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Voxel-based-morphometry (VBM) is a whole-brain,
unbiased technique for characterizing regional cere-
bral volume and tissue concentration differences in
structural magnetic resonance images. We describe an
optimized method of VBM to examine the effects of age
on grey and white matter and CSF in 465 normal
adults. Global grey matter volume decreased linearly
with age, with a significantly steeper decline in males.
Local areas of accelerated loss were observed bilater-
ally in the insula, superior parietal gyri, central sulci,
and cingulate sulci. Areas exhibiting little or no age
effect (relative preservation) were noted in the amyg-
dala, hippocampi, and entorhinal cortex. Global white
matter did not decline with age, but local areas of
relative accelerated loss and preservation were seen.
There was no interaction of age with sex for regionally
specific effects. These results corroborate previous re-
ports and indicate that VBM is a useful technique for
studying structural brain correlates of ageing through
life in humans. © 2001 Academic Press

Key Words: ageing; normal; MRI; voxel based mor-
phometry.

INTRODUCTION

There is compelling evidence from post mortem and
in vivo studies that the brain shrinks with age, but
accurate quantification of the specific patterns of age-
related atrophy has proved elusive. It is unclear
whether there are predictable common patterns of age-
ing or whether individual human brains respond to the
ageing process idiosyncratically. Postmortem analysis
of mammalian brains suggest that there may be a
gradient of ageing from the association areas to the
primary sensory regions, with the former showing the
most prominent correlations between age and atrophy
(Flood and Coleman, 1988). Many postmortem and in
vivo brain imaging studies have addressed the ageing
ssue, but many of these are limited by methodological
21
constraints such as small sample size. Postmortem
analyses of brain structure depend on factors such as
the interval between death and fixation, the timing of
measurements (Last and Tompsett, 1953; Messert,
1972; Miller et al., 1980), and the inclusion or exclusion
of brain stem structures and meninges (which can be
difficult to control), and hence vary across studies. Fur-
thermore, if brain weight is related to body height, the
progressive increase in height over the past century
may limit the applicability of conclusions from the sig-
nificant fraction of postmortem studies that were con-
ducted in the last century (Miller and Corsellis, 1977).
A number of in vivo imaging studies have attempted to
quantify age-related change in whole brain volume,
grey matter, white matter and CSF compartments,
using CT, 2-D MRI, and more recently high resolution
MRI morphometry. Apart from the more obvious limi-
tations of small cohort studies and earlier imaging
techniques (Schwartz, 1985), as well as variability in
reporting absolute or fractional volumes, the majority
of these studies have been based on manual or semi-
automated region of interest guided measurements
(Raz et al., 1997; Filipek et al., 1994; Pfefferbaum et al.,
994; Luft et al., 1999; Xu et al., 2000), which may be
nherently biased. This bias is introduced by the small
umber of regions and metrics used in classical mor-
hometrics that are insensitive to changes elsewhere
n the brain. A number of unbiased whole brain tech-
iques are emerging due to the improved resolution of
tructural MRI scans and the development of sophisti-
ated image processing tools: The simplest methods
pply rigid body registration within subject, e.g., Fox
nd Freeborough (1996), compared age-related
hanges over 1 year in a small group of patients with
lzheimer’s disease and controls using a semiauto-
ated rigid body coregistration technique, and subse-

uently they showed little change in nine elderly con-
rols over 1 year using a fluid registration technique
Freeborough and Fox, 1998). Guttmann et al. (1998)
sed a fully automated segmentation technique to
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22 GOOD ET AL.
evaluate the effects of age on tissue compartments, but
provided no information with regional specificity
within these compartments. More complex models are
required to register images from larger cohorts into a
common stereotactic space using linear or nonlinear
forms of spatial normalization enabling region by re-
gion comparisons. For example, voxel-based morphom-
etry (VBM) allows a voxel-wise comparison of spatially
normalized images, deformation-based morphometry
(DBM) and tensor-based morphometry (TBM) use the
deformation fields derived from spatial normalization
to make comparisons. The former to identify differ-
ences in relative positions of brain structures and the
latter to detect local shape differences. There is a large
body of literature on various forms of such methods
(e.g., Ashburner et al., 1998; Christensen et al., 1997;

avatzikos et al., 1996, 1998; Guimond et al., 2000;
Thompson, 1997), but as yet ageing data is not avail-
able from large subject groups.

Recently Resnick et al. (2000) showed cross sectional
and 1 year longitudinal age changes in a relatively
large group (n 5 116) of elderly subjects using a semi-
utomated brain extraction technique followed by fully
utomated segmentation, nonlinear normalization and
utomatically determined Talairach “boxels” of inter-
st.
The great variety in morphometry methodologies
ay in part explain the conflicting literature on linear

nd nonlinear patterns of tissue change, the effect of
ex and the heterogeneic response of various compart-
ents of the brain to ageing.
In this cross sectional study of a relatively large

roup of normal adults (n 5 465), we applied VBM in
rder to characterize and quantify age-related change
n the human brain on a voxel-by-voxel basis. This
acilitates not only the assessment of separate brain
ompartments, namely grey and white matter and
SF, but also subregions within these compartments.
he standard (simple) technique of VBM has been used

n a number of studies with relatively small subject
roups. In this study with a substantially larger sub-
ect group we reveal potential problems of the standard
echnique and the need for further improvements to
inimise error while maximizing sensitivity. The dif-

erences between the standard (Wright et al., 1995;
Ashburner and Friston, 2000) and optimized methods
will be highlighted in the methods section.

METHODS

Subjects

Approval for the study was obtained from the joint
ethics committee of the National Hospital for Neurol-
ogy and Neurosurgery and the Institute of Neurology,
UCL. The study group was selected from a population
of 1761 normal volunteers who responded to advertise-
ments and were scanned at the Wellcome Department
of Cognitive Neurology between February 1998 and
December 1999. All subjects with any neurological,
medical, psychiatric condition, or migraine were ex-
cluded. Inclusion criteria included: (1) Normal MRI
brain as determined by an experienced neuroradiolo-
gist (CDG). Any MRI scans with structural abnormal-
ities, prominent normal variants (e.g., mega cisterna
magna, cavum septum pellucidum) or technical arte-
facts were excluded; (2) no history of alcohol intake of
more than 30 units/week or intake of more than 10
units within 48 h prior to scanning (a unit of alcohol is
equal to 10 ml of pure alcohol and is roughly equivalent
to a glass of wine (125 ml) or a single measure of spirits
(25 ml); (3) no history of severe head trauma requiring
medical attention; (4) no history of cognitive difficul-
ties; (5) no history of treated hypertension. 465 subjects
met all the inclusion criteria. They comprised 29 left-
handed females (aged 18–75, median 31), 171 right-
handed females (aged 18–79, median 28), 38 left-
handed males (aged 20–59, median 33), and 227 right-
handed males (aged 17–67, median 26).

Structural MRI Scanning Protocol

Magnetic resonance imaging was performed on a 2
Tesla Siemens MAGNETOM Vision scanner. A 3-D
structural MRI was acquired on each subject using a
T-1-weighted MPRAGE sequence (TR/TE/TI/NEX 9.7/
4/600/1, flip angle 12°, matrix size 256 3 192, FOV
256 3 192, yielding 120 sagittal slices and a slice
thickness of 1.5 mm with in-plane resolution of 1 3 1
mm.

Data Analysis

Data were analyzed on a Sun Ultra 60 workstation
(Sun Microsystems, Mountain View, CA) using MAT-
LAB 5.3 (MathWorks, Natick, MA) and SPM 99 (Well-
come Dept. Cogn. Neurol, London; http://www.fil.ion.
ucl.ac.uk/spm) (Friston et al., 1995a).

Preprocessing of Structural Data

In this section we first describe the standard method
of VBM which we used initially for grey and white
matter and CSF preprocessing and for the creation of
templates. We then highlight the need for an optimized
method, and finally we describe the various steps of the
optimized method for grey and white matter.

Before preprocessing, all the structural images were
checked for artefacts and the center point was placed
on the anterior commissure.

Standard VBM Protocol (Fig. 1a)

Template creation. First, an anatomical template
was created from a subgroup of 120 normal subjects (60
females and 60 males matched for age and handed-
ness), with a mean age and age range matched to the
entire study group imaged on the same MRI scanner
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with the same scanning parameters, in order to reduce
any scanner-specific bias and provide a template ap-
propriate to the population sample. This involves spa-
tially normalizing (see below for details) each struc-
tural MRI to the ICBM 152 template (Montreal
Neurological Institute), which is derived from 152 nor-
mal subjects and approximates the Talairach space.
The normalized data are then smoothed with an 8-mm
full-width at half-maximum (FWHM) isotropic Gauss-
ian kernel, and a mean image (the template) is created.

Spatial normalization. All 465 structural MRI
scans (in native space) were transformed to the same
stereotactic space by registering each of the images to
the same template image, using the residual sum of
squared differences as the matching criterion. The first
step in spatial normalization involves estimating the
optimum 12-parameter affine transformation to match
images (Ashburner et al., 1997). A Bayesian framework
is used, whereby the maximum a posteriori (MAP)
estimate of the spatial transformation is made using
prior knowledge of the normal variability in brain size.
The second step accounts for global non-linear shape
differences, which are modeled by a linear combination
of smooth spatial basis functions (Ashburner and Fris-
ton, 1999). A masking procedure is used to weight the
normalization to brain rather than nonbrain tissue.
The spatially normalized images are resliced with a
final voxel size of approximately 1.5 3 1.5 3 1.5 mm3.

Segmentation. Scans were then segmented into
grey matter, white matter, CSF, and other nonbrain
partitions. SPM segmentation employs a mixture
model cluster analysis to identify voxel intensities
matching particular tissue types (grey matter, white
matter and CSF) combined with an a priori knowledge
of the spatial distribution of these tissues in normal
subjects, derived from probability maps. The segmen-
tation step also incorporates an image intensity non-
uniformity correction (Ashburner and Friston, 2000) to
address image intensity variations caused by different
positions of cranial structures within the MRI head
coil.

Smoothing. The normalized, segmented images are
smoothed using a 12-mm FWHM isotropic Gaussian
kernel. This conditions the data to conform more
closely to the Gaussian field model underlying the sta-
tistical procedures used for making inferences about
regionally specific effects. Smoothing also has the effect
of rendering the data more normally distributed (by
the central limit theorem). The intensity in each voxel
of the smoothed data is a locally weighted average of
grey matter density from a region of surrounding vox-
els, the size of the region being defined by the size of
the smoothing kernel (Ashburner and Friston, 2000).

Motivation for Optimization

Inspection of segmented images from the simple pre-
processing procedure described above often showed
several small areas of missegmented nongrey matter
voxels. For example, on segmented grey matter im-
ages, voxels from the dural venous sinuses, scalp fat,
petrous apices, and diploic space are often misclassified
as grey matter (Fig. 2). This has implications if there
are systematic differences in skull size and shape or
scalp thickness among study groups, especially if the
groups are large, as in this study. For example, in a
separate VBM analysis of sex effects on grey matter
(the subject of a separate manuscript), large clusters of
significant differences that were not ascribable to grey
matter change were seen along the course of the ve-
nous sinuses and outside the brain margins. This error
is removed by the introduction of additional prepro-
cessing steps to exclude nonbrain voxels prior to nor-
malization and subsequent segmentation. New fea-
tures of the optimized method include (i) a fully
automatic brain extraction technique, (ii) study-spe-
cific grey/white matter templates. We also describe a
modulation step to incorporate volume changes during
normalization into the analysis. This modulation pro-
cedure allowed us to assess both regionally specific
age-related changes in grey/white matter volume and
concentration (i.e., density). Effectively this protocol
employs a recursive version of segmentation, extrac-
tion, and normalization operators.

Optimized VBM Protocol (Fig. 1b)

Creation of a separate grey and white matter tem-
plates. Separate grey and white matter templates
were created by averaging all the 465 smoothed nor-
malized grey/white matter images from the simple
VBM protocol described above. We chose to create the
optimised templates from the whole subject group
rather than a subset in order to further reduce any
potential bias for spatial normalization.

Segmentation and extraction of a brain image. This
is a fully automated procedure to remove scalp tissue,
skull, and dural venous sinus voxels. This procedure
initially involves segmentation of the original struc-
tural MR images (in native space) into grey and white
matter images, followed by a series of fully automated
morphological operations for removing unconnected
non-brain voxels from the segmented images (erosion
followed by conditional dilation). The resulting images
are extracted grey and white matter partitions in na-
tive space.

Normalization of grey/white matter images. The ex-
tracted segmented grey/white matter images are nor-
malized to the grey/white matter templates thus pre-
venting any contribution of nonbrain voxels and
affording optimal spatial normalization of grey/white
matter. There is, however, a caveat: the initial segmen-
tation (implicit in the brain extraction step) is per-
formed on affine-normalized images (in native space),
but the probability maps, used as Bayesian priors for
segmentation, are in stereotactic space. Segmentation
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of fully normalized images is therefore preferable. In
order to facilitate an optimal segmentation, the opti-
mized normalization parameters are reapplied to the
original, whole brain structural images (in native
space).

Segmentation and extraction of normalized whole
brain images. The optimally normalized whole brain
structural images, which are now in stereotactic space,
are then segmented into grey and white matter, CSF,
and non-CSF partitions and subject to a second extrac-
tion of normalized segmented grey/white matter im-
ages. The brain extraction step is repeated at this stage
because some nonbrain voxels from scalp, skull, or
venous sinuses in the optimally normalized whole
brain images could still remain outside the brain mar-
gins on segmented grey/white matter images.

Correction for volume changes (modulation). As a
result of nonlinear spatial normalization, the volumes
of certain brain regions may grow, whereas others may
shrink. In order to preserve the volume of a particular
tissue (grey or white matter or CSF) within a voxel, a
further processing step is incorporated. This involves
multiplying (or modulating) voxel values in the seg-

FIG. 1. Flow diagram showing the various preprocess
mented images by the Jacobian determinants derived
from the spatial normalization step. In effect, an anal-
ysis of modulated data tests for regional differences in
the absolute amount (volume) of grey matter, whereas
analysis of unmodulated data tests for regional differ-
ences in concentration of grey matter (per unit volume
in native space) (Ashburner and Friston, 2000). In this
study we analyzed both modulated and unmodulated
data.

Smoothing. As in the standard VBM method, each
optimally normalized, segmented, modulated image is
smoothed with a 12-mm FWHM kernel.

Validation of the technique. Details on the evalua-
tion of the VBM segmentation technique, including
evaluation of the nonuniformity correction and stabil-
ity with respect to misregistration with the a priori
images can be obtained in Ashburner and Friston
(2000). Evaluation of the assumptions about normally
distributed data are also detailed in this reference. In
order to determine scan–rescan differences in tissue
classification, we scanned 10 subjects twice on the
same day. Each subject left the scanner room between
scans, and the time interval between scans was ap-

steps for the standard (a) and optimized (b) protocols.
ing
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proximately 15 min. For the standard VBM method,
the coefficient of variation (1003 standard deviation of
the differences/overall mean) for grey matter volume,
white matter volume, CSF volume, and TIV were 0.45,
0.75, 1.07, and 0.16, respectively. For the optimized
VBM method, the coefficients of variation for grey mat-
ter volume, white matter volumes, CSF volume, and

FIG. 2. Grey matter segmented images derived from the stan-
dard and optimised VBM techniques. Many nonbrain voxels can be
seen in the dural venous sinuses, scalp fat, and diploic space in the
grey matter segments derived from the standard technique, which
are removed with the optimised technique.
TIV were 0.41, 0.59, 1.07, and 0.17, respectively. These
values show that tissue classification is highly repro-
ducible using the both standard and the optimised
VBM methods. Furthermore, a VBM statistical analy-
sis using a paired t test design matrix yielded no sig-
nificant regional differences between first and second
scans, even with reduced corrected thresholds of 0.5.
The standard VBM technique has been validated with
independent region of interest measurements (Magu-
ire et al., 2000; Vharga-Khadem et al., 1998) and we

ave recently validated the optimised VBM technique
ith an independent automated segmentation tech-
ique and region of interest measurements in groups of
lderly healthy subjects and patients with Alzheimer’s
isease and semantic dementia (manuscript in prepa-
ation). Since no gold standard exists against which in

vivo measurements can be compared and, furthermore,
since variations in MRI protocols, normalization, and
segmentation techniques can be expected to produce
inconsistent data, reproducibility of a given technique
is more important. In this regard the tissue classifica-
tion technique used in this study yielded highly repro-
ducible results.

Statistical Analysis

The normalized, smoothed, segmented data were an-
alyzed using statistical parametric mapping (SPM99)
employing the framework of the General Linear Model
(Friston et al., 1995a). Global effects of age were exam-
ned by multiple regression of summed voxel values of
rey matter, white matter, CSF, and total intracranial
olume (TIV) in a model including linear and quadratic
xpansions of age for both males and females. Signifi-
ance levels for F statistics were set at P , 0.05.

Regionally specific differences in grey (and white)
atter between groups were assessed statistically us-

ng a two-tailed contrast, namely testing for an in-
reased or decreased probability of a voxel being grey
or white) matter. We tested for volumetric changes in
rey or white matter by incorporating the modulation
f segmented data. Concentration changes were as-
essed by using the segmented images directly. Nor-
alization for global differences in voxel intensity

cross scans was effected by inclusion of the global
ean voxel value (grey matter globals for the grey
atter analysis and white matter globals for the white
atter analysis) as a confounding covariate in an anal-

sis of covariance (ANCOVA), while preserving re-
ional differences in grey (and white) matter (Friston
t al., 1995a). Orthogonalized first-, second-, and third-
rder polynomial expansions of age were entered into
he design matrix to determine the linear and nonlin-
ar effects of age. Corrections for the search volume
and implicit multiple comparisons) in terms of the P
alues were made using Gaussian random field theory,
hich accommodates spatial correlations inherent in

he data and is now established as the conventional



d
a
m
m
F
h

F
m
m
F
e
e
F
p
w
(

r
e
5
o
a
b
d
w
p
v
T
m
(
p
b
r
d
i
a

w
s
f
c
c
i

C

C

26 GOOD ET AL.
approach to inference in smooth spatially extended
data (Friston et al., 1995b; Worsley et al., 1996). We
assessed the goodness of fit of first, second and third
order polynomial expansions using F maps or SPM{F}
(Buchel et al., 1996). Significance levels for the F sta-
tistics were set at P , 0.05, corrected for multiple
comparisons. Significance levels for one-sided T statis-
tics were set at P , 0.025, corrected.

RESULTS

Grey Matter

Global effects of age. There was a decline of global
grey matter volume with age (Fig. 3a); overall R2 5
0.489. This involved cortical and deep gray matter
structures and cerebellum diffusely and a similar pat-
tern was observed when TIV was included as a con-
founding covariate. The linear coefficient (b1) was sig-
nificant for both males, b1 5 20.0039, F(1,458) 5 58.7,
P , 0.0001, and females, b1 5 20.0026, F(1,458) 5
31.7, P , 0.0001. Both quadratic coefficients failed to
reach significance (F , 1.06, P . 0.30). The rate of

ecline was greater in males than females, a trend that
pproached significance, F(1,458) 5 3.54, P , 0.06. The
ean grey matter volume was significantly greater in
ales (0.829 liters) than females (0.747 liters),
(1,458) 5 239.85, P , 0.0001. There was no effect of
andedness on global grey matter volume, F(1,458) ,

1. When absolute volumes were expressed as a fraction
of TIV, a similar significant pattern of linear decline
was noted for males (P , 0.001) and females (P ,
0.001), although the increased decline in males was
less marked, F(1457) 5 0.8, P 5 0.17. The mean frac-
tional volume of grey matter was significantly greater
for males than females (P , 0.001), although this was
less pronounced than the absolute volume difference
(Fig. 3b). The grey–white absolute volume ratio was
1.89 for females and 1.89 for males. The grey–white
fractional volume ratio was 1.82 for females and 1.82
for males.

Regional effects of age. Local areas of relative ac-
celerated loss of grey matter volume (i.e., more than
the global loss) were observed bilaterally in the supe-
rior parietal gyri, pre- and postcentral gyri, insula/
frontal operculum, right cerebellum (posterior lobe),
and anterior cingulate (Fig. 4a). Areas of relative ac-
celerated loss of grey matter concentration were ob-
served in the left middle frontal gyrus (F2), transverse
temporal (Heschl’s) gyri bilaterally, and left planum
temporale (Fig. 4b). Areas of relative preservation (i.e.,
less than the global loss) of grey matter volume were
noted symmetrically in the lateral thalami, amygdala,
hippocampi, and entorhinal cortex (Fig. 4c). Areas of
relative preservation of grey matter concentration
were seen more diffusely in the thalami (Fig. 4d). Table
1 demonstrates the stereotactic coordinates corrected P
and Z scores for grey matter analyses.
These local effects tended to be linear, with no im-
proved fit to the data with inclusion of a second and/or
third order polynomial term. There were no significant
two- or three-way interactions with age and sex and
handedness.

White Matter

Global effects of age. There was no significant de-
cline in white matter volume with age (Fig. 3c), overall
R2 5 0.326. The linear coefficients were not significant
(F , 1.05, P . 0.30), though the quadratic coefficient
approached significance for females, b2 5 0.0004,

(1,468) 5 3.65, P , 0.06 (but not males, F , 1). The
ean white matter volume was significantly greater in
ales (0.454 liters) than females (0.395 liters),
(1,458) 5 218, P , 0.0001, but no other sex differ-
nces approached significance (F , 1.27). There was no
ffect of handedness on global white matter volume
(1,458) , 1. When white matter volume was ex-
ressed as a fraction of TIV, the quadratic coefficient
as significant for females (P , 0.01), but not for males

Fig. 3d).
Regional effects of age. There were local areas of

elative accelerated loss of white matter volume bilat-
rally in frontal white matter, optic radiations (Fig.
a), and posterior limbs of internal capsule, bordering
n the ventrolateral thalamus. Local areas of acceler-
ted decline of white matter concentration were seen
ilaterally in posterior limbs of internal capsule, bor-
ering on the lateral thalamus (Fig. 5b). Inspection of
hite matter segmented images (from the optimized
reprocessing method) shows some lateral thalamus
oxels classified as white matter (see Discussion).
here were local areas of relative preservation of white
atter volume bilaterally in the posterior frontal lobes

Fig. 5c), cerebellum, and right temporal lobe. Relative
reservation of white matter concentration was noted
ilaterally in the internal capsules, frontal, and poste-
ior temporal/occipital white matter (Fig. 5d). Table 2
emonstrates the stereotactic coordinates of local max-
ma, corrected P and Z scores for the white matter
nalyses.
These local effects of age also tended to be linear,
ith no improved fit to the data with inclusion of

econd and/or third order terms, apart from two small
oci of accelerated nonlinear decline in white matter
oncentration at the anterior aspect of both internal
apsules. There were no significant two- or three-way
nteractions with age and sex and handedness.

SF

Global effects of age. There was a global increase in
SF volume with age (Fig. 3e), overall R2 5 0.377. This

involved the entire CSF compartment including the
ventricles and surface sulci. A similar pattern was
observed when TIV was included as a confounding
covariate. The linear coefficient was significant for both
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males, b1 5 0.0019, F(1,458) 5 39.1, P , 0.0001, and
females, b1 5 0.0018, F(1,458) 5 40.2, P , 0.0001. The
quadratic coefficient was significant for females, b2 5
0.0003, F(1,458) 5 5.53, P , 0.05, but not males, F , 1.
The mean CSF volume did not differ significantly be-
tween males (0.397 liters) and females (0.401 liters),
F(1,458) 5 1.91, P 5 0.22, and no other sex differences
approached significance, F , 1.9, P . 0.16. There was
no significant effect of handedness on CSF volume
F(1,458) , 1. When CSF was expressed as a fraction of
TIV, the linear coefficients were significant for males
(P , 0.001) and females (P , 0.001); and the quadratic
coefficient was significant only for females (P 5 0.006).
There was also a significant difference in mean frac-
tional volume of CSF, females more than males (P ,
0.001) (Fig. 3f).

There was a slight but significant linear decline of
TIV with age for males (P 5 0.008) but not for females
(P 5 0.282). Both quadratic coefficients failed to reach
significance. The rate of decline was greater in males
than in females, a trend that approached significance,
F(1,457) 5 1.9, P 5 0.08. The mean TIV was signifi-
cantly greater for males than females (P , 0.001)
(Fig. 3g).

Regional effects of age. Relatively little enlarge-
ment of the CSF space was seen in the pontine cistern,
including its caudal extent around the medulla (Fig.
6a). Areas of accelerated enlargement of the CSF space
were seen symmetrically in the chiasmatic and suprac-
erebellar cisterns, cisterna magna, third ventricle, and
the Sylvian and interhemispheric fissures (Fig. 6b).
Regional effects of age tended to be linear with no
improved fit of the data with inclusion of a second
and/or third order polynomial expansion of age.

DISCUSSION

Subject Selection

This is a cross-sectional study in which structural
age differences observed at a given time are used to
make inferences about the ageing process. This ap-
proach has inherent limitations since there is potential
for confounding age and cohort effects and, in particu-
lar, for secular bias, which can only be resolved by a
longitudinal study. Haug (1985) points out that the
increase in height due to secular acceleration is in the
order of approximately 1 mm per year, and as body
weight increases, so does brain weight. There has been
a trend in the literature to report brain volumes as
percentages of body height or total intracranial vol-
ume, and we have therefore provided data on absolute
and fractional (as a fraction of TIV) brain volumes (Fig.
2). It is worth noting that there are subtle differences
between the two, (as demonstrated in Figs. 3a–3f),
which further explains the inconsistency in the litera-
ture on ageing. The major drawback of a longitudinal
study is the time it would take to acquire data from
youth to senescence. It would also be practically impos-
sible to maintain identical scanning parameters,
thereby introducing systematic differences unassoci-
ated with ageing per se. Longitudinal studies thus tend
to look at small time windows in the ageing process.
Another difficult issue is the question of what consti-
tutes a “normal” ageing population? We recruited vol-
unteers responding to advertisements distributed
around the university and local community, and the
vast majority of volunteers were of European extrac-
tion. Most young and middle aged subjects were stu-
dents or professionals with higher degrees, and the
majority of elderly volunteers were motivated, high
functioning individuals, many attending educational
programs and thus probably not representative of the
population at large. We excluded all volunteers with
controlled hypertension, but since blood pressure rises
with increasing age, we may have excluded “normal”
elderly subjects, and this is reflected in our relatively
small numbers of subjects in the seventh to ninth de-
cades. We did not perform any cognitive tests on sub-
jects, but we excluded subjects with any history of
cognitive decline and all subjects completed a question-
naire as part of the recruitment process. If anything,
our elderly population errs on the side of high cognitive
functioning. We are currently setting up a study to look
longitudinally at a smaller cohort of elderly subjects
with comprehensive cognitive testing, functional and
structural imaging.

Silent Brain Lesions

Deep white matter lesions are seen on magnetic res-
onance imaging in approximately one-third of asymp-
tomatic elderly subjects (Fein et al., 2000) and the
significance of these remains unclear. Some reports
have suggested an association between silent white
matter lesions and coronary artery stenosis, hyperten-
sion, and cognitive performance. A CT- and MRI-based
study using relatively crude region of interest mea-
surements reported an association between silent
white matter lesions and brain atrophy (Yamano et al.,
1997). The bulk of evidence suggests, however, that
they are merely frequent incidental findings in the
elderly, with no link to significant central nervous sys-
tem pathological processes. A recent MRI study on the
sex effects of age-related changes in brain structure
(Xu et al., 2000) specifically excluded all subjects with
silent brain lesions, citing the CT study mentioned
above. In our study, we specifically did not exclude
healthy subjects whose MRIs showed a few small hy-
perintense white matter foci, because we consider
these to be normal findings, and exclusion of such
subjects would misrepresent the normal ageing popu-
lation.
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Global Effects of Age: Grey Matter, White Matter, and
CSF

Many neuropathological studies show that normal
ageing is characterised by a substantial and extensive
loss of neurons in the cerebral cortex, although this is
controversial, with recent stereological investigations
indicating little neuronal loss with normal ageing (e.g.,
Peters et al., 1998; Gomez-Isla, 1996, 1997), and some
reports suggesting that alterations in cerebral white
matter and subcortical neuronal loss may be the pre-
dominant effect of age (Guttman et al., 1998). Our data
oncur with those neuropathological and previous CT
nd MRI morphometry studies that suggest ageing
redominantly and substantially affects the grey mat-
er (Pfefferbaum et al., 1992, 1994; Lim et al., 1992;
ernigan et al., 1991; Schwartz, 1985). In particular,
ur data suggest a linear decline in grey matter in
oncordance with Pfefferbaum et al. (1994), and we
bserved this pattern of decline for absolute and frac-
ional grey matter volumes. Others have suggested
ccelerated ageing in the later decades of life, and since
ur data included relatively few subjects over 65 years,
nd furthermore our elderly subjects could be consid-
red to be “super normal,” we could be missing this
onlinear trend.

FIG. 3.—Continued

FIG. 3. (a) Scatter plot of total grey matter volume (liters) agains
best fitting linear regression curves for females and males are superi
age (years) for 465 normal subjects (females in red, males in blue
superimposed. (c) Scatter plot of total white matter volume (litres) ag
The best fitting quadratic regression curves for females and males are
against age (years) for 465 normal subjects (females in red, males in b
are superimposed. (e) Scatter plot of total CSF volume (liters) against
best fitting quadratic regression curves for females and males are su
(years) for 465 normal subjects (females in red, males in blue). Th
superimposed. (g) Scatter plot of TIV against age (years) for 465 nor
regression curves for females and males are superimposed.
The majority of structural MRI data indicate that
lthough significant microstructural changes are seen
n cerebral white matter (Raz et al., 1997; Wahlund et
l., 1990), significant total white matter volume loss is
ot expressed (Jernigan et al., 1991; Pfefferbaum et al.,
992, 1994; Raz et al., 1993). Our data are consistent
ith this finding. This phenomenon may be due to

oncomitant factors with opposing influence: the loss of
yelin associated with ageing (Ansari and Loch, 1975)
ay reduce white matter bulk, whereas the simulta-

eous expansion of the capillary network and swelling
f perivascular spaces (Meier-Ruge et al., 1992) may

enlarge white matter bulk. In accordance with previ-
ous CT and MRI literature, we observed an increase in
the CSF compartment with age, best described by a
linear function. We noted a small but significant de-
cline in TIV with age in males and a smaller nonsig-
nificant trend in females, which most probably reflects
the secular trend of increasing head size over the last
century. The mean absolute grey–white matter volume
ratio was 1.89, and the mean fractional grey–white
volume ratio was 1.82. Grey–white matter ratios vary
widely in the literature, for example postmortem and
in vivo studies, using a variety of methodologies, report
ratios in a wide range from approximately 3–1.1, de-
pendent on age (e.g., Caviness et al., 1996; Guttmann et

l., 1998; Pfefferbaum et al., 1994; Resnick et al., 2000).

Regional Effects of Age

Our data support the theory of a heterogeneic re-
sponse of various compartments of the brain to ageing.
We observed accelerated loss of grey matter volume
symmetrically in both parietal lobes (angula gyri), pre-
and postcentral gyri, insula, and anterior cingulate
cortex. We also observed accelerated loss of grey mat-
ter concentration in the left middle frontal gyrus, left
planum temporale and transverse temporal gyri bilat-
erally. There was relative preservation of grey matter
volume symmetrically in the amygdala, hippocampi,
entorhinal cortices, and lateral thalami, with relative
preservation of grey matter concentration more dif-
fusely in the thalami. This is in accordance with pre-
vious work showing a predominant age effect in the
parietal lobes (Resnick et al., 2000) and prefrontal grey
matter (Raz et al., 1997); a smaller effect in fusiform,

e (years) for 465 normal subjects (females in red, males in blue). The
osed. (b) Scatter plot of fractional grey matter volume (/TIV) against
he best fitting linear regression curves for females and males are
st age (years) for 465 normal subjects (females in red, males in blue).
perimposed. (d) Scatter plot of fractional white matter volume (/TIV)
). The best fitting quadratic regression curves for females and males
e (years) for 465 normal subjects (females in red, males in blue). The
imposed. (f) Scatter plot of fractional CSF volume (/TIV) against age
est fitting quadratic regression curves for females and males are
l subjects (females in red, males in blue). The best fitting quadratic
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FIG. 4. (a) Grey matter volume: (modulated) negative correlation with age. Regions of relative accelerated loss of grey matter volume
from 465 normal subjects superimposed on a normalized structural image in the sagittal plane (a), axial plane (b), and coronal plane (c). The
color bar represents the T score. Significant voxels (P , 0.025 corrected) are seen bilaterally in the anterior cingulate (a), bilateral pre- and
postcentral gyri (b), and bilateral angular gyri (b, c). The significant cerebellar and anterior insula voxels are not shown. (b) Grey matter
concentration: (unmodulated) negative correlation with age. Regional areas of relative accelerated loss of grey matter concentration from 465
normal subjects superimposed on the whole brain template derived from all subjects. The color bar represents the T score. Significant voxels
(P , 0.025 corrected) are seen bilaterally in the transverse temporal (Heschl’s) gyri and left planum temporale. (c) Grey matter volume:
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inferior temporal and superior parietal cortices and
minimal change in the hippocampal formation (Raz et
al., 1997). The lack of a substantial age-related change
in the amygdala/hippocampal regions demonstrated by
our data and work by Raz et al. (1997) is somewhat
surprising and at odds with other reports. Animal and
human pathological studies have demonstrated age-
related changes in the hippocampus (Kemper, 2000;
Landfield, 2000), as have previous structural imaging
studies and recent work using MR spectroscopy (Schuff
et al., 1999). A possible explanation for this discrep-
ancy could be the sampling methods used to assess the
hippocampus: region of interest techniques used in
these previous studies may be observer dependent and
subject to error due to the complex and variable shape
of the hippocampus. It should be noted that we used
VBM to examine age-related changes in local tissue
composition, deliberately adjusting for macroscopic
and shape differences that classical ROI-based mor-
phometric approaches characterise. It is also worth
emphasizing that our data are reporting regionally

TAB

x y z Z

Grey matter: modula

242 57 54 6.44
42 258 54 5.35
2 42 26 6.17

240 21 10 6.07
42 4 15 6.06
62 220 40 6.44

257 228 45 5.88
254 29 50 6.14

31 290 234 5.36

Grey matter: unmodul

252 21 38 5.7
246 220 2 6

45 216 2 5.7
22 15 29 5.51

Grey matter: modula

227 24 221 .8
26 23 222 .8

Grey matter: unmodu

15 217 9 .8
214 18 8 .8

40 280 24 5.62

(modulated) positive correlation with age. Regional areas of rela
superimposed on a normalized structural image in the coronal plan
orrected) are noted bilaterally in amygdala/hippocampal complexes,
in red) and negative (green) correlations superimposed on the same s
orrelation with age. Regions of relative preservation of grey matter c
emplate derived from all subjects. The color bar represents the T sc

thalami.
specific changes within the grey matter compartment
over and above global grey matter change, whereas
most other studies report changes without covarying
out global grey matter volume. A very recent region of
interest and voxel-wise morphometry paper in young
adults reported that the volume of the amygdala ap-
peared to be independent of age and gender, whereas
the hippocampi showed shrinkage with age in men but
not in women (Pruessner et al., 2001). The statistical
model used in this paper did however not model the
global amount of grey matter and the age range is
substantially different, so it cannot be directly com-
pared with our method.

Sex Differences

The whole brain volume and grey and white matter
partitions were larger in males compared with females
in accordance with previous literature (Raz et al., 1997;
Coffey et al., 1998; Gur et al., 1991; Murphy et al.,
1996).

1

P(corrected) Location

negative correlation

,0.0001 L angular gyrus
,0.0001 R angular gyrus
,0.0001 Anterior cingulate sulcus
,0.0001 L anterior insula
,0.0001 R anterior insula
,0.0001 R pre and post central gyri
,0.0001 L post central gyrus
,0.0001 L precentral gyrus
,0.0001 R cerebellum (posterior lobe)

d negative correlation

,0.0001 L middle frontal gyrus
,0.0001 L Heschl’s gyrus/planum temporale
,0.0001 R Heschl’s gyrus

0.002 Subcallosal gyrus

positive correlation

,0.0001 L amygdala/hippocampus
,0.0001 R amygdala/hippocampus

d positive correlation

,0.0001 R thalamus
,0.0001 L thalamus

0.001 R parietal lobe

e preservation of grey matter volume from 465 normal subjects
The color bar represents the T score. Significant voxels (P , 0.025
orhinal cortex, and lateral thalami. The second figure shows positive
ctural image. (d) Grey matter concentration: (unmodulated) positive
entration from 465 normal subjects superimposed on the whole brain
. Significant voxels (P , 0.025 corrected) are noted bilaterally in the
LE

ted

ate

ted

late
tiv
e.
ent
tru

onc
ore



s
l
p
t
c
s
m
G
d

d
a
t
s
f
p
t
j
w
i
t
s
m
t
a
c
o

n
S
w
c
r
t
c
a
f
m
b

32 GOOD ET AL.
We observed an interaction of sex with age-related
global grey matter decline, with a steeper age-related
decline in males, in accordance with previous reports
(Cowell et al., 1994; Gur et al., 1991; Murphy et al.,
1996; Oguro et al., 1998; Xu et al., 2000), although this
effect was not significant when global grey matter was
expressed as a fraction of TIV. We did not observe any
interaction of sex with regional grey matter volume or
concentration, contrary to Murphy et al. (1996) who
howed greater age related loss in frontal and temporal
obes in males, and greater loss in hippocampus and
arietal lobes in females. There was no significant in-
eraction of sex with age for CSF or white matter
hange either globally or regionally. Some previous
tudies have found greater increases in CSF spaces in
ales compared with females (e.g., Coffey et al., 1998;
ur et al., 1991), although this has not been repro-
uced by others (Guttman et al., 1998).

FIG. 5. (a) White matter volume: (modulated) negative correlatio
ormal subjects superimposed on a normalized white matter axial
ignificant voxels are seen bilaterally in the corona radiata, borderi
hite matter. (b) White matter concentration: (unmodulated) nega

oncentration from 465 normal subjects superimposed on a normal
epresents the T score. Significant voxels are seen bilaterally posteri
halamus voxels are segmented partially as grey matter and parti
orrelation with age. Regions of relative preservation of white matt
xial image of one of the subjects. The color bar represents the T sc
rontal white matter. (d) White matter concentration: (unmodulated)
atter concentration from 465 normal subjects superimposed on a no

ar represents the T score. Significant voxels are seen bilaterally in
Many previous reports have suggested regional sex
ifferences in age-related decline, for example, Raz et
l. (1997), demonstrated a steeper trend of ageing in
he inferior temporal cortex in males. Xu et al. (2000),
howed significantly more atrophy in posterior right
rontal lobe, right temporal lobe, left basal ganglia,
arietal lobe, and cerebellum in males, using semiau-
omated region of interest MR techniques in 331 sub-
ects, but without partitioning the brain into grey and
hite matter. Salat et al. (1997) showed sex differences

n the corpus callosum with ageing, but no atrophy of
he pons or cerebellum. Gunning-Dixon et al. (1998)
howed differential shrinkage of the globus pallidus in
ales. Murphy et al. (1996) reported sex differences in

he ageing pattern of whole brain, frontal, temporal
nd parietal lobes, and hippocampus. We find it diffi-
ult to compare the results of these studies with our
wn, particularly since the majority of these studies

ith age. Regions of accelerated loss of white matter volume from 465
ge from one of the subjects. The colour bar represents the T score.
on ventral thalamus (voxels classified as white matter), and frontal

correlation with age. Regions of accelerated loss of white matter
white matter axial image from one of the subjects. The color bar

imbs of the internal capsules, bordering on lateral thalamus (lateral
as white matter). (c) White matter volume: (modulated) positive

olume are superimposed on a normalized segmented white matter
. Significant voxels (P , 0.025 corrected) are seen bilaterally in the
sitive correlation with age. Regions of relative preservation of white
alized white matter axial image from one of the subjects. The colour
e internal capsules, frontal and posterior temporal white matter.
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are confounded to a greater or lesser degree by meth-
odological factors such as normalizing for brain size,
region of interest measurements, quality of structural
images, and the use of manual segmentation tech-
niques.

Methodological Issues

Voxel-based morphometry is a fully automated
whole brain technique that detects regionally specific
differences in brain tissue composition on a voxel by
voxel basis. At its simplest, it involves a voxel-wise
comparison of the local concentration of grey matter
between two groups of subjects (Ashburner and Fris-
ton, 2000). In order for VBM to be valid a number of
assumptions need to hold. All raw original structural
images need to be acquired on the same scanner with
identical imaging parameters, since different acquisi-
tions can result in intensity and geometric variations,
and this has particular relevance in longitudinal stud-
ies. If such variations are systematic they can emerge
erroneously as group differences. In this study all sub-
jects were scanned on the same scanner using identical

FIG. 6. (a) CSF volume: (modulated) negative correlation with a
normal subjects superimposed on a mean normalized CSF image fro
T score. Significant voxels are seen in the pontine cistern. (b) CSF
accelerated enlargement of the CSF space from 465 normal subject
midsagittal and axial planes. The color bar represents the T score. S
chiasmatic and supra cerebellar cisterns; cisterna magna and third
imaging parameters and the scanner was subject to
strict quality control. The templates were created from
a subset of the group, which matched the mean age,
age-range, and sex of the group in order to avoid bias
during the spatial normalization step. The nonlinear
spatial transformations used in this study do not at-
tempt to match every gyrus in the brain exactly, rather
the goal is to accommodate global brain shape differ-
ences. If the spatial normalization were perfect, then
we would detect no structural differences in the nor-
malized images, and all the differences would be in the
deformation fields, and would be tested using TBM.
The drawback of the TBM option is the requirement of
high dimensional warps, which are computer intensive
and time consuming. By applying the modulation step
we incorporate information from the deformation fields
and are in effect moving more toward TBM, and while
this current approach cannot provide exact matches
between small cortical or deep grey matter structures,
it provides additional information in a practical way for
large subject cohorts. The segmentation step needs to
correctly identify grey and white matter and CSF par-

Regions of relatively little enlargement of the CSF space from 465
he group, in sagittal and axial planes. The color bar represents the
ume: (modulated) positive correlation with age. Regions of relative
uperimposed on a mean normalized CSF image from the group, in
ificant voxels are seen in the Sylvian and interhemispheric fissures;
tricle.
ge.
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34 GOOD ET AL.
titions. In areas where grey/white matter differentia-
tion is poor, for example, in the brainstem and thala-
mus, voxels may be incorrectly classified, even using an
optimal preprocessing method. This effect is demon-
strated in the significant lateral thalamic differences
we detected on both the grey and white matter analy-
ses (Figs. 4c, 4d, 5a, and 5b). These age-related differ-
ences are real and significant but their cause cannot be
attributed directly to grey/white matter changes,
rather in the way these changes impact on the classi-
fication as grey or white. We are currently attempting
to address this problem by optimizing the MR struc-
tural imaging sequence to provide better grey/white
matter contrast and segmentation (Deichmann et al.,
000). Additional improvements can be made to the
egmentation procedure by the creation of customised
rior probability maps appropriate to the subject group
f interest. This has particular relevance when study-
ng patient populations whose brain structure differs
reatly from young normal subjects. We included el-
erly subjects with a few small white matter hyperin-
ensities. In addition perivascular spaces enlarge with
ge and there may be subtle signal changes more dif-
usely in the white matter of elderly subjects. These
ould be potentially misclassified as CSF or grey mat-
er, leading to a potential overestimation of CSF and
rey matter and an underestimation of white matter.
ince we did not observe global white matter atrophy
ith age, we can conclude that perivascular spaces and

mall white matter lesions were predominantly classi-
ed as white matter. The inclusion or exclusion of the
odulation step facilitates the assessment of absolute

mount or concentration of a region of tissue. The latter
oes not however provide information about cytoarchi-
ectural structure such as neuronal packing or cell
orphometry, hence the term concentration is pre-

erred to density.
The statistics used to identify structural differences

ssume that the residuals after fitting the model are
ormally distributed. If the data are not well behaved,

t may be appropriate to perform nonparametric sta-
istical analyses (Ashburner and Friston, 2000;
olmes et al., 1996). The voxel-based extent statistic
vailable within SPM, should not be used in VBM. This
tatistic is based upon the number of connected voxels
n a cluster defined by a prespecified threshold. In
rder to be valid, this test requires the smoothness of
he residuals to be spatially invariant, but this is not
he case with neuroanatomy which has a highly non-
tationary nature and thus leads to inexact p values
Ashburner and Friston, 2000; Worsley et al., 1999).

There is a great deal of endogenous variability
ithin and between brain regions, and in a recent
aper the authors report that 80% of the total variance
n gyral volume arises from individual and specific
yri, while only 10% of the total variance reflects uni-
orm scaling to total neocortical volume (Kennedy et
l., 1998). In addition there can be contributions from
rtifactual sources such as imperfections in the spatial
ormalization that themselves show a regional speci-
city. This has implications for the sensitivity of any
orphometric technique to detect changes in regions of

igh variance. Our technique may be relatively insen-
itive to subtle age effects in regions of high variance
hile more sensitive to change in regions of low vari-
nce; however, this is the point of using SPM that
mploys a regionally specific estimate of variance. This
egional variance may well explain the inconsistency of
he literature with regard to regionally specific age
hanges, especially in small brain structures. The hip-
ocampus for example, is a relatively small structure
ith a complex architecture, which often demonstrates
degree of variability between subjects on visual in-

pection. VBM has demonstrated subtle changes
ithin the hippocampus in a group of taxi-drivers, that

orroborated independent and accurate ROI measure-
ents (Maguire et al., 2000), suggesting that this tech-

nique can register and segment small structures with
some degree of accuracy. There is the potential for
error in patients, for example those with Alzheimer’s
disease or indeed in normal elderly subjects, since the
grey/white matter contrast is reduced, and segmenta-
tion may be less accurate. As high dimensional warp-
ing techniques advance to the stage where they can
provide accurate mapping of small gyri in large subject
groups in a time efficient and practical way, then some
of these issues will be resolved.

Conclusion

Our data provide evidence of specific patterns in the
structural brain correlates of ageing, not only globally
between grey and white matter compartments, but also
locally within regions of the brain. The use of large
numbers of subjects in this study permitted the exam-
ination of relatively subtle age-related effects, but also
highlighted the need for a rigorous and optimal VBM
method to avoid errors of interpretation caused by mis-
classification of non-brain voxels. Significantly they
have been obtained with a fully automated method
that eschews observer bias and the data have been
obtained in life, eliminating post mortem and agonal
changes. They also speak to VBM as a tool for detecting
subtle structural brain changes in normal subjects.
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