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Chromosome 22q11.2 deletion syndrome is a highly prevalent genetic

disorder whose manifestations include developmental disability and

sometimes mental retardation. The few studies that have examined

brain morphology in different samples from this population have found

similar general patterns, mostly using region of interest measures. We

employed voxel-based techniques to concurrently examine specific

morphologic changes in multiple brain tissue measures. Results were

similar to previous findings of volumetric reductions in the posterior

brain. They also extended them in two ways. First, our methods

provided greater specificity in the localization of changes detected.

Second, the combination of our measures of gray and white matter

along with cerebrospinal fluid volume and fractional anisotropy, which

indicates the structure of white matter, showed a posterior displacement

of and morphologic changes to the corpus callosum in affected children.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

In contrast to recent studies of the neurocognitive implications

of genetic disorders such as Down syndrome (Chapman and

Hesketh, 2000; Paterson, 2001), Williams–Beuren syndrome

(Bellugi et al., 1999, 2000; Mervis et al., 1999), Fragile X

syndrome (Bennetto and Pennington, 1996; Freund and Reiss,

1991), and Turner syndrome (Reiss et al., 1995; Ross et al., 2000),

little such knowledge is available concerning a syndrome that is one
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of the most common genetic causes of mental retardation or

developmental disability (e.g., McDonald-McGinn et al., 1999).

This syndrome results from a submicrosopic deletion of approx-

imately 3 mb on the long (q) arm of chromosome 22 (Driscoll et al.,

1992a,b) and is thus referred to as the chromosome 22q11.2

deletion syndrome (hereafter, DS22q11.2). DS22q11.2 encom-

passes DiGeorge (DiGeorge, 1965), Velocardiofacial (Shprintzen

et al., 1978) and Conotruncal Anomaly Face (Burn et al., 1993)

syndromes, and some cases of Cayler Cardiofacial syndrome

(Giannotti et al., 1994) and Opitz G/BBB syndrome (McDonald-

McGinn et al., 1995). Its prevalence is at least one in 4000 live

births (Burn and Goodship, 1996). The most common manifes-

tations include cleft palate, conotruncal heart defects, T-cell

abnormalities, and neonatal hypocalcemia. Also frequently

observed are facial dysmorphisms, velopharyngeal insufficiency,

hypernasal speech, and mild to moderate cognitive deficit. Several

studies have reported brain morphologic changes. These include

enlarged sylvian fissures (Bingham et al., 1997), posterior fossa

reductions (Eliez et al., 2001b; Mitnick et al., 1994), reduced

superior temporal lobe gray matter volume (Eliez et al., 2001a), and

enlargement of the caudate head (Eliez et al., 2002).

Several studies using neuropsychological tests to evaluate the

cognitive profile of individuals with DS22q.11.2 indicated that

anomalies in brain development likely have functional signifi-

cance. They showed that, along with an overall delay in early

cognitive, psychomotor and language development and an overall

IQ in the range of 70–85, a set of specific deficits are evident in the

areas of visuospatial and numerical performance (Bearden et al.,

2001; Gerdes et al., 1999; Moss et al., 1999; Swillen et al., 2000;

Wang et al., 2000). Taking those data as a starting point, we have

developed theoretically derived hypotheses (Simon et al., 2002,

2005) about the basis of those deficits. Key among these is that a

major cause of visuospatial and numerical processing difficulties is

anomalous brain development that results in dysfunction of the

posterior parietal lobule (PPL). There is considerable evidence of
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the critical role of the PPL in normal functioning on a range of

visuospatial and attentional, as well as numerical tasks. This

evidence comes from a large set of functional neuroimaging (e.g.,

Corbetta, 1998; Pesenti et al., 2000), and clinical lesion studies

(e.g., Cipolotti et al., 1991; Friedrich et al., 1998) with humans as

well as single cell recording and lesion studies with monkeys (e.g.,

Goldberg and Bruce, 1985; Sawamura et al., 2002).

A small set of volumetric imaging analyses has produced

further evidence of anomalous neural development associated with

DS22q11.2, especially in the parietal lobule and other posterior

regions. Two reports described similar patterns of regional brain

volume differences between typically developing children and

those with DS22q11.2. Both showed reduced volumes in all non-

frontal regions of the DS22q11.2 brain. Eliez et al. (2000) found an

overall reduction in brain volume of 11% when compared to

controls, and they reported focal reductions in the white matter of

the right cerebellum and in the gray matter of the left parietal lobe.

Kates et al. (2001) found an overall volumetric decrease of 8.5%

with a greater loss of white (10.7%) than gray (7%) matter. They

replicated the earlier study’s findings of relatively increased frontal

volumes, when total brain volume was accounted for, and of

decreased left parietal volumes. They also reported white matter

reductions in all non-frontal regions of the right hemisphere and in

the left temporal and parietal lobes. The only gray matter reduction

they detected was in right hemisphere occipital tissue.

A study of adults with DS22q11.2 and IQ-matched adult

controls reported a rather different pattern. There were no

significant reductions in overall gray or white matter volumes.

Regional gray matter reductions were found in the left cerebellum

and right temporal lobes while relative increases were found in left

temporal and left medial frontal lobes. White matter reductions

were found in some frontal areas, in bilateral temporo-parietal

regions, and bilaterally in occipital regions. Differences between

these findings and those of the Eliez and Kates’ studies with

children may have been partly due to demographic differences. The

most obvious is the increased age of participants in the Van

Amelsvoort et al. (2001) study. Another is that the adult

comparison subjects were individuals with borderline IQ scores,

the causes of which were unidentified. Therefore, unlike the

typically developing child controls, this may have been a rather

heterogeneous group with respect to neural and cognitive develop-

ment. Finally, both the adult patient and control groups included

individuals with significant mental illness, including schizophrenia

and major depression. Such disorders were not reported in the child

studies and so are assumed not to have been present.

One novel result reported by Van Amelsvoort et al. was an area

of increased white matter volume from the splenium of the corpus

callosum to the optic radiation, posterior cingulate, and para-

hippocampal regions. Interestingly, a similar result emerged from

Barnea-Goraly et al.’s (2003) diffusion tensor imaging (DTI) study,

which included both children and adults with DS22q11.2 and

healthy non-IQ-matched controls. DTI studies analyze fractional

anisotropy, a measure of directionality in the diffusion of water

molecules that is taken to indicate the presence of myelinated

neural fiber tracts. In addition to a set of frontal, temporal, and

parietal reductions, Barnea-Goraly et al. also reported bilateral

clusters of increased fractional anisotropy in affected individuals

from the splenium of the corpus callosum to the occipital lobes.

Further, a morphometric analysis of the corpus callosum of 13

nonpsychotic children and adolescents with DS22q11.2 and 13

healthy controls (Shashi et al., 2004) showed enlargement of the
entire corpus callosum in the affected children. The only

significantly enlarged subregion of the callosum was the isthmus.

So, despite differences in the participants studied, the convergence

of these similar results and the fact that changes in the corpus

callosum might well be expected in populations where there is

dilation of the lateral ventricles suggests that posterior callosal

changes may be significant in this disorder.

Although enlargement of the lateral ventricles is a prominent

and common difference between the brains of many individuals

with DS22q11.2 and typically developing children, the difference

only appears to have been reported in two analyses of the adult

brain (Chow et al., 1999, 2002). Other disorders, such as

hydrocephalus, that produce dilation of the lateral ventricles and

which affect the corpus callosum, also produce cognitive deficits

that are similar to those of DS22q11.2 (Fletcher et al., 1992a,b).

Indeed, a surgical intervention study (Mataro et al., 2000) showed

direct improvements on visuospatial, visuomotor, and attentional

task performance when shunting reduced ventricular size. There-

fore, the relationship between ventricular enlargement and its effect

on the corpus callosum and changes in visuospatial and other

cognitive function is clearly one of great relevance to our PPL

dysfunction hypotheses.

Thus, we have acquired MRI data that enables us to evaluate

the structure, volume, and white matter integrity of the brains of

children with DS22q11.2 and controls. Using Voxel-Based

Morphometry (VBM) methods allowed us to examine whether

volumetric differences would be detected in the specific brain

areas required for the visuospatial and numerical functions in

which children with the deletion show cognitive deficits. There

were two goals in the present study. One was to replicate and

extend existing findings of brain morphology in children with

DS22q11.2 by enhancing localization with VBM. The other was

to examine multiple convergent MRI measures for any emergent

pattern of systematic changes in brain development that would

help to explain the cognitive deficits described above. In what

follows we first describe our voxel-wise analyses of gray matter

(GM), white matter (WM), and cerebrospinal fluid (CSF)

differences between children with DS22q11.2 and controls.

Then, we describe our analyses of fractional anisotropy (FA)

acquired with DTI, which is an indirect measure of neural

connectivity.
Methods

Subjects

Eighteen children with chromosome 22q11.2 deletion syn-

drome, ranging in age from 7 years, 4 months to 14 years, 0

months, were recruited through the b22q and YouQ Center at The
Children’s Hospital of Philadelphia. Each had a diagnosis of the

chromosome 22q11.2 deletion by virtue of a positive result from

the standard fluorescence in situ hybridization (FISH) test for the

deletion. Eighteen typically developing control children, ranging

in age from 7 years, 6 months to 14 years, 2 months, were

recruited through newspaper advertisements. Parents of all

children signed a consent form in accordance with the Institu-

tional Review Board standards of the Children’s Hospital of

Philadelphia, and all children signed an assent on the same form.

Full details of the demographics of the participants can be found

in Table 1. Before MRI scanning, all children underwent



Table 1

Demographics of DS22q11.2 patients and controls

DS22q11.2 Control

N Mean

age

(SD)

Range Gender N Mean

age

(SD)

Range Gender

18 118.58

(17.02)

months

88–168

months

7 M 18 125.0

(23.86)

months

90–170

months

11 M

11 F 7 F
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extensive acclimation and head motion suppression training in

our lab and in a mock scanner.

MRI protocol

Magnetic resonance imaging was performed on a 1.5-T

Siemens MAGNETOM Vision scanner (Siemens Medical Solu-

tions, Erlangen, Germany). For each subject, a high-resolution

three-dimensional structural MRI and a diffusion tensor MRI were

obtained.

The structural MRI was acquired using a T1-weighted magnet-

ization prepared rapid gradient echo (MP-RAGE) sequence with

the following parameters: repetition time (TR) 9.7 ms, echo time

(TE) 4 ms, 128 flip angle, number of excitations = 1, matrix size =

256 � 256, slice thickness of 1.0 mm, yielding 160 sagittal slices

with in-plane resolution of 1 � 1 mm. A single-shot, spin-echo,

diffusion-weighted echo-planar imaging (EPI) sequence was used

for the diffusion tensor MRI. The diffusion scheme was as follows:

one image without diffusion gradients (b = 0 s/mm2) followed by

six images measured with different diffusion encoding directions

isotropically distributed in space (b = 1000 s/mm2), and six non-

collinear directions are YZ, XY, XZ, Y–Z, X–Y, and X–Z. Additional

imaging parameters for the diffusion-weighted sequence were:

TR = 6000 ms, TE 100 ms, matrix size = 128 � 128, slice

thickness = 5 mm, 20 axial slices with a in-place resolution of 2 �
2 mm. Given that whole brain coverage was not possible with this

sequence, the slab was placed in such a way as to cover the more

superior portions of the brain, generally from the top of the brain to

the superior third of the cerebellum.

Data analysis

All data were analyzed using MATLAB 6.5.1 (MathWorks,

Natick, MA) and SPM99 (Wellcome Department of Cognitive

Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/) (Fris-

ton et al., 1995). In this section, we describe the preprocessing of

structural and diffusion tensor MRI data for voxel-based morph-

ometry analysis. All the images were checked for artifacts before

preprocessing.

Preprocessing of structural data

The CCHMC pediatric brain template (Cincinnati Children’s

Hospital Medical Center, Cincinnati, OH) was employed as the T1-

weighted structural template in this study. It was generated from

200 healthy children, 98 boys and 102 girls, ranging in age from 5

to 18 years (mean age was 11.43 F 3.59 years) at the date of the

MR-exam. The ICBM 152 template (Montreal Neurological

Institute) usually used in SPM99 was derived from 152 young

normal adult subjects and we felt that using this template with our
child participants would be likely to cause more non-linear

deformation in the spatial normalization process and produce

false-positive differences (Wilke et al., 2002). All 36 structural MRI

scans in the patient and control groups were spatially normalized to

the same stereotactic space by registering each of the images to the

CCHMC template. The mapping between individual subjects and

the template was estimated by minimizing the residual sum of

squared differences with a 12-parameter affine transformation and a

non-linear transformation comprising a linear combination of 7 � 8

� 7 smooth spatial basis functions (Ashburner and Friston, 2000).

The normalized images were visually inspected in order to evaluate

the results of the registration process and to avoid inclusion of

poorly registered images in the subsequent processing and analysis

steps. Each image, along with the template, was displayed in three

cross-sectional views (axial, coronal and sagittal) using the MRIcro

software package (Rorden and Brett, 2000). The locations of the

anterior and posterior commissures, as well as the boundaries of the

frontal, temporal, parietal, and occipital lobes were used as

landmarks to evaluate the registration of each normalized brain to

those points in the template. While there were some small variations

in the registrations to the CCHMC, all of the spatial normalizations

were judged to be of sufficient accuracy to be included in the voxel-

based morphometry analysis.

The spatially normalized images were resliced with a voxel

size of 2 � 2 � 2 mm, and were then segmented into gray

matter, white matter, CSF, and other non-brain partitions. An

image intensity correction was included in the segmentation step

to address the intensity inhomogeneity induced by the radio

frequency (RF) coil in MR imaging. After segmentation, some

non-brain voxels, such as scalp, skull, and venous sinuses, were

removed from the segmented images by using a series of fully

automated morphological operations (Good et al., 2001). The

normalized, segmented images were smoothed using a Gaussian

kernel of 12-mm FWHM, which made the data more normally

distributed and conditioned the data for the subsequent parametric

statistical tests. The value in each voxel of the smoothed data is a

locally weighted average from a region of surrounding voxels

(Ashburner and Friston, 2000).

Preprocessing of DTI data

A neuroradiologist examined the DTI scans for motion

artifacts and corrupted images. Three scans were unusable due

to excessive motion, image corruption, or small field of view.

This left the sample available for comparison at 16 children with

DS22q11.2 and 17 controls. Diffusion tensor MR imaging gives

information about white matter structure by measuring water

diffusion in the brain. The diffusion and its directionality (i.e.,

anisotropy) can be represented by a diffusion tensor calculated at

each voxel from the diffusion-weighted images (Basser and

Pierpaoli, 1996). The degree of anisotropy in a voxel indicates

the directionality and density of the fiber tracts, and is inferred to

characterize white matter integrity. Fractional anisotropy (FA), a

measure invariant of translation and rotation, was chosen to

represent the diffusion anisotropy in this study. Fractional

anisotropy has a value between 0 (isotropic diffusion) and 1

(diffusion existing only in one direction). A fractional anisotropy

image was produced for every subject by calculating the

fractional anisotropy value at each voxel using Basser and

Pierpaoli’s (1996) method. Then, FA images were transformed

to the stereotactic space by a transformation coregistering the T2-
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weighted image with the T1-weighted image and a transformation

spatially normalizing the T1-weighted image to the CCHMC

template, which was obtained in the preprocessing step of

structural data. To exclude inappropriate tissue, a white matter

mask was created from the structural T1-weighted image thus

removing gray matter, CSF, and non-brain tissues from the DTI

analyses.

Voxel-based statistical analysis

The voxel-based morphometry analyses were carried out by

statistically comparing the voxelwise data values of the two

groups of subjects using two-sample t tests based on the general

linear model (Friston et al., 1995). In practice, this involved

comparing the brains of children with DS22q11.2 to those of

controls using SPM99. Individual brains were normalized to the

CCHMC template to enable group analyses. We repeated those

analyses for gray matter, white matter, CSF, and the fractional

anisotropy measure computed from DTI. In each case, we

carried out both the bcontrol minus DS22q11.2Q and the

bDS22q11.2 minus controlQ analyses. Anatomical locations were

translated to Talairach coordinates according to a set of linear

transformations (Brett, M. http://www.mrc-cbu.cam.ac.uk/Imaging/

mnispace.html). Significance levels for the t statistics were

computed using SPM’s standard Family Wise Error (FWE)

method. The clusters that we report for all analyses are those that

exceeded the conservative extent threshold of 50 voxels and the

FWE statistic for significance at the corrected voxel level a

threshold of P b 0.05.
Results

Overall brain volumes were computed based on the voxel-

based morphometry results in the following way and compared. In

order to preserve the absolute volume, the segmented gray matter,

white matter, and CSF images were multiplied (or modulated) by

the Jacobian determinants derived from the spatial deformation

field that was obtained from the spatial normalization process

(Davatzikos et al., 1996; Good et al., 2001). Then, the voxel

values in the modulated images were summed up and we obtained

the total volumes for gray matter, white matter, and CSF. For both

populations, the relative proportions of gray and white matter and

CSF were within expected component ranges for overall brain

tissue (approximately 55%, 27% and 18%, respectively (e.g.,

Woods, 2004)). However, total brain volumes for children with

DS22q11.2 were 8.9% lower than controls. Gray matter was

reduced 9.85%, white matter 11.07% and CSF was only reduced

1.08% (see Table 2). Statistical comparisons of these volumes

revealed the following results: total brain volume was significantly
Table 2

Overall brain volume comparisons of DS22q11.2 patients and controls

Group Total

volume (cc)a
Gray

matter (cc)b
White

matter (cc)b
Cerebrospinal

fluid (cc)

Controls 1356 762.8 379 222.5

DS22q11.2 1252 687.7 337 218.1

a Indicates significant group differences at 0.01 level.
b Indicates significant group differences at 0.05 level.
different between groups, F(1,32) = 7.565, P = 0.01, when co-

varying out the effects of age and gender. Additionally, gray

matter showed significant differences between groups, F(1,32) =

7.281, P = 0.011 when controlling for the effects of age (P =

0.695), gender (P = 0.09), and total brain volume (P b 0.001).

White matter significantly differed between groups, F(1,32) =

6.294, P = 0.017, when controlling for age (P = 0.01), gender (P =

0.281), and total brain volume (P = 0.003). Finally, CSF was not

significantly different between groups, when controlling for the

effects of age (P = 0.220), gender (P = 0.407), and total brain

volume (P = 0.092).

Overall results

A summary of the major results can be found in Table 3, which

summarizes the cluster size and effect size of each of the major

clusters, and presents Talairach coordinates of the peak (or peaks)

of those clusters. Since many of the clusters are quite large, they

often spanned more than a single tissue type. For example, the peak

of a cluster may be in gray matter with an extent large enough to

include surrounding white matter.

Gray matter

There was one very large and one smaller cluster of

significant reduction in children with DS22q11.2 (see turquoise

clusters in Fig. 1a). The largest (4741 voxels) spans a medial area

from the culmen of the cerebellum to the cingulate gyrus. Starting

anteriorly from a narrow bilateral strip through anterior and

medial aspects of the cingulate gyrus (BA 23, 24), the cluster

then extends back, covering a region of the posterior parietal

lobule including the posterior cingulate, precuneus, and cuneus as

well as the splenium of the corpus callosum. Another large

component at the most inferior aspect of this cluster has as its

lateral boundaries the parahippocampal, fusiform and lingual gyri,

thereby encompassing much of the anterior lobe (culmen) of the

cerebellum including the vermis and cerebellar lingual areas. All

told the reductions encompassed voxels in Brodmann areas 17,

18, 19, 21, 23, 24, 29, 30, 31, 35, 36, and 37. The smaller cluster

(414 voxels) covered the right operculum, extending from the

right inferior frontal gyrus (BA 45), through the precentral gyrus

(BA 6, 44) to the superior temporal (BA 22, 42) and transverse

temporal gyri.

Also broadly consistent with previous volumetric studies of

children with DS22q11.2 that showed relatively enlarged frontal

lobes, two clusters (241 and 607 voxels, respectively) depicted

areas where these children had increased volumes compared to

typically developing controls (see turquoise clusters in Fig. 1b).

The first encompassed areas of the right middle and superior

frontal gyri (BA 10), while the second spanned areas of the right

insula, and superior, middle and transverse temporal gyri (BA 13,

21, 22, and 41) and the parahippocampal gyrus.

Cerebrospinal fluid

We carried out complementary voxel-based comparisons

between children with DS22q11.2 and controls of the volumes

of CSF-filled spaces. Not surprisingly, given previous reports of

8.5–11% brain tissue volume reductions in affected children,

only significantly greater CSF values in the DS22q11.2 group

were found (see red clusters in Fig. 1b). The fact that regional
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Table 3

Main Cluster and subcluster differences between DS22q11.2 patients and

controls

Brain areas Cluster size

(2 mm3 voxels)

Z score

(voxel level)

Talairach

coordinates

(x, y, z) mm

Gray matter (Control N 22q)

Left posterior

cingulate

4741 6.01 �4, �54, 5

Right posterior

cingulate

5.98 4, �52, 3

Right posterior

cingulate

4.89 10, �52, 12

Right precentral

gyrus

414 4.69 59, 8, 5

Gray matter (22q N Control)

Right middle

frontal gyrus

241 5.10 36, 50, �6

Right insula 607 4.76 42, �14, 1

Right fusiform

gyrus

3.52a 40, �3, �18

Right claustrum 3.31a 28, �25, 10

White matter (Control N 22q)

Right middle

frontal gyrus

204 4.82 34, 52, �6

CSF (22q N Control)

Posterior cingulate 5176 5.93 0, �54, 5

Left cerebellum,

culmen

5.48 �10, �51, �1

Right brainstem,

pons

5.02 18, �25, �32

Right superior

temporal gyrus

729 5.21 63, 4, 5

Right superior

temporal gyrus

4.75 59, 12, 1

Corpus callosum 3917 4.58 2, �1, 24

Corpus callosum 4.46 0, �26, 22

Right lateral

ventricle

3.72a 4, �3, 11

DTI FA (Control N 22q)

Left corpus

callosum

1040 4.44 �8, �20, 23

Right corpus

callosum

4.42 12, �22, 21

Right corpus

callosum

4.23a 10, �14, 23

DTI FA (22q N Control)

Left posterior

cingulate

2802 4.78 �8, �47, 23

Cingulate gyrus 4.73 0, �31, 40

Right cingulate

gyrus

4.53 14, �47, 26

Right inferior

parietal lobule

186 4.45 46, �43, 43

a Subcluster that does not reach P b 0.05 corrected a threshold.
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but not overall CSF volume differences were found along with

overall gray and white matter reductions is likely explained by

the reduced head size in children with DS22q11.2. Three clusters
resulted, predictably complementing the pattern found for the

gray matter analysis. The largest cluster (5176 voxels) also

included voxels in Brodmann areas 17, 18, 19, 23, 29, 30, and

31 reflecting the tissue reductions in the lingual gyrus, cuneus,

precuneus, posterior cingulate and small regions of the para-

hippocampal gyri. As indicated by the gray matter reductions in

DS22q11.2 children, large clusters of CSF-filled voxels were

apparent in a bilateral medial area encompassing most of what

would typically include the cerebellar culmen, including its

vermis, the pons, medulla, and cerebellar tonsil region. The

cluster extends upwards into posterior occipital tissue in the

cuneus and lingual gyrus and on upward to include posterior

cingulate and precuneus regions. The enlarged ventricles so

characteristic of the DS22q11.2 brain were clearly depicted in

another large cluster (3917 voxels) that indicates gray and white

matter replaced bilaterally by CSF from the anterior cingulate to

very large areas of the medial and posterior cingulate, anterior to

the splenium of the corpus callosum and down into the caudate

body and anterior nucleus of the thalamus. Brodmann areas

encompassed by this cluster included 23, 24, 31, 32, and 33. A

third cluster (729 voxels) overlaid the right operculum tissue

reduction described above.

White matter

Analyses of white matter volume showed larger values only

in control children and not those with DS22q11.2 (see yellow

cluster in Fig. 1a). Despite the fact that, overall, white matter

was reduced to a larger degree than gray matter in the children

with DS22q11.2, only a single significant cluster emerged. This

is probably due to the fact that white matter reductions are more

diffuse and widespread and so less likely to coalesce into

definable clusters that exceed the statistical thresholds that were

set. Therefore, the cluster observed in our results likely

represents the area of most extreme reduction but does not

accurately characterize the total extent of white matter changes

in the DS22q11.2 child’s brain. This view is consistent with the

fact that the previous studies, which have not relied on

clustering techniques, have reported lobar white matter volume

reductions in areas other than those that we report. One cluster

(204 voxels) of reduced white matter volume in children with

DS22q11.2 was significant at the corrected (P b 0.05) voxel

level. It encompassed tissue in the right middle, and to a lesser

extent, superior frontal gyral areas, encompassing part of

Brodmann area 10. Three other larger clusters (not depicted)

showed a trend towards significance at the corrected level. One

(1105 voxels, P = 0.085, z = 4.4) further characterized the

midbrain/cerebellar reductions reported above. It involved

bilateral reductions in areas of the pons, medulla, cerebellar

culmen and tonsils, and brainstem/midbrain areas including the

red nuclei. Other affected subcortical areas encompassed the

third ventricle, optic tract and thalamic regions including the

medial dorsal nuclei. Two other clusters showed a similar trend

(196 voxels, P = 0.086 z = 4.39 and 509 voxels, P = 0.088, z =

4.39, respectively). The former cluster is relevant to our primary

hypothesis because it shows reduced white matter in the left

inferior parietal lobe in the area of the angular gyrus and

precuneus. The latter cluster reflects the gray matter reductions

and CSF increases in the DS22q11.2 population in the right

anterior cerebellar and pontine regions, extending to midbrain

and parahippocampal areas.



T.J. Simon et al. / NeuroImage 25 (2005) 169–180174
Fractional anisotropy

The most important results related to white matter were found

in the diffusion tensor imaging analyses that compared fractional

anisotropy values between our two groups of participants. In

control children, there was one large cluster (1040 voxels) where

fractional anisotropy was higher than it was in children with

DS22q11.2 (see green cluster in Fig. 1a). Its most anterior aspect
Fig. 1. (a) Axial slices of a normalized brain of a control child from the study (4 m

(turquoise), white matter (yellow), and fractional anisotropy (green) that exceed th

those with DS22q11.2. (b) Axial slices of a normalized brain of a control child

increased gray matter (turquoise), CSF (red), and fractional anisotropy (green) th

DS22q11.2 relative to controls.
covers the anterior cingulate, a small area of right hemisphere

corpus callosum and caudate body. The region extends bilaterally

as far as the splenium of the corpus callosum with the superior

boundary extending into cingulate areas and inferior boundary

extending into thalamic regions, particularly in the area of the

pulvinar. It is fairly clear that these significantly higher FA values

for controls indicate the typical location of the corpus callosum and

other periventricular white matter tracts.
m gap between slices). Clusters represent regions of increased gray matte

e extent and corrected voxel level thresholds in control children relative to

from the study (4 mm gap between slices). Clusters represent regions o

at exceed the extent and corrected voxel level thresholds in children with
r

f
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Given the considerable increase in CSF-filled spaces in the brains

of children with DS22q11.2, especially the enlarged ventricles, we

expected to find no regions of increased fractional anisotropy in

patients compared to controls. Thus, the most surprising result of

these analyses was a finding of one very large (2802 voxels) and one

smaller cluster of increased fractional anisotropy, when compared to

controls, in the posterior brains of those children (see green clusters

in Fig. 1b). The largest cluster consists of a long, narrow, medial area

encompassing white matter in the anterior aspects of the cingulate

gyrus (starting at BA 32), back through the paracentral lobule. It then

widens into a wedge-shaped area covering what would typically be
gray andwhitematter areas ofmore inferior regions. The cluster then

expands significantly covering a large area of white and gray matter

from the precuneus tomost of the posterior cingulate, medial inferior

parietal lobe, and splenium of the corpus callosum. Tissue

encompassed in this cluster includes that in Brodmann areas 7, 23,

24, 29, 30, 31, and 32. The most probable interpretation for this

result is that it actually represents the major interhemispheric white

matter tracts, such as the corpus callosum, and that their atypical

location accounts for the significant difference in FA values in

regions that have lower anisotropy in the brains of typically

developing controls.
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The other cluster of increased fractional anisotropy (186 voxels)

includes area of right hemisphere inferior parietal white matter

incorporating the supramarginal gyrus.

Composite results

Perhaps, the greatest advantage of studying multiple MRI

measures in a single study, and subjecting them to the same

voxelwise analyses, is the ability to examine the relationships

between different types of morphologic changes when they are

placed in the same physical brain space. By doing this, we were

able to discover a potentially critical change in the brains of

children with DS22q11.2 that explains the FA results in terms of

displacement and apparent distortion of the corpus callosum. Figs.

2a and b depict the major fractional anisotropy clusters in each

group overlaid onto the clusters of increased CSF in the

DS22q11.2 population. In each case, we interpret the primary

clusters of increased fractional anisotropy to represent the corpus

callosum. Clearly evident from Fig. 2a is the fact that the location

of the normally placed corpus callosum in the control population

falls entirely within the space taken up by the significantly dilated

lateral ventricles in the DS22q11.2 population. The significant

group difference in FA, which compares the degree of restricted

orientation of diffusion in a given voxel, is almost certainly due to

the fact that locations in the brains of control children that are taken

up with highly oriented, myelinated fiber tracts correspond to

locations in the DS22q11.2 brain that are devoid of any tissue and

are instead filled with isotropically diffusing CSF.

Fig. 2b shows the direct result of ventricular dilation in terms of

displacement of the DS22q11.2 corpus callosum. It is quite clear

from this image that the only location available for the interhemi-

spheric connections of the splenium is the area between the two

major clusters of increased CSF. The DS22q11.2 corpus callosum,

it appears, has been displaced into a far more superior and posterior

location than is true for the controls, and it also appears to have

been significantly altered in terms of its overall shape and size.

This is, of course, consistent with our findings from the gray matter

and CSF analyses. As can be seen from Figs. 1a and b, the bilateral

strip of reduced gray matter in the cingulum of the children with

DS22q11.2 is complemented by the increased volume of CSF in

the same cingulate regions at the superior boundary and the
Fig. 2. Effects of lateral ventricle dilation on corpus callosum position. Panel a

overlaid with clusters of increased CSF in DS22q11.2 children (red/yellow). Panel

(blue/green) overlaid with their own clusters of increased CSF (red/yellow).
posterior thalamus and posterior cingulate at the inferior boundary.

Further, the inferior parietal gray matter reductions and attendant

CSF increases depicted in those figures together act to circum-

scribe the available area into which the interhemispheric con-

nections can be displaced. This is particularly true in the posterior

brain where most of the volumetric reductions occur. As is evident

from Fig. 2b, this is exactly where those tracts are located and so

the altered shape and location appear to be directly related to the

volumetric changes and ventricular dilation. The fact that the

significance of this relationship was not discussed when previous

findings consistent with this result were reported (Barnea-Goraly et

al., 2003; Van Amelsvoort et al., 2001) is probably because those

studies did not have multiple, co-registered data sets like ours. It is

the integrative visualization of those data sets that supports our

inference of callosal changes as a direct consequence of ventricular

dilation and other volumetric reductions in the brains of individuals

with DS22q11.2.
Discussion

In this paper, we have been able to replicate many of the

previously published results concerning differences between the

brains of children with DS22q11.2 and controls. That pattern

primarily consists of a brain that is reduced in volume by 8–10% in

the child with DS22q11.2. Those reductions are primarily found in

the posterior and inferior brain regions and affect white matter to a

slightly greater extent than gray matter. Perhaps unsurprisingly,

reductions in white matter also appear to bemore diffuse than in gray

matter. The only regions of increased volume that have been

detected in children with DS22q11.2 compared to controls have

been in frontal gray matter regions. Aside from our replication of the

pattern of overall brain volume reduction, relative gray vs. white

matter changes and frontal gray matter sparing, some more region-

ally specific volumetric reductions in the DS22q11.2 population

were also replicated by our study. These include Bingham et al.’s

(1997) report of enlarged sylvian fissures and the extensive posterior

fossa and midbrain reductions reported by Eliez et al. (2001b) and

Mitnick et al. (1994). By contrast, our finding that the cingulate

gyrus was the focus of much volumetric reduction in children with

DS22q11.2 is not one that has been previously reported.
depicts clusters of increased fractional anisotropy in controls (blue/green)

b depicts clusters of increased fractional anisotropy in DS22q11.2 children
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Our study also allowed us to extend the previous findings in

several ways. One of these concerned localization. Most of the

previous studies measured the volume of entire lobar regions of the

brain or chose circumscribed regions of interest. Our study

employed voxel-based morphometry. Using data normalized into

standard Talairach space, VBM executes a blind search across the

entire brain at the level of small, discrete voxels rather than large

brain regions. Results are expressed in terms of clusters of voxels

that coalesce into distinct regions that differ in volume or FA value.

The increased resolution and specificity of location revealed that

most of the regions of reduced volume affected midline brain

structures from the cingulum to the medial cerebellum, and from

the caudate to the brainstem. The novel detection of cingulate

reductions may have occurred precisely because primary lobar

distinctions were not used in our study. The midline structures in

which we detected reductions in DS22q11.2 have been implicated

in a range of cognitive attentional deficits strongly associated with

the deletion as well as less transient cognitive operations involving

the bsense of selfQ (Northoff and Bermpohl, 2004; Raichle et al.,

2001) that might be relevant to some of the behavioral and

psychiatric disorders reported.

Another advance, due to the use of VBM, was the ability to

carry out converging analyses of different tissue types and imaging

modalities at the same time. Our analyses of gray and white matter

allowed us to investigate differences in tissue volume in a

complementary fashion to that of the previous studies. The

inclusion of measures that localized areas of increased CSF further

linked those changes in tissue volumes to changes in ventricular

spaces. In a direct way, this facilitated an examination of the effect

of those changes on connective fiber tracts, particularly those in the

corpus callosum. The VBM requirement of plotting all results in a

standard space further allowed us to visualize directly, and thereby

appreciate, the effects of some changes (i.e., ventricular enlarge-

ment) on other ones (e.g., changes in the location and shape of the

corpus callosum, as indicated by DTI results).

While the degree of consistency between our results and those

from previous ROI-based studies is high, it is important to

recognize that the VBM technique, for all its advantages, does

have inherent shortcomings. The requirements of normalizing

individual brains to a template and smoothing data prior to

statistical analysis means that individual sulcul and gyral patterns

are necessarily blurred and so individual features are obscured.

However, given the large cluster sizes detected in our analyses, it is

unlikely that the ability to appreciate individual anatomical features

would have affected our results in any significant way. It should

also be recognized that the time-consuming and effortful process of

hand drawing these features in the ROI technique also makes the

accurate depiction of every individual feature very difficult. The

issues arising from the normalization process itself are not

insignificant and are amplified when the brains of one group of

participants are known to contain significant anomalies that require

greater deformation in order to fit to the template. We tried to

address this by using a template built from children’s, rather than

adults, brains in order to reduce the amount of deformation

required. We also examined the results of the normalization process

on each individual brain in order to assess its registration to the

template. This does not guarantee the accuracy of every voxel level

result but these steps were taken in order to reduce the effects of

inaccuracies inherent in the currently available techniques. As our

research proceeds, we plan to use more advanced high dimensional

deformation methods, specific population templates drawn from
samples of children like those we are studying, and to validate our

results further with specific ROI measurements. Overall, however,

we feel that the advantages we gained by using VBM outweighed

most of the disadvantages. This is especially true when, in the early

stages of research programs like characterizing the neuroanatom-

ical effects of DS22q11.2, it is particularly valuable to attempt

replication and extension of results using complementary methods

in order to increase confidence in the overall pattern of neural

changes that are detected.

The most significant finding resulting from our use of VBM

analyses concerns the displacement of the posterior corpus

callosum. The Talairach coordinates reported for increased white

matter in adults with DS22q11.2 by Van Amelsvoort et al. (2001)

and for increased fractional anisotropy in children and adolescents

with DS22q11.2 by Barnea-Goraly et al. (2003) closely match

those covered by our finding of increased fractional anisotropy.

The former paper did not discuss this result and the latter dismissed

it as an artifactual result created by poor registration of anomalous

brains of youngsters to a normal adult Talairach template. If that

was the correct explanation for Barnea-Goraly et al.’s data, then the

veracity of all of the localizations of their fractional anisotropy

differences should be subject to question, and not just this specific

cluster. Aside from the replicated result, several differences do

exist between Barnea-Goraly et al.’s findings and ours. We did not

detect the same frontal and opercular fractional anisotropy

reductions that they did. However, this may be due to their

inclusion of individuals as old as 21 years and that some of those in

the DS22q11.2 group exhibited the symptoms of psychopathology

with which such reductions may be associated. Also, the fact that

the smoothing kernel that they used was smaller and the statistical

threshold was less conservative than ours is likely to have affected

the clusters that were detected.

Nevertheless, we believe that one should not question Barnea-

Goraly et al.’s results. That is because our use of the CCHMC

template and our careful examination of the fit of the registrations

suggest that the callosal displacement and distortion is, in fact, a

robust and predictable alteration in morphology of the DS22q11.2

child’s brain and is not an artifact of the normalization process. In

fact, since the normalization procedure involves a non-linear

transformation process that has the effect of warping the enlarged

ventricles of the DS22q11.2 patients onto the smaller ventricles of

the CCHMC template, any changes due to the normalization

process should, in fact, bring the corpus callosum into somewhat

closer alignment with that of the controls. Rather than creating FA

differences between the two groups, this would have the effect of

reducing them if white matter tracts ended up commonly localized

in space. Finally, an examination of our fractional anisotropy data

in non-normalized form also revealed callosal patterns consistent

with those found in the normalized data.

One apparent inconsistency in our data is the fact that the

displacement of the corpus callosum indicated by our fractional

anisotropy results is not reflected by statistical differences in white

matter values in the different callosal spaces of the two groups.

This is probably due to statistical sensitivity. The clusters that we

report are only those that exceeded the very conservative criteria of

an extent threshold of 50 voxels and the FWE statistic for

significance at the corrected voxel level a threshold of P b 0.05. In

other, unpublished, analyses we used the potentially more sensitive

False Discovery Rate (FDR) statistic (Genovese et al., 2002) with

an extent threshold to 50 voxels and the FDR statistic for

significance at the corrected voxel level a threshold of P b 0.05.
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In these analyses, we found strong statistical differences indicating

greater white matter volumes in the normal corpus callosum region

for controls, where there are greater CSF values for children with

DS22q11.2. The fact that the inverse pattern was not found in the

voxels occupied by the displaced DS22q11.2 corpus callosum may

well be due to a further sensitivity issue. In the case of the control

children’s callosa, we can assume that voxels composed of white

matter were being compared to voxels in the DS22q11.2 brains

comprised primarily of CSF. This can be appreciated from

inspection of Fig. 2a. However, for the displaced DS22q11.2

callosal cluster, white matter voxels were likely being compared to

voxels in the control children’s brains containing a mix of white

and gray matter, as can be clearly seen in Fig. 1b. Clearly, the

difference in anisotropy values would be much higher in a

comparison of white matter versus CSF voxels than a comparison

of primarily white matter voxels with those containing gray and

white matter.

The precise mechanism underlying the alteration of the shape

and size of the splenium of the corpus callosum is far from clear

and now needs to become the subject of serious study. One

approach that we are taking is to use fiber tracking methods to try

discover the specifics of connectivity changes indicated by our DTI

results. Whatever method is used, there is now good reason to test

the hypothesis that changes in the structure, location and even

possibly resultant parietal connectivity of the posterior corpus

callosum may at least contribute to posterior parietal dysfunction.

We have recently presented evidence (Simon et al., 2005) that PPL

dysfunction strongly contributes to the visuospatial and numerical

cognitive deficits in this disorder. In our cognitive process

experiments, we compared the performance of children with

DS22q11.2 and typically developing controls on a range of

visuospatial and numerical cognition tasks. Attentional cueing,

enumeration, and relative magnitude judgment tasks were each

chosen because of their dependence of posterior parietal function.

As predicted, our results showed that children with DS22q11.2

suffered the greatest deficits in performance compared to controls

in the conditions where PPL function was most heavily implicated.

Few differences were found when it was not. Attentional cueing

tasks like ours have been shown to reliably activate the superior

parietal lobule and medial precuneus (e.g., Culham et al., 2001),

inferior parietal and superior temporal regions (e.g., Corbetta,

1998), the anterior and posterior cingulate (e.g., Mesulam et al.,

2001), pulvinar (e.g., Petersen et al., 1987; Ward et al., 2002), and

the neocerebellum (Akshoomoff and Courchesne, 1994). Several

studies (e.g., Piazza et al., 2002; Sathian et al., 1999) have

demonstrated intraparietal activations for counting large sets while

enumerating small sets (also called subitizing) produced primarily

extrastriate occipital activations. Finally, magnitude judgment

processing has been shown to activate the intraparietal sulcus,

precuneus, angular gyrus and posterior cingulate regions (e.g.,

Dehaene et al., 1999; Göbel et al., 2001; Pinel et al., 1999).

Therefore, given the neural changes that we have described in this

paper, we believe that strong support is emerging for our

hypothesis identifying posterior parietal lobule structure, connec-

tivity, and by implication, function as critical to the visuospatial

and numerical cognitive deficits so characteristic of the DS22q11.2

population.

It is important to recognize that the complications of clinical

research make for several shortcomings in our study, all of which

we are in the process of addressing. Despite the fact that previous

studies have not reported gender differences in neural changes in
the DS22q11.2 population, we would have preferred to base our

analyses on a fully gender matched set of control participants.

However, rates of recruitment and compliance of young children

with the demands of MR imaging made that hard to achieve to this

point. Our ongoing recruitment will allow us to carry out such

analyses in the near future. While we did not find any gender

differences in overall brain volumes or gray and white matter and

CSF that does not preclude the possibility that regionally specific

gender differences might exist. We also recognize that control

groups besides typically developing children would be valuable to

include. We are addressing that issue by acquiring data from age-

matched children with Williams, Turner, or Fragile X syndromes,

all of which indicate similar visuospatial and numerical cognitive

deficits to children with DS22q11.2.

Our original hypothesis for this program of research was that

dysmporhisms and dysfunctions in the posterior parietal lobule

of children with DS22q11.2 would negatively affect the

processing of visuospatial and numerical information (Simon et

al., 2005). The results presented here indicate that we should

extend that hypothesis to include closely related areas in the

thalamic and cingulate regions. Our results showing a significant

shift in the position of the corpus callosum, particularly the

splenium, and evidence of considerable changes in its top-

ography suggest that posterior parietal connectivity may be

altered in functionally relevant ways. Detailed analyses of the

corpus callosum and its connectivity need to be carried out. This

can be done with anatomical and morphometric studies and with

fiber tracking methods. Also necessary are studies testing

predictions that changes in the affected brain regions will be

directly related to the cognitive deficits that we seek to explain.

This can be done directly, with tools such as functional MRI

studies, and more indirectly by correlations of performance

measures with voxelwise measures of brain volume by tissue

type. Results will produce a clearer understanding of the neural

basis of the specific developmental disabilities suffered by

individuals with DS22q11.2 in the form of visuospatial,

numerical, and other attentional cognitive deficits. At that point,

investigations of the plasticity of those systems can begin and it

is hoped that these will result in the design of cognitive

interventions that may be able to reduce or even completely

remove these problems. We believe that the contributions made

in the work presented here provide an early step towards that

eventual goal.
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