect the effects
e are measuring to be somewhat phasic, or nonlinear,

n nature. That is, we originally chose the two age
roups to be roughly pre- and postpubertal, and factors
nown to affect brain morphology (e.g., pubertal/
ormonal) which occur sometime between the ages of
he younger and older groups studied here are pre-
umed to be related to the changes measured (see
arcia-Segura, 1994, for a review of the role of gonadal
ormones in brain structural plasticity). However, the
ubject assignment for the group test may not have
een optimal for separating ‘‘pubertal’’ phases, and it is
ossible that if the ages had been distributed differ-
ntly for the two groups (e.g., 7 to 12 years for the
hildren and 14 to 16 years for the adolescents), slightly
ifferent results would have been observed. Thus, we
elieve that the group test was more reflective of
onlinear aspects of the age effects that could not be
bserved with the linear covariance analysis.
Interestingly, the age effects/group differences ob-

erved here appear to be most prominent in parietal
egions in this age range, despite postmortem (Yakov-
ev and Lecours, 1967) and functional studies (Chugani
nd Phelps, 1986) showing evidence for a caudal to
ostral and posterior to anterior progression of matura-
ional changes. One might expect dorsal frontal regions
o be the most variable across this age range given the
bove findings. However, results from volumetric stud-
es (Sowell et al., submitted for publication) actually
how more robust changes in parietal than frontal
ortices in these subjects, which is consistent with the
esults observed from SPM. Clearly, the progressive
nd regressive events are distributed temporally as
ell as spatially, and perhaps frontal regions are
aturing somewhat later (between adolescence and

dulthood) than the parietal regions; further studies to
ssess this issue are under way.
Methods employed in this study to normalize the

hildren’s brains into a standard space (ICBM-305)
ay or may not be appropriate for a developmental

opulation. Morphological changes in the brain through-
ut development are increasingly observed to be region-
lly heterogeneous (Jernigan et al., 1991; Sowell and
ernigan, 1999), and the brain does not appear to finish
rowing completely until late adolescence (e.g., Sowell
t al., submitted for publication). Thus, linear warping
echniques may differentially over- or underestimate
ctual changes depending on whether the region under
tudy is in a static or plastic developmental phase.
onlinear warping algorithms may be more appropri-
te for the study of a population where the brain is not
et completely developed (for a discussion, see Toga et

l., 1997). An additional limitation to using linear
arping algorithms is that anatomical variability tends
o be greater in lateral neocortices than in the mesial
ubcortical region. This tends to result in regionally
ariable power to detect differences between groups or
ith age such that lateral changes are less likely to be
bserved than mesial changes. Nonetheless, the find-
ngs here parallel those from other morphometric stud-
es where the children’s brains were not warped or
caled outside native space (Jernigan et al., 1991;
owell et al., submitted for publication), and the signifi-
ant findings were disproportionately in the lateral
ortices where we should have the least power to find
ignificant effects. This suggests that valid information
an be obtained from the linear warping algorithm used
ere, but further studies are under way to address
hese important issues.

While the SPM analysis was developed specifically to
xamine functional activation, this study of normal
rain maturation suggests that it has utility in assess-
ng relatively subtle structural changes as well. Results
rom the SPM analyses were consistent with the find-
ngs from volumetric assessments of the same subjects.
hese methods may be useful for more exploratory
nalyses of brain morphology in rare developmental
opulations where relatively little is known about
berrant brain structure.
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