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Abstract

Previous structural brain imaging studies of Down Syndrome (DS) have offered important insights into the underlying morphometric
aberrations associated with the condition. These previous studies have relied almost exclusively on classic region-of-interest (ROI)-based
morphometry, a method in which a finite number of anatomical structures must be defined and delineated a priori. Here we use the fully
automated voxel-based morphometry (VBM) approach on 19 nondemented individuals with DS and 11 age-matched controls in order to
provide a full-brain assessment of DS morphology. Foci of statistically significant (P  0.05, corrected for multiple comparisons) reductions
in gray matter (GM) tissue were observed in the cerebellum, cingulate gyrus, left medial frontal lobe, right middle/superior temporal gyrus,
and the left CA2/CA3 region of the hippocampus. Significant decreases in white matter (WM) tissue were noted throughout the inferior
brainstem. Foci of statistically significant (P  0.05, corrected for multiple comparisons) increases in GM tissue were observed in a
superior/caudal portion of the brainstem and left parahippocampal gyrus. Significant increases in WM tissue were noted bilaterally in the
parahippocampal gyrus. We also noted significant increases in cerebral spinal fluid in regions suggesting enlarged lateral ventricles in the
DS group. While these results are generally consistent with prior ROI-based imaging studies of nondemented DS individuals, the present
findings provide additional understanding of the three-dimensional topography of DS morphology throughout the brain. The consistency of
these findings with prior imaging reports demonstrates the utility of the VBM technique for investigating the neuroanatomy of DS.
© 2003 Elsevier Inc. All rights reserved.

Introduction

Down Syndrome (DS), or trisomy 21, is the leading
genetic cause of mental retardation in young adults (Nadel,
1999). Autopsy reports of DS individuals describe numer-
ous neuropathologic observations, including reduced total
brain volume, ventriculomegaly, and hypoplasia of the cer-
ebellum, frontal lobe, temporal lobe, and brainstem (Zell-
weger, 1977; Kemper, 1991). Many of these studies have
also reported hallmark pathologies of Alzheimer’s disease
(AD); a finding which is consistent with the high rate of
occurrence of dementia in DS individuals over the age of 40
(Wisniewski et al., 1985). Recent structural imaging studies
of DS, using CT and MRI technologies, show morpholog-

ical abnormalities that parallel postmortem reports of DS
neuropathology (Schapiro et al., 1989; Pearlson et al., 1990;
Weis et al., 1991; Aylward et al., 1997a; Pinter et al.,
2001b). In addition, these imaging studies have provided
further insight into the potential cognitive repercussions of
some of these morphometric aberrations (Raz et al., 1995;
Aylward et al., 1999; Ikeda and Arai, 2002; Krasuski et al.,
2002).
To date nearly all structural brain imaging studies of DS

have relied exclusively on classic region-of-interest (ROI)-
based volumetry. This method involves outlining individual
structures across a series of contiguous brain slices and
comparing the final cumulative volume of these structures
across study cohorts. While advantageous in several re-
spects, including increased sensitivity to volume changes in
certain brain regions (Good et al., 2002; Tisserand et al.,
2002), ROI volumetry has some limitations. In particular, it
has been suggested that the interrater variability in identi-
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fying the boundaries of structures with complex surface
geometries may lead to poor reproducibility (Hasboun et al.,
1996; Pruessner et al., 2000; Chan et al., 2001). The tech-
nique also inherently introduces spatial biases, as inferences
regarding morphometric differences are confined only to
those brain regions encompassing the defined ROIs and
tissues outside these regions are disregarded. Furthermore,
because manually outlining individual structures is time-
consuming and labor-intensive, many ROI studies only re-
port findings on a small number of anatomical regions. As
a result of these limitations, a full-brain comprehensive
assessment of the structural neuroanatomy characteristic of
living individuals with DS remains lacking in the literature.
Since its inception (Wright et al., 1995), voxel-based

morphometry (VBM) has become an increasingly popular
fully automated tool for providing an unbiased assessment
of neuroanatomical differences throughout brain. The
method is premised on making regionally specific (voxel-
wise) inferences on the local relative concentrations (or
absolute amounts after volumetric adjustments) of different
tissue types after spatial normalization and segmentation of
the underlying anatomical images (Ashburner and Friston,
2000). The results of the procedure are presented in standard
stereotactic space which facilitates direct comparisons
across studies. VBM has been extensively cross-validated
with both ROI and functional analyses (Richardson et al.,
1997; May et al., 1999; Good et al., 2002; Tisserand et al.,
2002) and recently with particular reference to characteriz-
ing the neuroanatomic differences underlying different
types of dementia (Good et al., 2002).
Here we performed VBM on nondemented individuals

with DS. The goal of this study was to provide an objective,
comprehensive assessment of the neuroanatomic abnormal-
ities underlying DS in patients, prior to any onset of clinical
signs of dementia.

Materials and methods

Subjects

The study group consisted of 19 (11 males, 8 females)
individuals with DS (age range, 34–52; mean, 41.9; SD,
6.0; WAIS-III FSIQ range, 47–72; mean, 55.3; SD, 7.2)
who showed absence of dementia as determined by the
Dementia Scale for Down Syndrome (Deb and Braganza,
1999; Huxley et al., 2000) and the Dementia Questionnaire
for Mentally Retarded Persons (Evenhuis, 1996) and 11 (5
males, 6 females) healthy age- and sex-matched controls
(age range, 37–56; mean, 45.6; SD, 6.1; WAIS FSIQ range,
90–134; mean, 110.5; SD, 15.0). These subjects were re-
cruited as part of a larger longitudinal study of dementia in
Down Syndrome and Alzheimer’s disease. All subjects
gave informed consent in accordance with the University
Institutional Review Board.

Image acquisition

T1-weighted, volumetric SPGR MRI scans (FOV, 24
cm; flip angle, 40°; TR, 24; TE, 5) were acquired on each
subject using a 1.5-T clinical Phillips Eclipse scanner (Phil-
ips Medical Systems, N.A., Bothell, WA). The images con-
sisted of 120 contiguous 1.2-mm-thick axial slices, each
with an in-plane image matrix of 256  256 image ele-
ments. None of the DS subjects required sedation during the
image acquisition as they all were high functioning and
could follow directions. All images were visually inspected
to ensure image quality.

Voxel-based morphometry

Voxel-based morphometry was performed following the
methods detailed in Good et al. (2001). Only the portion of
the preprocessing procedure pertinent to the present study is
discussed below. Readers with additional inquires into the
preprocessing methods are referred to Good et al. (2001)
and Ashburner et al. (2000). All of the image processing
procedures were performed using statistical parametric
mapping software (SPM99, http//www.fil.ion.ucl.ac.uk/
spm) implemented in Matlab 5.3 (MathWorks, Inc., Natick,
MA).

Customized templates
The initial step of the VBM procedure was to create

study-specific gray matter (GM), white matter (WM), and
cerebral spinal fluid (CSF) templates. The impetus for de-
veloping these templates was to take into account the in-
herent variability in DS neuroanatomy from that of normal
healthy subjects and to ensure that there would be no sys-
tematic errors introduced during the second-pass normaliza-
tion/segmentation procedure (see below). The study-spe-
cific templates were created using the following approach:
First, every image from the entire study (19 DS, 11 DS-
controls) was spatially normalized to the default SPM99
T1-MRI template image that conforms to the stereotactic
space defined by the atlas of Talairach and Tornoux (1988)
and is based on 305 healthy subjects recruited from the
Montreal Neurological Institute (MNI). The spatial normal-
ization routine included both a 12-parameter linear affine
transformation and a nonlinear transformation using a small
set (1  1  1) of smoothed spatial basis functions (Ash-
burner and Friston, 1999). A small basis set was used to
limit the deformations applied to the original images. The
spatially normalized images were then segmented into GM,
WM, and CSF partitions using a modified mixture model
cluster analysis procedure with a correction for intensity
non-uniformity and using a priori knowledge of the likeli-
hood that a given voxel belongs to a certain tissue class
(Ashburner and Friston, 1997). The resultant segmented
images were then cleaned using a fully automated brain
extraction procedure to remove scalp tissue, skull, and dural
venous sinus voxels (Good et al., 2001) and individually
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smoothed with an 8-mm full-width half-maximum (FWHM)
isotropic Gaussian kernel. Study-specific GM, WM, and
CSF templates were constructed by averaging all the re-
spective GM, WM, and CSF smoothed images from all 30
subjects. The template images were written with a final
isotropic resolution of 1.5 mm3.

Normalization/segmentation
To facilitate the best possible partitioning of the respec-

tive tissue types, the study-specific GM, WM, and CSF
templates were used as prior probability maps during a
second-pass normalization/segmentation of the anatomical
images. This time, however, the anatomical images, prior to
segmentation, were spatially normalized using an optimal
set of normalization parameters determined using the fol-
lowing approach: First, the raw anatomical images were
segmented in native space resulting in a GMnat, WMnat, and
CSFnat image for each subject. Next, the images were
cleaned using the brain extraction technique described pre-
viously. The cleaned GMnat, WMnat, and CSFnat images
were then spatially normalized (using a 12-parameter linear
affine transformation and a nonlinear transformation using 7
 8  7 nonlinear basis functions) to their respective
study-specific template, yielding three sets of optimal nor-
malization parameters for each subject. Then, depending
upon the type of VBM analysis, one of the three sets of
parameters was applied to the original anatomical image in
native space. For the GM VBM analysis, the normalization
parameters determined from the cleaned GMnat images were
used, for the WM VBM analysis, the normalization param-
eters determined from the cleaned WMnat images were used,
etc. The optimally normalized anatomical images were then
segmented using the study-specific templates as prior prob-
ability maps. Nonbrain voxels were then removed from the
final segmented GM, WM, and CSF partitions using the
same brain extraction approach as mentioned above.

Modulation and smoothing
To preserve the amount of tissue in any given anatomical

region after spatial normalization, the optimal GM, WM,
and CSF partitions were multiplied by the Jacobian deter-
minants of their respective spatial transformation matrix.
The impetus for performing this modulation step was so that
the final VBM statistics will reflect local deviations in the
absolute amount (volume) of tissue in different regions of
the brain (Ashburner and Friston, 2000). The modulated
GM, WM, and CSF partitions were then smoothed with a
12-mm FWHM isotropic Gaussian kernel to account for
slight misalignments of homologous anatomical structures
and to ensure statistical validity under parametric assump-
tions. Additionally, to examine if expected a priori de-
creases of hippocampal gray matter could be found, in one
analysis of gray matter tissue generated post-hoc, a 6-mm
smoothing kernel was used.

Statistical analysis

Global effects
Total intracranial volumes (TIVs) were estimated by

integrating the voxel values across the modulated (un-
smoothed) GM, WM, and CSF partitions. Group differences
in TIV as well as group differences in total GM, WM, and
CSF volumes (after adjusting for TIV) were assessed using
standard unpaired t tests.

Regionally specific effects
Regionally specific differences in GM, WM, and CSF

volume were assessed within the context of the General
Linear Model and Gaussian Random Field theory as imple-
mented in SPM99 (Friston et al., 1995; Worsley et al.,
1995). Statistical inferences were made at each voxel using
an analysis of covariance (ANCOVA), with TIV, age, and
sex treated as nuisance covariates. An absolute threshold
was used to exclude voxels from the statistical comparison
with intensities less than 0.05. Effects of interest were
sought using linear contrasts of the parameter estimates and
are presented as statistical parametric maps of the t statistic
(SPM{t}s). As the primary objective of this report is to
provide a broad perspective on the morphometric aberra-
tions underlying DS, a threshold of P  0.001, uncorrected
for multiple comparisons, was used in generating the figures
and tables. However, only clusters surviving the correction
for multiple comparisons at P  0.05 are addressed in the
Discussion. These statistical criteria were relaxed in the case
of the post hoc reanalysis of the GM images smoothed with
a 6-mm kernel. Because there was a strong a priori predic-
tion for GM decreases in the hippocampus, we used a small
volume correction for this region instead of the whole brain
correction. More specifically, the hippocampal effects were
corrected using a 40  40  40 mm3 sphere (9929 voxels),
which approximates the volume of the hippocampal region
and has been used in previous studies of hippocampal mor-
phology using VBM (Maguire et al., 2000; Kubicki et al.,
2002). The figure for this post hoc reanalysis is presented at
the whole brain P  0.05 uncorrected level for illustration
purposes. Regional effects were localized according to the
atlas of Talairach and Tournoux (1988) after adjustment for
differences between Talairach and MNI coordinates using a
linear transformation developed by M. Brett (http://www.
mrc-cbu.cam.ac.uk/Imaging/mnispace.html).

Results

Global effects

Consistent with previous studies on DS neuroanatomy
(Schapiro et al., 1989; Haier et al., 1995; Pearlson et al.,
1998; Aylward et al., 1999; Pinter et al., 2001a, 2001b), we
observed a significant decrease (P  0.007) in DS TIV
when compared to their control group (DS: mean, 1270
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cm3, SD, 140 cm3; DS-control: mean, 1430 cm3, SD, 130
cm3); see Fig. 1. However, we did not find a difference in
the adjusted total GM (P  0.35), WM (P  0.65), or CSF
(P  0.15) volumes between our study groups.

Regionally specific effects

Illustrated in Fig. 2 is the SPM99 design matrix. This
matrix is a graphical representation of the statistical AN-
COVA performed on the smoothed segmented images.
Each column in the design matrix corresponds to a modeled
effect and each row corresponds to a subject’s scan. The last
three columns of the design matrix model the confounding
effects of TIV, age, and sex on the data; see Fig. 2 legend
for more details about the design matrix. The regionally
specific effects are listed in Tables 1–3. Those regions
whose coordinates and Z statistics are in bold lettering are
the global maxima of the tabled clusters, while those regions
not in bold lettering are the local maxima. In Table 1, SVC
is an acronym for “small volume correction.”

Gray matter
Regional changes in GM volume, having factored out the

effects of TIV, age, and sex, are listed in Table 1 and shown
in Fig. 3. The DS group evidenced reduced GM volume
predominately in the cerebellum, left medial frontal lobe,
right superior/middle temporal lobe, and throughout a large
portion of the cingulate gyrus. Significant increases in GM
volume were observed in a superior/caudal portion of the
brainstem, which extended superiorly and laterally into the
left parahippocampal gyrus. The post hoc GM reanalysis
revealed significant decreases in the CA2/CA3 region of the
left hippocampal gyrus (Fig. 6). While this effect appears to
be bilateral, only the left hippocampal finding survives the
small volume correction (P  0.05, SVC).

White matter
Regional changes in WM volume, having factored out

the effects of TIV, age, and sex, are listed in Table 2, and

shown in Fig. 4. The DS group showed less WM volume
throughout the brainstem and more WM volume in both the
left and right parahippocampal gyrus.

Cerebral spinal fluid
Regional changes in CSF volume, having factored out

the effects of TIV, age, and sex are listed in Table 3, and
shown in Fig. 5. The DS group evidenced higher levels of
CSF in the lateral ventricles and lower levels surrounding an
inferior portion of the orbital frontal cortex.

Discussion

Primary findings

Here we present a number of gross morphometric abnor-
malities in DS neuroanatomy by characterizing regional
volumetric aberrations in GM, WM, and CSF using VBM.
In descending order of statistical significance and after con-
trolling for the effects of TIV, age, and sex, we found
extensive GM reductions in the cerebellum, right medial/
superior temporal lobe, left medial frontal lobe, as well as a
large area encompassing both the anterior and middle por-
tions of the cingulate gyrus. WM reductions were observed
principally in brainstem with an effect that extended infe-
rior–superiorly from the basal pons up to the level of the
substantia nigra and owning a statistical maximum in the
left inferior cerebellar peduncle. The pattern of regional
tissue loss tended to be bilateral, although only those re-
gions that remained after a full-brain statistical correction
for multiple comparisons are mentioned above. For consis-
tency, we also tested for increases in region tissue volumes
that revealed significant GM increases in a superior/caudal
region of the brainstem, an effect that extended superiorly
and laterally into the left parahippocampal gyrus, and robust
WM increases in both the left and right parahippocampal

Fig. 2. SPM99 design matrix for the VBM analysis. The first two columns
model the main effect of condition (group effect), and the last three
columns model the confounding effects of TIV, age, and sex, respectively.
Each row corresponds to a subject’s scan. The third column models the
mean of the data across subjects. A linear contrast across the first two
columns tests for structural differences between the DS and control groups.

Fig. 1. Scatterplot of total intracranial volume (TIV) for the DS and control
(CTL) groups.
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gyrus. Increases in regional CSF were also noted in areas
suggesting significant dilations of the lateral ventricles in
the DS group.
Using the analysis methods detailed above with a 12-mm

smoothing kernel, we did not observe any reductions in
hippocampal volumes in our DS cohort. This contrasts with
a number of previous imaging studies based on the ROI
method (Emerson et al., 1995; Pearlson et al., 1998; Ayl-
ward et al., 1999; Pinter et al., 2001a). Given that a decrease
in hippocampal volume is noted fairly consistently through-
out the DS literature, and a number of studies exist that

cross-validated the VBM method with the ROI method in
detecting hippocampal atrophy under various neuropatho-
logic conditions (Good et al., 2002; Keller et al., 2002;
Kubicki et al., 2002), we considered the possibility that the
lack of hippocampal changes found here could have been a
result of the large spatial smoothing kernel (12 mm) typi-
cally used with VBM analyses. To explore this idea we
reanalyzed the GM data with a 6-mm smoothing kernel
testing explicitly for decreases of hippocampal volume. The
results of this reanalysis are shown in Fig. 6. For clarity,
Fig. 6 only includes regional decreases in GM volume.

Table 1
Locations of regional aberrations in gray matter volume

k Region Coordinates (mm) Z

x y z

Down Syndrome  controls
10475* L. cerebellum  3  71  18 5.02**

R. cerebellum 18  66  27 4.51
R. cerebellum 26  59  30 4.42

5123* R. sup. temporal gyrus 45  20 0 4.68**
R. mid. temporal gyrus 48  33  5 4.64**
R. sup. temporal gyrus 74  20 8 4.14

3055* L. med. frontal gyrus/ant. cingulate gyrus  9 59 11 4.52
L. med. frontal gyrus/ant. cingulate gyrus  23 72 8 4.51
R. med. frontal gyrus/ant. cingulate gyrus 8 54 11 3.79

650 R. thalamus 8  24 20 4.31
4162* R. med. frontal gyrus/cingulate gyrus 11  9 56 4.30

R. med. frontal gyrus/cingulate gyrus 14 17 47 4.18
L. med. frontal gyrus/cingulate gyrus  8 15 45 4.06

130 L. cuneus  18  84 21 3.85
1041 L. mid. frontal gyrus  65  47 3 3.81

L. sup. temporal gyrus  71  48 14 3.72
L. sup. temporal gyrus  71  30 6 3.52

31 R. mid. frontal gyrus 32 33  5 3.46
150 L. sup. temporal gyrus  47  20 3 3.39
63 L. precentral gyrus  38  21 54 3.38
94 R. hypothalamus 6 0  6 3.38
41 R. mid. frontal gyrus 29 51 12 3.34
63 L. mid. occipital gyrus  47  69  8 3.29
28 L. orbital/rectal gyrus  2 45  26 3.25
17 L. inf. temporal gyrus  48  18  32 3.17
19 L. inf. temporal gyrus  53  6  41 3.16

121 L. hippocampus***  36  23  12 4.39
553 R. hippocampus 38  20  15 3.49

Down Syndrome  controls
4985* R. brainstem 8  36  5 4.53

L. brainstem  15  48  8 4.16
33 R. caudate 5 23 6 3.71
886 R. orbital/rectal gyrus 9 20  29 3.71

L. orbital/rectal gyrus  8 20  29 3.64
107 R. sup. parietal lobule 9  68 62 3.56
212 L. sup. parietal lobule  6  66 62 3.47

L. sup. parietal lobule  15  69 60 3.35
59 R. inf. frontal gyrus 23 20  11 3.30
29 Undefined (nonbrain) 12 12  50 3.26
6 Occipital lobe  33  59 15 3.24

* P  0.05, corrected (cluster level).
** P  0.05, corrected (voxel level).
*** P  0.05, SVC, k  cluster size (in voxels).
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Fig. 3. Regionally specific changes in GM volume. Significant decreases and increases in DS regional gray matter volume are shown in blue and red, respectively.
On the far lefthand side of the figure are the resultant GM statistical parametric maps (SPMs) shown as maximum intensity projections (MIPs) onto a standard“glass
brain.” The intensity of the projections illustrates the strength of the significance. Surface renderings (in six orthogonal views) of these SPMs are shown on the far
righthand side of the figure. The renderings are displayed on a standard T1 anatomical image in Talariach space. In the middle of thefigure are a series of 10-mm
axial “cuts” though the brain with respective z coordinates. The approximate locations of these cuts are shown on one of the surface renderings. The underlying axial
images are those of the study-specific gray matter template. The images are rotated 45° CW to aid visualization.
Fig. 4. Regionally specific changes in WM volume. Significant decreases and increases in DS regional white matter volume are shown in blue and red, respectively. The
underlying axial images in the middle of the figure are those of the study-specific white matter template. Refer to Fig. 3 for a detailed explanation of the figure layout.



Fig. 5. Regionally specific changes in CSF volume. Significant decreases and increases in DS regional CSF volume are shown in blue and red, respectively. The

underlying axial images in the middle of the figure are those of the study-specific CSF template. Refer to Fig. 3 for a detailed explanation of the figure layout.

Fig. 6. VBM analysis of GM volume decreases in DS using a 6-mm smoothing kernel. Results of decreased GM volume in DS relative to controls are shown

superimposed on a T2 version of the GM study-specific template image. Given the strong a priori expectation for decreased GM volume in the hippocampal

region, the results are shown at various P values ranging from P  0.05 to P  0.001, uncorrected. A clear effect is evident bilaterally in the hippocampus,
which seems to center around the CA2 and CA3 regions.



Using this smaller smoothing kernel, the expected decreases

in hippocampal volumes become evident at a fairly robust

significance level of P  0.001, uncorrected.
Our findings of reduced total brain volumes accompa-

nied by disproportionately smaller cerebellar, brainstem,

and frontal lobe volumes are consistent with a large body of

both prior neuroimaging and postmortem evidence (Zell-

weger, 1977; Schapiro et al., 1989; Pearlson et al., 1990;

Wisniewski, 1990; Kemper, 1991; Weis et al., 1991; Haier

et al., 1995; Aylward et al., 1997a; Nadel, 1999; Pinter et

al., 2001b). While often not a target in conventional imaging

studies of DS, we observed robust decreases in GM volume

throughout a large expanse of the anterior and middle por-

tions of the cingulate gyrus, a finding that is consistent with

the work of Raz and colleagues (1995). We also noted GM

loss in a large portion of the right temporal lobe that covered

an extent of the middle and superior temporal gyrus, pos-

terior insula cortex, and the transverse temporal gyri. This is

consistent with prior imaging studies (Kesslak et al., 1994;

Raz et al., 1995) and postmortem evidence (Burger and

Vogel, 1973; Becker et al., 1986; Takashima et al., 1989;

Wisniewski, 1990). Regional increases in DS WM volume

were found bilaterally in the parahippocampal gyri, a find-

ing that also appears to be consistent with a few prior

reports based on the ROI method (Kesslak et al., 1994;

Emerson et al., 1995; Raz et al., 1995).

Many of the aforementioned regional results have been

reported in prior ROI-based imaging studies of DS mor-

phology, but these results appear somewhat inconsistent

throughout the literature. For example, Aylward and col-

leagues (1997a) reported reduced putamen volumes in their

group of DS individuals, whereas Raz and co-workers

(1995) failed to find such a difference despite using subjects

with similar cognitive and physical profiles. Contributing to

inconsistencies of this nature could be a number of meth-

odological factors associated with the ROI method, includ-

ing (1) the interrater and intrarater variability in outlining

anatomical structures, (2) the arbitrary selection criteria of

the ROIs in any given study (i.e., not all studies outline the

same anatomical structures and use the same boundary

Table 2

Locations of regional aberrations in white matter volume

k Region Coordinates (mm) Z

x y z

Down Syndrome  controls
8477* L. brainstem  11  35  41 5.92**

R. brainstem 9  30  42 5.13**

543 R. sup. temporal gyrus 57  14 6 4.26

R. sup. temporal gyrus 62  26 5 3.96

222 L. sup. temporal gyrus  63  30 3 4.14

184 R. sup frontal gyrus 20 41  17 4.09

260 L. inf. temporal gyrus  57  53  6 3.96

129 R. cingulate gyrus 5  5 45 3.74

132 L. insula  39 3 12 3.62

479 R. med. frontal gyrus 11 59 9 3.62

R. sup. frontal gyrus 15 51 18 3.57

210 L. med. frontal gyrus  9 60 2 3.56

L. sup. frontal gyrus  11 65  9 3.31

33 R. inf. frontal gyrus 51 30  6 3.55

113 L. med. frontal gyrus  8 56 18 3.54

11 R. inf. semi-lunar lobule 5  69  35 3.42

24 R. claustrum 26 14  8 3.39

27 R. mid. temporal gyrus 62  44  9 3.33

9 R. inf. temporal gyrus 63  54  3 3.33

4 R. putamen 27 8  5 3.29

1 R. putamen 24 9  8 3.28

Down Syndrome  controls
3374* L. parahippocampal gyrus  30  54  9 4.93**

L. lingual gyrus  21  56 2 4.69**

4311* R. parahippocampal gyrus 41  63 3 4.55**

R. lingual gyrus 23  56 3 4.50**

R. mid. temporal gyrus 47  63 18 3.69

53 R. caudate 8 14  2 3.43

66 L. sup. parietal lobule  24  68 45 3.32

8 R. mid. frontal gyrus 47 36 20 3.25

7 L. ant. cingulate gyrus  2 17  5 3.15

1 L. mid. temporal gyrus  47  84 26 3.12

* P  0.05, corrected (cluster level).
** P  0.05, corrected (voxel level); k  cluster size (in voxels).
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protocols), and (3) the differences in the way the indepen-

dent measures (i.e., tissue volumes) are controlled for across

studies. The advantage of VBM is that it provides an unbi-

ased, full-brain assessment of regional morphology devoid

of any a priori assumptions or subjective input, lending the

first two points above irrelevant when making regional

inferences. Although the results presented here do not pro-

vide a definitive answer into how the putamen may be

structurally different in DS individuals, we did notice a

reduction (P  0.001, uncorrected) in the volume of the

right putamen, consistent with the work of Aylward and

colleagues (1997b).

An additional advantage of the VBM method over the

traditional ROI method is that in certain situations VBM

may offer increased sensitivity to regional pathology over

the conventional ROI method. This is because the tradi-

tional method of drawing regions of interest asserts a gen-

eralized homogenous distribution of pathology within these

regions. If the pathology is regionally specific beyond the

spatial scale of the circumscribed ROI, then the traditional

method of “counting voxels” may be prone to false nega-

tives. The VBMmethod is not limited in this respect and the

foci of the statistical parametric maps may offer additional

insight into such regional pathology. As demonstrated in

Fig. 6, the foci of these statistical maps suggest that our DS

cohort had hippocampal atrophy (or hypoplasia) that seemed

to be most prominent in the CA2/CA3 subregions.

The VBM method, however, also has limitations. All

voxel-based approaches, like VBM, require the data to be

spatially normalized into a standardize space. Systematic

registration errors of the resultant images may lead to spu-

rious effects in the VBM comparisons. To account for this

potential risk, and in order for the statistical inferences to be

valid under parametric assumptions, the normalized images

are often blurred with a substantial spatial smoothing kernel

(Salmond et al., 2002). In this study, we demonstrate that in

small structures like the hippocampus, this spatial smooth-

ing requirement may subject the VBM method to false

negatives as well. It was not until we reduced the size of the

spatial smoothing kernel that we were able to clearly detect

the decreases in hippocampal GM tissue that have been

reported extensively throughout the DS literature.

Table 3

Locations of regional aberrations in cerebral spinal fluid volume

k Region Coordinates (mm) Z

x y z

Down Syndrome  controls
282 R. orbital gyrus 8 41  30 4.65**

L. orbital gyrus  5 38  29 3.18

354 L. pons  18  24  29 4.26

L. brainstem  12  24  48 3.43

301 L. brainstem  8  11  26 4.25

R. brainstem 5  11  26 3.93

432 R. med. frontal gyrus 6 15 47 4.11

852 L. med. frontal gyrus  2 54 11 3.79

81 R. brainstem 9  33  12 3.77

L. brainstem  3  35  12 3.29

15 R. med. frontal gyrus 2  26 66 3.21

5 R. insula 45  14 5 3.12

Down Syndrome  controls
321 L. lateral ventricle  30  56 15 4.52**

1475* R. lateral ventricle 33  53 12 4.48**

R. lateral ventricle 29  35 20 4.04

86 L. sup. parietal lobule  2  84 57 3.98

311 R. inf. frontal gyrus 47 29  3 3.77

R. inf. frontal gyrus 54 26  6 3.67

89 R. cerebellum 2  74  50 3.77

1503 L. lateral ventricle 2 17 18 3.64

293 L. sup. temporal gyrus  56 8  5 3.62

L. precentral gyrus  57 15 5 3.22

22 R. sup. temporal gyrus 63  60 15 3.38

52 R. inf. parietal lobule 57  48 53 3.32

13 Undefined (nonbrain) 35  20  50 3.28

10 L. cuneus 3  101 15 3.26

17 Third ventricle 0  2 2 3.15

7 L. lateral ventricle  21  27 21 3.12

* P  0.05, corrected (cluster level).
** P  0.05, corrected (voxel level), k  cluster size (in voxels).
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AD neuropathology in DS

All DS individuals by the 4th decade show some degree

of tangle and plaque neuropathology similar to that of AD

(Wisniewski et al., 1985) which is due to the overexpression

of the amyloid precursor protein gene location on chromo-

some 21 (Kang et al., 1987; Tanzi et al., 1988). Provided

accurate in vivo measurements are made, DS cohorts may

offer significant insight into both the prodromal phase and

progression of AD neuropathology. In the current study we

demonstrate numerous neuroanatomical abnormalities in

DS individuals who are without any clinical signs of de-

mentia. However, the etiology of these abnormalities can’t

be determined from these data. Even though the current

findings overlap well with VBM reports of AD (Baron et al.,

2001; Chan et al., 2001) it remains to be determined to what

extent this DS morphology is a result of a generalized

pathology due to the amyloid protein or a result of abnormal

neurodevelopmental processes. This is especially important

with regard to temporal lobe regions, which are some of the

first structures affected in AD. We believe that this study is

important because it helps establish the utility of the VBM

methology for studying DS temporal lobe neuroanatomy

and, consequently, provides a platform from which further

comparative study can be made between AD and DS.

Conclusion

To our knowledge, this study provides the first full-brain

objective account of the gross structural brain abnormalities

inherent in living nondemented individuals with DS. The

consistency of the present findings with evidence from prior

imaging and postmortem reports provide support for the

VBM technique in assessing neuroanatomic aberrations in

DS individuals.
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