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The 22q11.2 deletion syndrome (velocardiofacial/DiGeorge syndrome, 22q11.2DS) involves cardiac and craniofacial anomalies,
marked deficits in visuospatial cognition, and elevated rates of
psychosis. Although the mechanism is unknown, characteristic brain
alterations may predispose to development of psychosis and
cognitive deficits in 22q11DS. We applied cortical pattern matching
and new methods for measuring cortical thickness in millimeters to
structural magnetic resonance images of 21 children with confirmed
22q11.2 deletions and 13 demographically matched healthy comparison subjects. Thickness was mapped at 65 536 homologous points,
based on 3-dimensional distance from the cortical gray--white matter
interface to the external gray--cerebrospinal fluid boundary. A pattern
of regionally specific cortical thinning was observed in superior
parietal cortices and right parietooccipital cortex, regions critical for
visuospatial processing, and bilaterally in the most inferior portion of
the inferior frontal gyrus (pars orbitalis), a key area for language
development. Several of the 30 genes encoded in the deleted segment are highly expressed in the developing brain and known to
affect early neuronal migration. These brain maps reveal how haploinsufficiency for such genes can affect cortical development and
suggest a possible underlying pathophysiology of the neurobehavioral phenotype.
Keywords: brain mapping, chromosome 22, genetics, MRI,
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Investigations of genetic mutations in mice have provided
important insights into the molecular bases of memory and
learning; however, molecular genetic approaches are only beginning to be utilized to advance the understanding of human
cognition (Flint 1999). The 22q11.2 deletion syndrome (velocardiofacial/DiGeorge syndrome, 22q11DS) results from a hemizygous deletion at chromosome 22q11.2. With an estimated
prevalence of 1 out of 4000 live births, it is one of the most
common genetic causes of intellectual disability (McDonaldMcGinn et al. 1997). Physical manifestations of 22q11DS frequently include cleft palate, conotruncal heart defects, hypocalcemia, and facial dysmorphology (McDonald-McGinn et al. 1997).
The cognitive phenotype includes early language delays and
marked deﬁcits in visuospatial cognition and arithmetic (Moss
et al. 1999; Swillen et al. 1999; Bearden et al. 2001). We have
previously identiﬁed a neurocognitive proﬁle in this syndrome
involving a selective deﬁcit in memory for visuospatial locations
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(Bearden et al. 2001) (see Supplementary Fig. 1) and difﬁculty
with spatial attentional orienting (Simon et al. 2005).
This syndrome is also associated with substantially elevated
rates of psychopathology, particularly psychotic illness (Murphy
2002). At least 30 genes are encoded in the commonly deleted
segment, several of which are highly expressed in the developing brain and known to affect early neuronal migration
(Maynard et al. 2003). This syndrome therefore provides a useful
model to investigate speciﬁc genetic inﬂuences on human
cognitive function and brain development.
Prior studies using traditional volumetric approaches and
voxel-based morphometry implicate abnormalities of posterior
brain regions in 22q11DS (Eliez et al. 2000, 2001; Kates et al.
2001; van Amelsvoort et al. 2001; Bearden et al. 2004), as well as
increased frequency of developmental midline anomalies (van
Amelsvoort et al. 2001; Chow et al. 2002). In addition, Bingham
et al. (1997) observed enlargement of the Sylvian ﬁssures in infants with 22q11DS, suggesting delayed growth of the opercular
region. Development of the operculum is one of the major expressions of the functional maturity of the brain and is embryologically related to the development of the face, as well as temporal
lobe structures, critical for language development (Chen et al.
1996). Thus, it has been proposed that abnormal development
of the operculum may explain some of the neurodevelopmental
features associated with 22q11DS (Bingham et al. 1997).
Progress in understanding how this genetic deletion impacts
brain structure and function is hindered by the absence of
detailed maps establishing the scope and anatomical extent of
brain anomalies in this syndrome. We therefore set out to create
the ﬁrst detailed cortical thickness maps in 22q11DS, using
a novel method that creates group-average maps of gray matter
(GM) thickness over the entire human cortex (Thompson et al.
2005). Cortical surface anatomy was carefully matched across
individuals to provide spatially reﬁned localizations of group
differences relative to gyral landmarks over the cerebral surface.
Based on prior imaging and neurocognitive studies in this syndrome, we predicted that areas in the parietal portion of the
dorsal processing stream might show relatively greater cortical
thinning than the adjacent perisylvian language regions. In addition, we anticipated ﬁnding increased cortical thinning in
22q11DS in the frontal opercular region (pars opercularis), consistent with delayed growth of this region.

Finally, given the hypothesized association between brain
asymmetries and neurodevelopmental processes (e.g., Galaburda
et al. 1978; Galaburda and Geschwind 1981; Harrison 1999), we
wanted to also investigate whether abnormal cortical asymmetry
may be a feature of 22q11DS. In particular, Crow (1990) has
theorized that the mechanisms that determine asymmetrical
brain development during neurodevelopment are closely linked
to the disease process in schizophrenia and that schizophrenia
may thus be linked to a defect of a gene controlling cerebral
lateralization. Supporting this notion, some studies have found
that patients with schizophrenia show a loss of normal asymmetry in temporal lobe regions (Highley et al. 1999; McDonald et al.
2000). Thus, we mapped systematic asymmetries in cortical thickness, in order to determine whether 22q11DS is similarly associated with abnormal cortical asymmetry.

the population mean) and absence of previous neurological or psychiatric disorder were used as inclusion criteria for controls.
Magnetic Resonance Imaging Procedures
Acquisition
Magnetic resonance (MR) images of each subject’s brain were acquired
using a 1.5-T Siemens scanner in the Department of Radiology at CHOP.
An average of 160 interleaved, 1-mm-thick transaxial slices were acquired
using a conventional dual-spin echo sequence, with a repetition time of
2800 ms, echo times of 20 and 80 ms, a ﬂip angle of 90, and no interslice
gap. The matrix size was 256 3 256 pixels, corresponding to a ﬁeld of
view of 23 cm and an in-plane resolution of 0.9 3 0.9 mm. Scans were
analyzed at the University of California, Los Angeles, Laboratory of Neuro
Imaging (LONI) by image analysts blinded to all subject information,
including age, sex, and diagnosis. All MR images were processed with a
series of manual and automated procedures detailed in other reports and
summarized below. Cortical surface analyses were identical to those
described in Thompson et al. (2003, 2004).

Materials and Methods

Anatomical Measurements

Subjects
Subject ascertainment procedures were identical to those reported in
Bearden et al. (2004). Brieﬂy, 22q11DS participants were recruited
through the Clinical Genetics Department at the Children’s Hospital of
Philadelphia (CHOP); genetic diagnosis of 22q11.2 microdeletion was
conﬁrmed by ﬂuorescence in situ hybridization studies with the N25
(D2S75) molecular probe from Oncor (Gaithersburg, MD). The CHOP
Institutional Review Board approved the study, and signed informed
assents and consents were obtained from all subjects and their parents,
respectively. A total of 21 22q11DS patients and 13 normal comparison
subjects participated in the study (see Table 1). Normal comparison
subjects were recruited through advertisement in the hospital community and were matched with probands for race, handedness, parental
social class, sex, and age (each subject was individually matched within
14 months). A minimum intelligence quotient (IQ) of 85 (1 SD below

Image Processing
Image volumes passed through a number of preprocessing steps using
mostly automated procedures implemented in the LONI Pipeline Processing Environment (Thompson et al. 2004). First, we created an intracranial mask of the brain using a brain surface extraction algorithm tool
that is based on a combination of nonlinear smoothing, edge ﬁnding, and
morphological processing (Shattuck and Leahy 2002). Any small errors
in the masks were corrected manually to separate intracranial regions
from surrounding extracranial tissue. Brain masks and anatomical images were corrected for head alignment and individual differences in
brain size by using an automatic 9-parameter registration (Collins et al.
1994) to transform each brain volume into alignment with the target
space and dimensions of the ICBM-305 reference brain created by the
International Consortium for Brain Mapping (Mazziotta et al. 1995).
Using the normalized brain masks, all extracerebral tissues were
removed from the normalized image volumes. After applying radio
frequency bias ﬁeld corrections to eliminate intensity drifts due to
magnetic ﬁeld inhomogeneities, each image volume was segmented into
different tissue types by classifying voxels based on their signal intensity
values (Shattuck and Leahy 2002). Tissue classiﬁed brain volumes were
resampled to 0.33-mm cubic voxels to improve the spatial resolution
and precision of subsequent thickness measurements. Cortical thickness—deﬁned as the 3-dimensional (3D) distance (in mm) between
inner GM--white matter (WM) border and the closest point on the outer
surface (cerebrospinal ﬂuid [CSF]--GM border)—was calculated using
the Eikonal ﬁre equation (Thompson et al. 2005) applied to voxels
classiﬁed as GM. Cortical thickness was estimated voxel by voxel and
projected as a local value (in mm) onto the cortical surface, where
a smoothing kernel was used to average thickness measures within a
15-mm sphere at each cortical surface point, increasing signal-tonoise. These preprocessing steps are summarized and illustrated in
Supplementary Figure 2.

Table 1
Demographics of 22q11DS and comparison subjects
22q11DS
Comparison
P value
subjects (N 5 21) subjects (N 5 13)
Age (±SD)
11.7 (±2.82)
Sex
Male
10 (48%)
Female
11 (52%)
Race (% Caucasian)
100%
Handedness (% right)
20 (95%)
Parental education (±SD) 15.2 (±2.7)
Verbal IQ (±SD)*
78.6 (±15.6)
Performance IQ (±SD)*
73.2 (±12.6)
Full-scale IQ (±SD)*
74.5 (±14.6)
DSM-IV psychiatric
a
diagnoses
No diagnosis
9 (43%)
ADHD
6 (28.6%)
Oppositional
1 (4.8%)
defiant disorder
PDD/psychosis NOS
1 (4.8%)
Anxiety disorders
10 (47.6%)
Specific phobia
4 (19%)
Social phobia/GAD
1 (4.8%)
OCD traits
2 (9%)
PTSD/acute stress
1 (4.8%)
disorder
Panic disorder
1 (4.8%)
Anxiety disorder NOS
1 (4.8%)

10.9 (±2.63)

F1,32 5 0.68, P 5 0.42
v234 50:13;P 5 0.72

7 (54%)
6 (46%)
100%
12 (92%)
15.1 (±2.7)
111.0 (±14.3)
109.1 (±10.9)
111.3 (±12.3)

v234 50:00; P 5 1.0
v234 50:27; P 5 0.61
F1,32 5 0.03, P 5 0.89
F1,32 5 34.5, P \ 0.001
F1,32 5 67.5, P \ 0.001
F1,32 5 54.7, P \ 0.001

Note: SD, standard deviation; ADHD, attention deficit hyperactivity disorder; PDD, pervasive
developmental disorder; NOS, not otherwise specified; GAD, generalized anxiety disorder; OCD,
obessive compulsive disorder; PTST, posttraumatic stress disorder.
a
Some patients have more than one diagnosis.
*P # .01
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Anatomical Analysis
An image analysis technique, known as cortical pattern matching
(Thompson et al. 2003, 2004), was used to localize disease effects on
cortical anatomy and increase the power to detect group differences.
The approach models, and controls for, gyral pattern variations across
subjects. Brieﬂy, we created 3D cortical surface models based on automatically generated spherical mesh surfaces that were continuously
deformed to ﬁt a threshold intensity value that best differentiates
extracortical CSF from the underlying cortical GM (MacDonald et al.
1994). As a result of the linear transformation procedure, the generated
3D cortical surface models correspond globally in size and orientation.
Nevertheless, the same parameter space coordinates, within each cortical surface model, do not yet index the same anatomy across all
subjects and across the left and right hemispheres (LH and RH, respectively). Therefore, the cortical surface models from each individual were
used to identify and manually outline 16 sulci in each hemisphere,

where image analysts (H.T. and L.Z.) were blind to subject diagnosis, sex,
and age. The outlined lateral sulci included the Sylvian ﬁssure; central,
precentral, and postcentral sulci; superior temporal sulcus (STS) main
body; STS ascending branch; STS posterior branch; primary and secondary intermediate sulci; inferior temporal; superior and inferior frontal;
intraparietal; transverse occipital; olfactory; occipitotemporal; and collateral sulci. In addition to contouring the major sulci, a set of 6 midline
landmark curves bordering the longitudinal ﬁssure were outlined in
each hemisphere to establish hemispheric gyral limits. Spatially registered gray-scale image volumes in coronal, axial, and sagittal planes were
available simultaneously to help disambiguate brain anatomy. Landmarks
were deﬁned according to a detailed anatomical protocol (Sowell et al.
2001) based on the Ono sulcal atlas (Ono et al. 1990). These criteria,
along with interrater reliability measures, have been described previously (Sowell et al. 2001), and the written anatomical protocol can be
obtained via the Internet: http://www.loni.ucla.edu/~khayashi/Public/
medial_surface/.

Statistical Analysis
We ﬁrst calculated the mean thickness at each of the 65 536 cortical
surface points across subjects and then generated statistical maps
indicating group differences in local GM thickness. To do this, at each
cortical point, a regression was run to assess whether the thickness of
the cortical GM at that point depended on group membership. The P
value describing the signiﬁcance of this linkage was plotted on at each
point on the cortex using a color code to produce a statistical map (e.g.,
Fig. 2). The statistical maps (uncorrected) are crucial for allowing us to
visualize the spatial patterns of GM deﬁcits, but permutation methods
(Thompson et al. 2003) were used to assess the signiﬁcance of the
statistical maps and to correct for multiple comparisons. In each case,
the covariate (group membership) was permuted 100 000 times on an
SGI Reality Monster supercomputer with 32 internal R10000 processors, and a null distribution was developed for the area of the average
cortex with group difference statistics above a ﬁxed threshold in the
signiﬁcance maps. An algorithm was then developed to report the signiﬁcance probability for the overall loss patterns in each map as a whole
(Thompson et al. 2003), after the appropriate correction for multiple
comparisons. In addition, based on our a priori hypotheses regarding
speciﬁc brain regions that might be affected in 22q11DS, we conducted
permutation tests in 2 speciﬁc regions of interest (ROIs), created for
each individual from a probabilistic atlas (Evans et al. 1996) by transforming the probabilistic ROIs from standardized space back into the
resliced space of each individual using an automated 9-parameter linear
transformation (Collins et al. 1994), as described above. We created one
ROI for the ventral frontal lobe (ventral and dorsal regions separated by
an axial plane passing through the intersection of the posterior extent of
the inferior frontal sulcus and the precentral sulcus in each hemisphere)
and one for the parietooccipital cortex. Anatomical criteria for these
ROIs are detailed in previous publications (Ballmaier et al. 2004). The
individual ROIs are then applied to the average surface map and used
to deﬁne regions on it. The regions in each individual brain that are
mapped into this ROI already correspond, due to the cortical pattern-matching methods employed. In the permutation analyses, subjects
were randomly assigned to diagnostic groups for 100 000 new correlational analyses at each surface point in each ROI, and the number of
signiﬁcant results (i.e., GM thickness at any surface point that signiﬁcantly differed between groups [22q11DS vs. control] at the threshold of
P = 0.01) that occurred in the real group difference test was compared
with the null distribution of signiﬁcant results that occurred by chance.

Asymmetry Analysis
In order to examine asymmetries in each diagnostic group, cortical
thickness maps were reﬂected in midsagittal plane (x = 0). Next, we
calculated ratios between local LH and RH thickness values in order to
provide asymmetry maps indicating local hemispheric differences by
percentages. Dividing the average LH cortical thickness by the corresponding RH value (after sulcal pattern matching across hemispheres)
generated a ratio map of percentage asymmetries. Values greater than 1
indicate that the RH had lower cortical thickness compared with the LH;
values less than 1 indicate that the LH had lower cortical thickness

compared with the RH. Paired t-tests were performed at each cortical
surface point, maintaining the sign (i.e., direction) of the differences, to
assess the local differences in cortical thickness between LH and RH,
separately for 22q11DS patients and controls. Uncorrected 2-tailed
probability values (P < 0.01) from these tests were mapped directly onto
the average cortical surface model of each group, providing detailed and
spatially accurate maps of hemispheric thickness asymmetries. However, given that t-tests were made at thousands of cortical surface points
and adjacent data points are highly correlated, permutation testing (as
described above) was again employed to safeguard against Type I error.

Results
Overall Volumetric Differences
To provide context for the cortical GM maps, the overall reductions in total GM and WM in patients with 22q11DS are
shown in Figure 1. As evident in Figure 1a, 22q11DS children
had signiﬁcantly smaller overall GM volume (by 11.2%, F1,32 =
15.41, P < 0.001), but total WM volume was nonsigniﬁcantly
reduced (by 4.6%, F1,32 = 0.73, P = 0.40). LH and RH GM volumes
were signiﬁcantly decreased, by 11.97% (F1,32 = 17.33, P <
0.001) and 12.70% (F1,32 = 19.92, P < 0.001), respectively. At the
lobar level, the GM deﬁcit was highly signiﬁcant across all lobes
(frontal: 11.6 %, parietal: 16.3%, temporal: 8.8%, occipital: 17.2%;
Fig. 1b), although there was only a trend-level reduction in WM
volumes in the occipital lobe in 22q11DS patients (by 10.2%,
P < 0.06; Fig. 1c).
Cortical Thickness Maps
Average maps of cortical thickness are shown for the 22q11DS
and control groups in Figure 2a,b. As evident in Figure 2a,b,
there is remarkable similarity between the regional thickness
patterns in the 2 groups, with the thinnest cortex in striatal
regions and relatively thicker cortex in frontal and temporal
lobe regions, particularly the region surrounding the most anterior portion of the Sylvian ﬁssure. Patients with 22q11DS showed
2 major anatomical regions of highly signiﬁcant cortical thinning:
1) in a localized anatomical region encompassing the parietooccipital cortex and occipital poles and 2) in the most inferior
portion of the inferior frontal gyrus (IFG) (pars orbitalis) and
lateral orbital gyrus. Effects of greatest magnitude were found in
the right parietooccipital cortex (red colors, Fig. 1c, left panel),
where GM thickness was 14% or more below the control average.
In particular, a greater than 14% reduction in cortical thickness
was observed in an area encompassing the right lateral occipital
gyrus (Brodmann areas [BAs] 18 and 19, which comprise the
visual association cortex). This region of signiﬁcantly thinner
cortex also includes the angular gyrus, a region that is critical for
numerical cognition and heavily dependent on spatial representations (Hubbard et al. 2005). Similar to the pattern of cognitive
deﬁcits seen in 22q11DS, patients with lesions to this region
frequently show visuoconstructive deﬁcits and/or acalculia
(Cohen et al. 2000). Cortical thinning in the LH was of lesser
magnitude, and somewhat more anterior, encompassing portions of the angular and supramarginal gyri and posterior
temporal lobe, including the middle and inferior temporal gyrus
(BAs 21 and 37). No signiﬁcant increases in thickness compared
with controls were observed in any cortical location. We also
compared the mean difference in thickness with a pointwise
estimate of the standard error in cortical thickness to measure
the signiﬁcance of the thickness decreases (Fig. 2d). Correcting
for multiple comparisons, both the RH and LH decreases were
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Asymmetry Effects
Figure 3 displays the average distribution of local hemispheric
differences in cortical thickness as a percent difference, for
control participants and 22q11DS (Fig. 3a). Statistically significant asymmetries of cortical thickness are displayed in Figure
3b for normal controls (left panel) and for 22q11DS (right
panel). Permutation tests were signiﬁcant for the comparison of
thickness between LH and RH for both controls (P = 0.02) and
22q11DS (P = 0.007), indicating that the observed asymmetry
effects do not occur by chance. Rightward (R > L) asymmetries of cortical thickness were of greatest magnitude in the IFG
(comprising the pars orbitalis, triangularis, and opercularis) in
both 22q11DS and control children but were more pervasive in
the brains of 22q11DS participants, extending into the anterior
tip of the temporal lobe (Fig. 3a,b, right panel). In the control
participants, regions of rightward asymmetry (R > L) were also
observed in the posterior inferior temporal--occipital cortex,
indicating that the cortex was approximately 5% thicker in the
RH in these regions (Fig. 3a, left); in contrast, rightward asymmetry was seen more anteriorly in the 22q11DS participants, in
the superior temporal gyrus and angular gyrus (BA 39; Fig. 3a,
right). In controls, the most prominent regions of leftward
asymmetry (L > R) were located in the anterior temporal lobe;
in contrast, 22q11DS subjects showed a different pattern of L >
R asymmetry in inferior parietooccipital cortex (Fig. 3b).
Although statistical maps in Figure 3b appear to indicate
group differences in cortical thickness asymmetry in the ventral
frontal cortex, supplementary statistical analyses indicated a
statistically signiﬁcant regional interaction between group
(22q11DS vs. control) and hemisphere only in the parietooccipital cortex ROI (P = 0.02; Supplementary Fig. 3).

Effects of Age
There was a moderate negative correlation between age and
cortical thickness in the overall sample (r = –0.37, P = 0.03),
which was of similar magnitude in the 22q11DS (r = –0.39, P =
0.05) and control groups (r = –0.27, P = 0.08). To further
examine the effects of age on group differences in cortical
thickness, we reanalyzed our group comparisons using analysis
of covariance controlling for age. After covarying for age, results
of diagnosis remained signiﬁcant (F2,31 = 12.36, P < 0.001). Age
was also a signiﬁcant predictor in the model (F2,31 = 32.84, P <
0.001), indicating that age and diagnosis both exerted signiﬁcant independent effects on cortical thickness.

Figure 1. Comparison of brain volumes in children with 22q11DS and healthy
controls. Means and standard error measures (error bars) are shown for (a) overall
cerebral GM and WM, (b) lobar WM, and (c) lobar GM. Children with 22q11DS show
significant GM decreases in all lobes but only a trend toward WM volume reduction in
occipital cortex.

highly signiﬁcant (respectively, P = 0.025 and P = 0.0075, corrected). These differences were also signiﬁcant after multiple comparisons correction when a parietooccipital ROI was
speciﬁcally examined (right: P = 0.005 and left: P = 0.018,
corrected). A trend toward increased cortical thinning was
observed in the right ventral frontal cortex ROI in 22q11DS (P =
0.073, corrected), but this difference was not signiﬁcant in left
ventral frontal cortex (P = 0.12, corrected).
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Effects of Psychiatric Diagnosis
Psychiatric diagnoses within the 22q11DS patient group are
presented in Table 1. No differences in cortical thickness were
observed between 22q11DS patients with (N = 9, 43%) and
without (N = 12, 57%) psychiatric diagnoses overall (P > 0.40
for both hemispheres).

Effects of Other Confounding Variables
Given the IQ differences between the patient and control groups,
we examined the relationship of full-scale IQ with cortical thickness and found a slight, nonsigniﬁcant positive relationship in the
overall sample (r = 0.17, P = 0.30). Correlations were similar in the
patient and control groups (r = 0.17, P = 0.50; r = 0.10, P = 0.70,
respectively).

Figure 2. Cortical thickness maps: regional decreases in 22q11DS. The mean thickness maps for 22q11DS subjects (a, N 5 21) and controls (b, N 5 13) are shown, on a colorcoded scale where blue colors denote thicker cortex, red colors thinner cortex. Thickness is in millimeters, according to the color bar (values are not scaled and represent estimates
of the true thickness in each subject). As evident in (a) and (b), there is remarkable similarity between the regional thickness patterns in the 2 groups. The mean decrease in cortical
thickness in 22q11DS is shown as a percentage of the control average in (c). Red colors, in parietooccipital cortex and the inferior-most portion of the IFG (pars orbitalis) and lateral
orbital gyrus, denote regions that are up to 14% thinner, on average, than corresponding areas in controls. In the RH, greater than 14% reduction in cortical thickness was observed
in an area encompassing the lateral occipital gyrus (shown in white). Blue colors denote regions where the thickness was the same or higher in 22q11DS. A previous finding by Eliez
et al. (2000) indicating reduced parietal lobule volume in 22q11DS, even after adjusting for differences in brain volume, is consistent with the thinning of parietal cortex seen here.
The significance of these reductions is plotted in (d) as a map of P values.

In addition, we examined differences in cortical thickness as
a function of history of cardiac surgery as this could potentially
be a major source of environmentally caused neuroanatomical
alteration in 22q11DS (Simon et al. 2002). Consistent with other
samples of patients with this syndrome (e.g., Moss et al. 1999;
Minier et al. 2005), 71% of our sample had a cardiac defect, most
commonly ventroseptal defect, which was present in 43% of the
total sample (N = 9). We found no differences in cortical thick-

ness between 22q11DS patients with (N = 15) and without
(N = 6) a cardiac defect (F1,20 = 0.29, P = 0.59).
Discussion
Here we visualized for the ﬁrst time the proﬁle of cortical
anomalies associated with the genetic deletion in 22q11DS.
Cortical thickness was signiﬁcantly decreased (by 10--15%) in
Cerebral Cortex Page 5 of 10

Figure 3. Cortical asymmetry maps. (a) Maps of cortical thickness asymmetry expressed as a percentage, for control subjects (top left panel) and 22q11DS (top right panel).
Negative values on the color bar (purple and magenta) encode a greater thickness in the LH (i.e., leftward asymmetry), whereas positive values (orange and red) represent greater
thickness in the RH (i.e., rightward asymmetry). (b) Depicts uncorrected maps of significant cortical thickness asymmetry, in controls (bottom left panel) and 22q11DS (bottom right
panel). The color bar encodes the P value associated with the t-tests of cortical thickness performed at each cortical surface point. All blue-shaded regions are not significantly
different between LH and RH. Measures of asymmetry are shown on one hemisphere only as they are, by definition, the same for both hemispheres. Rightward (R [ L)
asymmetries of cortical thickness were of greatest magnitude in the IFG in both 22q11DS and control children but were more extensive in the brains of 22q11DS participants (a and
b, right panel).

localized anatomical regions encompassing parietal and lateral
occipital cortices, areas critical for visuospatial information
processing. These regions, particularly in the RH, process spatial
information and are critical for directing spatial attention, cognitive areas of disproportionate deﬁcit in patients with 22q11DS.
These results are quite consistent with prior anatomical parcellations that suggested disproportionately smaller parietal and
occipital lobes and suggest that reduction in thickness of the
cortical mantle may underlie the observed volumetric deﬁcits
(Eliez et al. 2000; Kates et al. 2001).
We also identiﬁed a localized decrease in cortical thickness in
the pars orbitalis region of the IFG. Functional neuroimaging
studies have found that this region (corresponding to BA 47, in
the LH) is selectively involved in processing the semantic aspects of a sentence (Dapretto and Bookheimer 1999), and Lu
et al. (2006) recently found that GM thickening in IFG was
associated with developmental improvement in phonological
processing abilities. Although patients with 22q11DS have a
relative strength in verbal as compared with visuospatial memory, virtually all patients with this syndrome have early language
delays, and language comprehension remains an area of relative
weakness (Gerdes et al. 1999; Woodin et al. 2001). This region is
slightly anterior to the frontal region in which we had anticipated ﬁnding increased cortical thinning in 22q11DS, the pars
opercularis, based on prior ﬁndings of enlarged Sylvian ﬁssures
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in infants with 22q11DS (Bingham et al. 1997). However, given
the close proximity of these brain regions, it is possible that this
localized area of cortical thinning may be related to abnormal
prenatal development of perisylvian cortex. Interestingly, the
infants studied in Bingham et al. (1997) consistently had disproportionate enlargement of the left Sylvian ﬁssure compared
with the right, suggesting lateralized effects of a gene or genes
in the deleted region on the development of perisylvian cortex.
Although speciﬁc genes known to be responsible for lateralization defects have not been yet mapped to the 22q11.2 region,
the abnormal asymmetry of cortical thickness detected speciﬁcally in the parietooccipital region in 22q11DS patients
suggests that certain of the deleted genes may directly contribute to lateralization processes in the normal human cortex
(Sun et al. 2005). Although here we detected signiﬁcantly
altered cortical asymmetry only in the parietooccipital ROI
and not in frontal cortex, the observed cortical asymmetries
in both regions warrant further investigation in future larger
studies.
Although, to our knowledge, asymmetries of thickness have
not previously been investigated across the cortical surface in
normal children, Luders et al. (2006) used these same methods
to investigate hemispheric asymmetries of cortical thickness
and the inﬂuence of gender in young, healthy adults (mean age
~25 years). They found a similar asymmetry proﬁle in both

sexes, with more pronounced leftward than rightward
asymmetry in the anterior temporal lobe, the precentral gyrus,
and middle frontal regions. We found a very similar pattern of
increased rightward asymmetry in the IFG and the inferior
posterior temporal lobe. Thus, whereas leftward asymmetries
appeared more pronounced in the older sample studied by
Luders et al. (2006), the speciﬁc regions in which asymmetry
was detected were quite similar in our study, particularly in the
RH. In addition, using volumetric measures in normal children
and adolescents aged 5--17 years, Reiss et al. (1996) previously
reported a pattern of cerebral asymmetry involving rightward
prominence of cortical GM, similar to the pattern we observed
here using cortical thickness measures.
Notably, this cognitive proﬁle of relative strengths in verbal
memory, in contrast to marked deﬁcits in visuospatial memory,
bears striking similarity to that seen in another genetic deletion
syndrome, Williams syndrome (WS; Bearden et al. 2002). However, unlike WS, there is no evidence that patients with 22q11DS
are hypersociable or show particular strengths in musical ability
(Karmiloff-Smith et al. 2004). Using identical methods to those
reported here, a pattern of anatomically localized failure of cortical maturation was observed in patients with WS, involving
a delimited zone of RH perisylvian cortex that was 5--10% thicker
in WS than in matched controls, despite pervasive GM and WM
deﬁcits, but with corresponding deﬁcits in adjacent dorsal stream
regions including superior parietal areas (Thompson et al. 2005;
see Supplementary Fig. 4). In addition, using functional brain
imaging to assess task-related activation in WS, Meyer-Lindenberg
et al. (2004) identiﬁed a pattern of hypoactivation in the parietal
portion of the dorsal stream, concomitant with GM volume reduction in the immediately adjacent parietooccipital/intraparietal sulcus. A similar pattern of localized neuroanatomical deﬁcits
may underlie the visuospatial cognitive impairments characteristic of both 22q11DS and WS.
Relationship to Psychiatric Disorders
These cortical anomalies do not closely resemble those seen in
schizophrenia, where prefrontal and temporal regions show
greatest GM deﬁcits (Wright et al. 2000). Developmental factors
may play an important role in these differences. Using identical
cortical pattern--matching methods to those reported here,
Thompson et al. (2001) mapped cortical changes over time in
adolescents with childhood onset of schizophrenia. Early deﬁcits
in parietal brain regions progressed anteriorly into temporal
lobes, engulﬁng sensorimotor and dorsolateral prefrontal cortices
over a 5-year period. Only the latest changes included dorsolateral prefrontal cortex and superior temporal gyri, deﬁcit regions
found consistently in adult studies, suggesting that these structural changes occur later in the course of illness. In this sample of
children and adolescents with the deletion, we did not ﬁnd
evidence for differences in patterns of cortical thickness between patients with and without psychiatric disorders. However,
only one patient had a psychotic disorder diagnosis; the majority
had anxiety disorder and attention deﬁcit hyperactivity disorder
diagnoses, which are likely to be associated with more subtle
neuroanatomical alterations (Milham et al. 2005) that may not
result in detectable differences beyond those associated with the
genetic deletion itself.
Effects of Development and IQ
Here we ﬁnd a moderate inverse relationship between age and
cortical thickness, in both patients with 22q11DS and healthy

controls. After covarying for age, results of diagnosis remained
signiﬁcant. Thus, although developmental factors are clearly
important, it does not appear that the slight, nonsigniﬁcant age
difference between the groups accounts for the observed group
differences in cortical thickness.
Consistent with the pattern seen in our healthy comparison
subjects, O’Donnell et al. (2005) speciﬁcally examined changes
in cortical thickness in the frontopolar cortex (FPC) through
late childhood and adolescence and found a linear decline in
cortical thickness in the FPC and the dorsolateral prefrontal
cortex between the ages of 8 and 19 years.
Although measures of cortical thickness are fairly novel, earlier studies have examined changes in GM density over the
course of development (a measure which is highly correlated
with cortical thickness; Thompson et al. 2005). Studies of GM
maturation indicate loss of cortical GM density over time, which
is temporally associated with postmortem ﬁndings of increased
synaptic pruning during adolescence and early adulthood (Sowell
et al. 1999). In a longitudinal study examining the sequence of
cortical GM development between the age of 4 and 21 years,
Gogtay et al. (2004) found that primary sensorimotor cortices,
along with frontal and occipital poles, mature ﬁrst and the remainder of the cortex develops in a parietal-to-frontal (back-tofront) direction. Thus, alterations in either the degree or timing
of basic maturational processes may at least partially underlie the
pattern of cortical thickness deﬁcit observed here.
Only one study has examined adults with 22q11DS using
quantitative methods (van Amelsvoort et al. 2001). Compared
with IQ-matched controls, adult patients demonstrated diffuse
WM deﬁcits in frontal regions, the fasciculus longitudinalis and
optic radiation, and regionally speciﬁc GM reductions in the left
cerebellum, insula, and frontal and right temporal lobes, suggesting that cerebellar anomalies may be relatively stable but
additional frontal and temporal GM reductions may emerge over
the course of development (van Amelsvoort et al. 2004). Although our ﬁndings are not entirely consistent with these results,
this is not surprising given the differences in the age of the
sample (children vs. adults) and study methodology (semiautomated voxel-based morphometry vs. cortical pattern matching).
In addition, consistent with the only existing large-scale study
examining the relationship between IQ and cortical thickness
(Shaw et al. 2006), we found a nonsigniﬁcant linear correlation
between mean cortical thickness and IQ in our sample overall.
In a sample of 307 healthy children and adolescents, Shaw et al.
(2006) recently reported a complex relationship between
development and cortical thickness; speciﬁcally, although there
was an overall decline in cortical thickness throughout the age
period studied, it was the trajectory of ‘‘change’’ in cortical
thickness, rather than the thickness of the cortex itself, that
showed the closest relationship with the level of intelligence.
Unfortunately, this sort of complex, nonlinear relationship could
not be examined in this cross-sectional study. Longitudinal studies are clearly warranted to better understand the effects of
development on cortical alterations in this syndrome.

Candidate Genes for Cortical Dysmorphology
in 22q11DS
Cortical architecture in 22q11DS is highly likely to be affected
by haploinsufﬁciency for particular genes in the deleted region,
but it is also likely to be dynamic, and environmental inﬂuences
may also play a role (e.g., Simon et al. 2005). Although here we
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correlate a genetic mutation with anatomical change, direct
causality cannot be determined; it is impossible to disentangle
genetic and nongenetic inﬂuences as both may occur downstream of a genetic lesion. The observed cortical thinning may
be shaped primarily by genetically programmed anomalous neurodevelopment that impairs parietal--occipital structure and
function. Several genes that inﬂuence neurogenesis and neuronal migration, including CRKL, zinc ﬁnger protein 74, platelet
glycoprotein Ib, and its precursor, human cell division cycle-related protein-1 (peanut-like 1), are housed in the deleted
22q11.2 chromosomal region (Maynard et al. 2003), suggesting
a possible genetic basis for the cortical dysmorphology observed here. In addition, the proline dehydrogenase (ProDH)
gene, mapped to this region, regulates glutamate and c-aminobutyrate (GABA) neurotransmission (Paterlini et al. 2005). ProDHdeﬁcient mice have reduced glutamate, GABA, and aspartate
levels in the hypothalamus and reduced GABA and aspartate in the
frontal cortex (Gogos et al. 1999). Moreover, prepulse inhibition,
a measure of sensorimotor gating, was decreased in these mice as
compared with their littermates, a behavioral phenotype that has
also been identiﬁed in children with 22q11DS (Sobin et al. 2005)
and is associated with genetic risk for schizophrenia (Berrettini
2005). More recently, Mukai et al. (2004) also reported a signiﬁcant association between a single nucleotide polymorphism in
another gene in the 22q11 region, ZDHHC8, which is believed to
be involved in palmitoylation, a process that modulates activitydependent plasticity at glutamatergic synapses in the cortex and
hippocampus (Jablensky 2004).
The embryological basis of the 22q11DS phenotype is believed to be aberrant cephalic neural crest migration to the third
and fourth branchial arches (Marusich and Weston 1991) as
many of the involved tissues (thymus, cardiac conotruncus, and
parathyroid glands) are known to derive from the branchial
arch/pharyngeal pouch system (Scambler 2000). This mechanism has yet to be conﬁrmed, but experiments that perturb
neural crest function can produce the main phenotypic features
of 22q11DS; moreover, mutations of genes associated with
neural crest development can similarly result in malformations
that resemble those of 22q11DS (Roberts et al. 1997; Scambler
2000). Although it is tempting to hypothesize that the observed
cortical thickness deﬁcits may reﬂect a failure of neuronal
migration in these brain regions, this possibility remains purely
speculative at present.
Limitations
In this initial study, we did not attempt to recruit IQ-matched
comparison subjects, resulting in a signiﬁcant IQ difference between groups. The issue of appropriately matched comparison
subjects is complex in developmentally delayed populations,
given that individuals with comparable IQ to those with 22q11.2
deletions are likely to have intellectual disability of heterogeneous etiology, including undetected chromosomal abnormalities or unknown environmental exposures (e.g., lead exposure,
fetal oxygen deprivation), which are likely to lead to a variety of
cortical anomalies that are not well characterized. In addition,
inclusion of children with familial low IQ and/or environmental
exposures would likely lead to systematic ‘‘unmatching’’ on
other demographic variables (i.e., parental education). As such,
we adopted this more straightforward approach for our initial
investigation but fully recognize that optimally designed future
studies will include both normal as well as IQ-matched comparison groups.
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Conclusions
This study provides novel information regarding localized thinning of the cortical mantle in children with 22q11.2 deletions.
Our results point to a speciﬁc neuroanatomical basis for the
visuospatial processing and visuomotor integration deﬁcits observed in 22q11DS and suggest a possible mechanism by which
regional cortical abnormalities may affect human visuospatial
cognition. As the time course of cortical maturation is increasingly understood, the timing of the cortical anomaly in 22q11DS
and the genetic cascades and gene--environment interactions
that underlie it may be more completely elucidated.
Supplementary Materials
Supplementary materials can be found at http://www.cercor.
oxfordjournals.org/.
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