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Studying the biological mechanisms underlying mental retardation
and developmental disabilities (MR/DD) is a very complex task. This is due to
the wide heterogeneity of etiologies and pathways that lead to MR/DD.
Breakthroughs in genetics and molecular biology and the development of
sophisticated brain imaging techniques during the last decades have facil-
itated the emergence of a field called Behavioral Neurogenetics. Behavioral
Neurogenetics focuses on studying genetic diseases with known etiologies
that are manifested by unique cognitive and behavioral phenotypes. In this
review, we describe the principles of magnetic resonance imaging (MRI)
techniques, including structural MRI, functional MRI, and diffusion tensor
imaging (DTI), and how they are implemented in the study of Williams (WS),
velocardiofacial (VCFS), and fragile X (FXS) syndromes. From WS we learn
that dorsal stream abnormalities can be associated with visuospatial defi-
cits; VCFS is a model for exploring the molecular and brain pathways that
lead to psychiatric disorders for which subjects with MR/DD are at increased
risk; and finally, findings from multimodal imaging techniques show that
aberrant frontal-striatal connections are implicated in the executive func-
tion and attentional deficits of subjects with FXS. By deciphering the mo-
lecular pathways and brain structure and function associated with cognitive
deficits, we will gain a better understanding of the pathophysiology of
MR/DD, which will eventually make possible more specific treatments for
this population. © 2005 Wiley-Liss, Inc.
MRDD Research Reviews 2005;11:331-339.
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ental retardation (MR) is defined solely by the pres-
Mence of clinically significant impairment of cognitive

and adaptive functions with onset before age 18 years.
As with all phenomenologically defined psychiatric disorders,
the patients who receive this diagnosis are heterogeneous in
terms of etiology and pathophysiology. The majority of MR
cases are idiopathic or multifactorial, while about 25% of cases
are caused by a known genetic defect including chromosomal
anomalies, genetic syndromes, and metabolic disorders [Curry et
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al., 1997]. A search in Online Mendelian Inheritance in Man
(OMIM) reveals that mental retardation is a clinical manifesta-
tion in 1,228 genetic syndromes.

Brain abnormalities in subjects with MR are very com-
mon. Postmortem studies have found brain abnormalities in
34-98% of deceased, severely retarded patients [Curry et al.,
1997]. Computerized tomography and structural magnetic res-
onance imaging (MRI) studies have reported abnormalities af-
fecting a wide range of brain structures in 9—60% of subjects
with MR [Curry et al., 1997]. Given that so many different
genetic disorders can result in MR and that brain development
is the result of myriad genes and complex environmental inter-
actions, it is not surprising that many different brain abnormal-
ities have been found in subjects diagnosed with MR.

To the best of our knowledge, there are no reports of
studies that have used volumetric MRI, functional magnetic
resonance imaging (fMRI), or diffusion tensor imaging (DTT) to
study the pathophysiology of idiopathic cases of MR. Indeed,
the heterogeneity of MR cases suggests that, unless performed in
huge samples, such studies would not yield consistent results and
therefore might not increase our understanding of the brain
morphology and function of individuals with MR. In light of
the difficulties created by this heterogeneity in the MR popu-
lation, an alternative approach has emerged during the last
decade that focuses on studying genetically defined neuropsy-
chiatric disorders associated with mental retardation and devel-
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opmental disability (MR/DD). This ap-
proach is based on two underlying
assumptions: first, that the complex path-
ways which affect brain development are
strongly influenced by genetic factors and
will be more accessible when studied
within genetically homogeneous groups,
and second, that the information derived
from studying these prototypic condi-
tions will be relevant to understanding
brain—behavior associations in individu-
als from the general population who have
similar patterns of cognitive, behavioral,
and developmental dysfunction. Study-
ing genetic syndromes at multiple scien-
tific levels has proven to be a powerful
tool for elucidating the neurodevelop-
mental pathways underlying MR/DD,
and the term “Behavioral Neurogenet-
ics” has been coined to describe this ap-
proach [Reiss and Dant, 2003].

We will now describe the major
MRI techniques utilized in the study of
mental retardation. We will then review
what these techniques have enabled us to
learn about normal brain development
and its relationship with intelligence
quotient (IQ). Next, we will review re-
search of several specific neurogenetic
syndromes. Such research has provided
insights about risk factors for cognitive
and neuropsychiatric deficits associated
with MR by combining brain imaging
data with information obtained through
assessment of genetic, cognitive, behav-
ioral, and environmental factors. Finally,
we will discuss what these neurogenetic
models can teach us about the mecha-
nisms underlying MR/DD.

MRI TECHNIQUES

Magnetic  resonance  lmaging
methods have found widespread use in
diagnosis of disease and in basic research
of the brain because 1) a broad range of
biochemical and biophysical mechanisms
can be exploited to develop soft tissue
contrast, 2) both morphological and
functional information can be probed,
and 3) no ionizing radiation is used. The
latter makes MRI particularly applicable
to the study of MR/DD. Here we ex-
amine structural and functional MRI and
DTI.

Structural MRI

MRI exploits the principle of nu-
clear magnetic resonance (NMR) in
combination with magnetic field gradi-
ents for spatial localization. When hydro-
gen nuclei are placed in a magnetic field,
a small fraction of the nuclei are magne-
tized preferentially along the direction of
the magnetic field and may be viewed
classically as behaving like small bar mag-
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nets. These “spins” precess about the
magnetic field at a rotational rate (the
Larmor frequency) that is typically in the
radio frequency (RF) range. This preces-
sion is analogous to that of a spinning top
slowly rotating about the earth’s gravita-
tional field. A magnetic field rotating at
the Larmor frequency excites the spins to
a higher energy nonequilibrium state.
Relaxation back to equilibrium is ac-
companied by emission of energy that
forms the basis for the NMR signal (an
“echo”). MRI localizes the spatial origin
of the signals using pulsed magnetic field
gradients. These gradients cause the fre-
quency of the spins to be uniquely tied to

Studying genetic
syndromes at multiple
scientific levels has
proven to be a powerful
tool for elucidating the
neurodevelopmental
pathways underlying
MR/DD, and the term
““Behavioral
Neurogenetics’ has been
coined to describe this

approach.

their location within the magnet. Thus,
by analyzing the frequency content of the
echoes, the MR image is formed [Laut-
erbur, 1973; Mansfield, 1977].

A unique advantage MRI has over
other biomedical imaging modalities is
the large number of physical mechanisms
that can be exploited to generate image
contrast (see for example [Haacke et al.,
1999]. The rate at which the magnetiza-
tion returns to equilibrium is described
with a time constant T1, and differences
in this relaxation rate between different
tissues such as gray matter (GM), white
matter (WM), and cerebrospinal fluid
(CSF) can be used to develop “T1-
weighted” contrast. Similarly, the rate at
which the echo signal decays to zero has
a time constant T2, also characteristic of
tissue type, and “T2-weighted” contrast
can also be developed for tissue difteren-
tiation. Such images comprise the most
commonly used forms of MRI contrast
and are the basis for studies of neuroana-
tomic development.

Typically, a high-resolution MRI
study of brain anatomy includes the ac-
quisition of a whole brain (3D) volume
of 128 or more T1-weighted “slices,”
with 256 X 256 picture elements (pixels)
in each slice, thus comprising some 8.4
million voxels. The acquisition time is of
the order of 10 min for such a study, and
the scan provides a spatial resolution of
the order of 800 w X 800 w X 1.2 mm.
However, a substantial amount of post-
acquisition processing is necessary in or-
der to develop inferences about structural
differences between subject populations,
as shown in Fig. 1.

The first step in postprocessing of-
ten includes mapping the volume into a
data structure having isotropic resolution,
using Fourier interpolation to preserve
fidelity. Second, it is necessary to per-
form segmentation of the gray scale vol-
ume into GM, WM, and CSF (and
sometimes others, such as tumor) tissue
types, and a variety of algorithms have
been developed for this purpose [Pham et
al., 2000]. The example in Fig. 1 uses a
fuzzy constraint to allow the depiction of
classifier probabilities, as opposed to bi-
nary models in which a voxel must con-
tain only one of the allowed tissue types.
Techniques can use point-, edge-, or re-
gion-based classification. Many methods
use a single-contrast data set, e.g., T1-
weighted, while others depend on more
than one contrast, such as both T1- and
T2-weighted image volumes (multispec-
tral approaches). One of the problems in
MRUI is bias field errors such as shading
that arise because of the shape and dielec-
tric properties of the head itself as well as
regional variations in sensitivity of the
RF coil used to excite and receive the
NMR  signal. Multispectral classifiers
tend to be more robust against bias field
errors because multiplicative errors in
signal intensity are common to each
channel and can be modeled out. A third
step that can be undertaken in image
processing is to map the image volume
into a common brain atlas such as the
Talairach [Talairach and Tournoux,
1988] coordinates. Finally, volumes of
brain regions can be extracted and com-
pared with normalized population
means.

Functional MRI

While MRI techniques yield fine
resolution from which we can obtain tis-
sue volume measurements, they fail to
offer clues of the dynamic activity states
of the brain. The most common form of
fMRI relies on the basics of MRI de-
scribed above, while also measuring re-
gional hemodynamic responses over time
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Fig. 1. Structural MRI brain processing. (A) Gray scale brain image (left) is separated into GM, WM, and CSF tissues, left to right, respectively, using a

constrained fuzzy segmentation algorithm. Voxel shade represents the proportion of the specific tissue at that location (darker = increased). (B) GM
images are shown in multiplanar views using Brainlmage Software, Center for Interdisciplinary Brain Sciences Research, Stanford, CA. The Talairach
stereotaxic grid (shown by dotted and solid lines) is used for positional normalization and parcellation of brain tissue into subregions. The Talairach sectors
corresponding to the frontal lobe are outlined in solid lines. Reproduced with permission from Reiss et al. [2004b]. Copyright Elsevier, Inc.

in relation to stimuli presentation, task
activation, or rest. Increased neuronal
metabolism results in increased cerebral
metabolic rate of oxygen (CMRO,) and
much greater increases in cerebral blood
flow (CBF) to the region; this uncou-
pling of oxygen consumption and supply
during activation causes a surfeit of fully
oxygenated red blood cells, which has a
different magnetic state (diamagnetic)
than in the nonactivated state where the
blood is more deoxygenated (paramag-
netic). Thus the hemoglobin acts as an
endogenous contrast agent with an effect
on the signal that depends on the local
oxygen level, which in turn depends on
local metabolism [Ogawa et al.,, 1990;
Bandettini et al.,, 1992; Kwong et al.,
1992]. The blood oxygen level depen-
dent (BOLD) contrast that results is
thereby an indirect marker for neuronal
activation, with temporal characteristics
that are mediated by the hemodynamics.

The BOLD contrast is typically no
larger than several percent in sensory
tasks and is much smaller with tasks that
probe higher cognitive processing oper-
ations. Because of this, it is not possible
to make absolute measures of tissue per-
fusion with BOLD techniques, and only

relative measures may be obtained.
Therefore, activation experiments use
designs in which there are multiple
blocks or events that contrast both exper-
imental and control conditions during a
scan that lasts up to 20 min, and activa-
tion maps depict the signal difference be-
tween the two averaged neuronal states.
However, because these signal differ-
ences are small, statistical processing
methods are employed to develop esti-
mates of activation. Such methods typi-
cally postulate a linear model for the ex-
pected signal time series in a voxel based
on the task design and on knowledge of
the hemodynamics and use least-squares
methods to calculate the probability that
the measured signal fits the model, i.e.,
the voxel is activated. Fig. 2 shows acti-
vation maps generated in this way. The
color scale depicts values of the probabil-
ity of activation expressed as a f-score.

Diffusion Tensor Imaging

Imaging brain activity across time
using fMRI can tell us which brain re-
gions are involved in specific tasks, but
another imaging technique, DTI, offers
information on the brain circuitry that
may comprise the communication path-

ways between these brain regions. DTT is
another example of the flexibility of
magnetic resonance imaging to develop
contrast, in this case not by the relaxation
characteristics of spins but by the degree
to which water molecules are free to
diffuse through the intra- and extracellu-
lar tissue space in the brain. If a magnetic
field gradient is turned on just after the
spins are excited by the RF pulse, spins
that diffuse along the direction of the
gradient will find themselves in regions
of increased or decreased magnetic field
according to their thermally driven ran-
dom walk pattern. The changing mag-
netic environment will cause the coher-
ence between spins in the same voxel but
with a different travel history to be lost as
time goes on, and the signal therefore
decays by an amount that depends on the
apparent diftusion coefticient (ADC),
which measures how readily a molecule
diftuses, and details of the gradient pulse
amplitude and timing [Carr and Purcell,
1954]. Spins that diffuse slowly or not at
all will show no signal loss of this type;
the resulting difference in signal is called
diftusion weighting. Diftusion weighted
images can be developed separately for all
three major directions of the axes by ap-
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Fig. 2.
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Brain region activations, as demonstrated by fMRI, in response to face/gaze stimuli. In
typically developing controls, activation (blood flow) occurred predominantly in posterior brain
regions (A) while in subjects with WS, activation occurred predominantly in anterior brain regions
(B). Reproduced with permission from Mobbs et al. [2004]. Copyright Lippincottt Willliams &
Wilkins, Inc. [Color figure can be viewed in the online issue, which is available at www.inter-

plying diffusion encoding gradients in the
three major directions. Thus, images
with heavy diffusion weighting (i.e., little
signal) will show regions where spins dif-
fuse readily in the given direction. In
fact, diffusion is a tensor quantity, having
interaxis terms for a total of six quantities
needed for full description. By applying
gradients in at least six and preferably
more directions, DTI can be developed
that completely describe the ability of
water to diffuse in the brain. One con-

sequence is the ability to make fiber track
maps that show the directions along
which water flows freely, i.e., that puta-
tively depict bundles of fibers. Another
particularly useful quantity is a map of
fractional anistotropy (FA), in which
bright voxels show regions having diffu-
sion that is preferentially restricted in one
or more directions [Moseley et al., 1990].

The value of DTI in the present
context is that the white matter tracts of
neurons in the brain constitute bundles of

myelin sheaths that severely restrict the
flow of water transverse to the axis of the
bundles but allow relatively unimpeded
diftusion of water along them. Thus, the
FA wvalues in regions with intact white
matter bundles should be high because of
the normally restricted diftusion pattern,
whereas FA values are lower in regions
where the bundles are disordered due to
congenital or other defects that cause the
restriction to be removed or reduced.
Maps of FA can thereby be compared
between different population groups to
examine whether white matter abnor-
malities are present. An example is shown
in Fig. 3. Often such DTI studies are
combined with fMRI studies to correlate
WM connectivity with interregion acti-
vation [Klingberg et al., 2000].

BRAIN DEVELOPMENT IN
HEALTHY SUBJECTS

Brain development is a function of
several different processes, including my-
elination, synaptic pruning, and gray
matter loss. Brain development does not
proceed in a linear manner; rather, its
pace varies during different developmen-
tal phases of life. For example, the human
brain grows rapidly during early child-
hood, then slows between the ages of 5
and 10. At the age of 50, a gradual de-
cline in brain volume begins. This de-
cline becomes more rapid as people enter
their 80s [Reiss et al., 1996; Battaglia,
2003; Sowell et al., 2004].

Beginning at early stages of fetal
development, there is a rapid wiring of
the neuronal system, during which time

Fig. 3.

Diffusion tensor imaging (DTI) findings in subjects with fragile X. A three-dimensional representation of the aberrant white matter tracts (shown
in yellow) in relation to the caudate nuclei (shown in red). Reproduced with permission from Barnea-Goraly et al. [2003a]. Copyright Wiley-Liss, Inc. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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GM and WM volumes increase signifi-
cantly. This networking process occurs in
response to sensory stimulation, experi-
ence, and learning, as well as genetic
preprogramming. During development,
neurons that are functional strengthen
their connections with other neurons,
while nonfunctional neurons and non-
functional synaptic contacts are elimi-
nated in a process called “synaptic prun-
ing.” Synaptic pruning begins during
early childhood and stabilizes during
early adulthood. Brains contain the high-
est number of synapses (about 15,000 per
neuron) between the ages of 2 and 3
years. As a consequence of this pruning,
about half of the synaptic connections
present at age 3 are lost. Postmortem and
brain imaging studies show that, during
the time period of synaptic pruning,
there is a gradual decrease of GM density,
but, due to concurrent formation of new
myelin, a gradual increase in WM vol-
ume.

There seem to be regional differ-
ences in the timing of brain develop-
ment. Also, some areas increase in size
while others decrease. In general, how-
ever, brain development progresses from
posterior to anterior and from inferior to
superior. Thus, the brain stem and cere-
bellum myelinate prior to the cerebral
hemispheres, and gray density reduction
begins earlier in the parietal cortex than
in the frontal cortex [Sowell et al., 2004].
Subcortical GM (the basal ganglia) vol-
umes also decrease with age, but not as
much as cortical areas do. [Reiss et al.,
1996; Sowell et al., 2004]. On the other
hand, temporal lobe structures, namely
the amygdala and hippocampus, appear
to increase in volume with age. Asym-
metric development of the cerebral
hemispheres, as manifested by a right-
ward preponderance of cortical and sub-
cortical GM volumes and a leftward pre-
ponderance of ventricle volumes, has also
been observed [Reiss et al., 1996; Batta-
glia, 2003; Sowell et al., 2004].

There also seem to be gender dif-
ferences in brain development. On aver-
age, the male brain is 10% larger than the
female brain and this applies to most
brain structures as well. However, some
structures, such as the hippocampus and
the caudate nucleus, are disproportion-
ately large in female brains, whereas oth-
ers, such as the amygdala, are dispropor-
tionately small [Durston et al., 2001].

BRAIN VOLUMES AND IQ
CORRELATIONS

There are consistent findings from
several investigations of cognitively nor-
mal children and adolescents showing

that there is a negative correlation be-
tween GM volume and IQ. This corre-
lation i1s stronger in older than younger
children. On average, IQ explains
9-15% of the variance in GM volume
[Reiss et al., 1996; Wilke et al., 2003].

In general, the association between
GM volumes and 1Q seems global. How-
ever, there are also region-specific asso-
ciations. For example, GM volumes of
the prefrontal and cingulate cortices have
been shown to correlate most strongly
with IQ [Reiss et al., 1996; Wilke et al.,
2003]. There also seems to be a mild but
significant correlation between subcorti-
cal and cerebellar GM volume and IQ
[Reiss et al.,, 1996]. On the other hand,
negative correlations have been reported
between 1Q and parietal volume [Wilke
et al., 2003]. There are no reports about
the association between IQ and brain
GM volumes in subjects with idiopathic
mental retardation, but studies of MR
disorders such as fragile X and neurofi-
bromatosis-1 have shown that the in-
creased brain volume in these disorders is
associated with suboptimal cognitive
functioning. Similarly, in certain cogni-
tive-processing models [Kosslyn, 1994],
larger processing networks are advanta-
geous in some cases, but, in other cases,
smaller ones reflect more efficient neural
packing. Thus, it seems there is an opti-
mal range for brain volume and larger or
smaller brain volumes are both associated
with cognitive deficits. The strong asso-
ciation between GM volumes and 1Q is
probably mediated by genetic factors, as
GM volumes seem to be highly heredi-
tary [Reiss et al., 1996; Pennington et al.,
2000; Wilke et al., 2003].

WILLIAMS SYNDROME

Williams  syndrome (WS) is a
somewhat rare genetic syndrome that oc-
curs in about 1 in 8,000 live births. It is
caused by a microdeletion of 1.6 Mb on
the long arm of chromosome 7, a region
that includes about 21 genes. One of the
deleted genes encodes for elastin, and this
deficiency is responsible for the supraval-
vular aortic stenosis common to subjects
with WS. Other common physical man-
ifestations of WS are neonatal hypercal-
cemia and typical dysmorphic features
(“elfin face”). All subjects with WS are
cognitively impaired. The mean IQ score
for this group is around 60 [Bellugi et al.,
1999].

Williams syndrome serves as a
unique model for learning about the de-
velopment of cognition and its neuronal
pathways, because WS subjects are char-
acterized by intriguing “peaks ” and “val-
leys ” in specific cognitive abilities. In

comparison to matched-IQ controls,
subjects with WS are significantly more
impaired in their visuospatial abilities,
mathematics, and time perception but are
significantly stronger in their complex
expressive language and face-processing
abilities [Bellugi et al., 1999; Paterson et
al.,, 1999]. These relative differences in
cognitive abilities indicate that human
cognitive development, at least in WS, is
modular. These modules seem to have
somewhat independent trajectories that
can be selectively spared or impaired and
also have different developmental time
courses. For example, verbal develop-
ment is delayed in WS but sharply im-
proves with age, while numerical judg-
ments show the opposite trend [Paterson
etal., 1999]. The peaks and valleys in WS
cognitive architecture should be viewed
as relative strengths and difficulties rather
than absolute ones. This is because sev-
eral studies have found that the areas of
strength in WS such as grammar and
face-processing skills are not better in
subjects with WS than their mental age
would predict [Karmiloff-Smith et al.,
2003; Levy and Hermon, 2003].

Studies of WS demonstrate that
combining various brain imaging modal-
ities with cognitive measures can lead to
breakthroughs in our understanding of
the brain deficits that underlie specific
cognitive modalities. The most compre-
hensive imaging research thus far has
been conducted on the visuospatial def-
icits found in WS. Visual input flows
from the retina through the thalamus to
the primary visual center in the occipital
lobe. In WS, the occipital cortex and
thalamus are both reduced beyond the
overall cerebral volume decrease that is
found in these subjects [Reiss et al.,
2004a].

After arriving in the primary visual
cortex of the occipital lobe, the cortical
visual pathway divides into two streams.
The ventral stream terminates at the in-
terotemporal cortex and is responsible for
perception of color, pattern, and form
(the “what 7 information), while the
dorsal stream terminates in the posterior
parietal cortex and is responsible for per-
ception of space and motion (the “where
” stream). The ventral (“what”) stream is
involved in facial expression processing,
which is a relative strength in subjects
with WS, while the dorsal (“where”)
stream is involved in visuospatial abilities,
which are a relative weakness in WS. It
was thus hypothesized that impairment
of the dorsal stream would be found in
WS. By combining structural and func-
tional MRUI, it has been shown that, in-
deed, the dorsal stream of the visual cor-
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tex is dysfunctional in WS, as manifested
by decreases in parietooccipital/intrapa-
rietal sulcus GM volume and by hypoac-
tivation of the parietal portion of the
dorsal stream during a visuospatial con-
struction task. Conversely, brain volumes
and function in the anterior visual stream
has been found to be intact [Meyer-Lin-
denberg et al., 2004] (see Fig. 2).

To compensate for their compro-
mised dorsal visual pathway, subjects
with WS seem to overactivate limbic and
frontal pathways. For example, the fusi-
form gyri, amygdala, anterior cingulate,
and middle frontal gyri are dispropor-
tionately large in WS and are also hyper-
activated in response to face-processing
tasks [Mobbs et al., 2004; Reiss et al.,
2004a]. Increased activation of the amyg-
dala has also been found during music
processing in individuals with WS com-
pared with controls [Levitin et al., 2003].
It thus seems that, secondary to the WS
brain deficits, pathways in the limbic sys-
tem and frontal cortex are overactivated
and may underlie the relative cognitive
strengths found in WS. These same over-
activated pathways of the limbic system
also may underlie the appetitive social
drive, enhanced emotional reactivity, and
musicality that contribute to the unique
behavioral phenotype of subjects with
WS.

Though less extreme than in WS,
we do observe gaps in the cognitive and
adaptive abilities of many subjects with
MR. We also notice that some subjects
with MR have greater social and emo-
tional talents than academic capabilities
(for example, subjects with Down syn-
drome), while the opposite is true of
other individuals with MR (for example,
subjects with autism). In this regard, it is
interesting to note that cerebellar vermis
size distinguishes subjects with WS from
subjects with marked social deficits. Us-
ing volumetric MRI, Schmitt et al.
[2001] found that the posterior cerebellar
vermis was relatively enlarged in subjects
with WS. Conversely, in syndromes
marked by social deficits, including au-
tistic disorder, fragile X syndrome (FXS),
and velocardiofacial syndrome (VCES),
cerebellar vermis volumes are decreased.
Thus, we may find that, in subjects with
MR, the cerebellar vermis is a marker for
social function in a manner that requires
further elaboration. One possibility is
that the cerebellar vermis’s role in joint
attention underlies its impact on social
function; while joint attention, vermis
volumes, and social abilities are all rela-
tively preserved in WS, subjects with au-
tistic traits have poor joint attention, and
researchers believe this may be induced
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by having hypofunctional cerebellar ver-
mises [Lincoln et al., 2002].

As we come to better understand
the biological substrates of strengths and
weakness in WS, we may be able to
develop new, more effective treatments,
and some of these may be helpful to
MR/DD individuals with similar weak-
nesses. Overall, the findings from WS
studies suggest that cognitive and behav-
ioral peaks and valleys in subjects with
MR may be the result of separate devel-
opmental trajectories, genetically deter-
mined, that have specific interrelated
neuroanatomical pathways with recipro-
cal interactions.

VELOCARDIOFACIAL/DIGEORGE
SYNDROME

Another chromosomal microdele-
tion that results in mental disability is
VCES. In this disorder, the microdele-
tion occurs on the long arm of chromo-
some 22. VCFS is the most common
microdeletion syndrome, occurring in at
least 1:4,000 births. The syndrome has
been the focus of intensive research dur-
ing the last decade because of its strong
association with cognitive deficits and
neuropsychiatric morbidity. There are
more than 180 possible physical symp-
toms associated with this condition.
Among them, the most common are cleft
palate anomalies leading to hypernasal
speech, congenital cardiac anomalies,
typical dysmorphic face, hypocalcemia
and T cell deficiency, leading to recur-
rent infections during infancy [Gothelf
and Lombroso, 2001].

While the physical manifestations
of the syndrome can be very mild or even
absent, almost all patients with VCES
suffer from cognitive deficits and psychi-
atric disorders. The average 1Q in VCFS
is in the borderline range (i.e., 65-75)
and from 25 to 40% of the subjects have
mild to moderate mental retardation.
The variety of behavioral and psychiatric
problems often exhibited in VCES are
also common in children with MR/DD.
These include attention deficit hyperac-
tivity disorder, predominantly inattentive
type, oppositional—defiant disorder, at-
fective disorders, anxiety disorders in-
cluding obsessive—compulsive, and per-
severative behaviors. The most striking
psychiatric symptoms in VCES are psy-
chotic symptoms, which appear by early
adulthood in about one-third of subjects.
In most cases, these psychotic symptoms
evolve into schizophrenia-like illness
[Gothelf and Lombroso, 2001].

Schizophrenia and MR/DD share
much in common. Kraeplin was the first
to notice that subjects with MR are

prone to develop schizophrenia, and he
coined the term “Propfschizophrenia” to
describe this phenomenon [Mack et al.,
2002]. In addition, subjects with schizo-
phrenia often demonstrate developmen-
tal delays and low cognitive ability years
before the onset of their schizophrenic
symptoms [Zammit et al., 2004]. Thus, it
is probable that schizophrenia and
MR/DD share some common etiologi-
cal and pathophysiological mechanisms.
Brain imaging of subjects with VCES
may reveal which abnormalities in brain
structure and function mediate these
cognitive deficits and psychotic predispo-
sitions.

Studies have found that, in com-
parison to normal controls, cortical GM
volumes are significantly reduced and
ventricular volumes are significantly in-
creased in VCES subjects both with and
without schizophrenia. [Eliez et al,
2000; Kates et al., 2001; van Amelsvoort
et al., 2001; Chow et al., 2002]. These
results are similar to the brain imaging
findings in studies of schizophrenia pa-
tients from the general population.

In childhood-onset schizophrenia,
it has been shown that the dynamic of
GM loss is such that, early in the disease,
it is most striking in the parietal lobe and
that it spreads to the frontal and temporal
cortices only later in the disease [Thomp-
son et al.,, 2001]. This “back to front
cortical wave” resembles normal adoles-
cent brain development but occurs at an
exaggerated rate. Similarly, in VCES
children and adolescents, a more robust
reduction of parietal compared with
frontal lobe GM has been found [Eliez et
al., 2000; Kates et al., 2001]. However,
in adults with VCEFS, both those with
and without schizophrenia, cortical GM
reduction seems to be evenly distributed
[van Amelsvoort et al., 2001; Chow et
al., 2002].

Another finding common to
VCES and schizophrenia is that subcor-
tical and posterior fossa structures that are
known to be reduced in size in schizo-
phrenia, including the hippocampus, the
head of caudate nucleus, the cerebellar
vermis, the pons, and the thalamus, are
also found to be reduced in size in chil-
dren with VCFS who have not yet de-
veloped symptoms of schizophrenia
[Eliez et al., 2001, 2001]. The only DTI
study to date in children with VCFS has
found decreased fractional anisotropy
values (signifying potential WM alter-
ations) in the superior and inferior fascic-
uli that connect the frontal and temporal
lobes. This suggests disrupted frontotem-
poral connectivity and is similar to that
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reported in  schizophrenia
Goraly et al., 2003b].

In addition to having common
neuroanatomical abnormalities, VCEFS
and schizophrenia seem to share similar
neuropsychological and neurophysiolog-
ical deficits. For example, children with
VCES exhibit executive dysfunctions in-
cluding impaired working memory, def-
icit in the ability to monitor and adapt to
stimulus conflict, and impaired executive
visual attention [Bish et al., 2005; Sobin
et al., 2005]. Deficits in executive func-
tioning are related to abnormal prefron-
tal-subcortical circuity. Another measure
of the function of this circuity is prepulse
inhibition. Deficient prepulse inhibition
is a well-established marker of schizo-
phrenia. Interestingly, a recent study
found the percentage of prepulse inhibi-
tion was significantly lower in VCEFS
children than in their siblings and the
percentage of prepulse inhibition was in-
versely correlated with their executive
attention [Sobin et al., 2005]. These find-
ing suggest that children with VCFS have
abnormal prefrontal-basal ganglia cir-
cuitry.

Taken together, brain imaging find-
ings in VCFS suggest the abnormalities in
brain structure and connectivity found in
schizophrenia are the result of develop-
mental processes that begin early in life,
long before psychosis evolves, and these
abnormalities change dynamically with age.
These processes seem to be genetically in-
fluenced and regulated. It is not yet known
which of the genes from the 22q11 deleted
region are predisposing to schizophrenia
and to cognitive deficits. However, since
the physical symptoms in VCES are due to
defective development and migration of
the neural crest cells, the gene(s) predispos-
ing to schizophrenia are probably ones that
facilitate brain development. An example
of such a candidate gene from the 22q11
region is the Goosecoid-like (GSCL) gene,
which is expressed in the pons and dorsal
thalamus during early embryogenesis.
GSCL has a homeobox gene structure and
probably acts as a regulator of gene tran-
scription. Other candidate genes are related
to brain function, such as catechol-o-meth-
yltransferase (COMT), which encodes an
enzyme that degrades brain  cat-
echolamines.

Future research will reveal the
gene or genes leading to increased risk for
neuropsychiatric deficits in VCFS. Con-
sequently, we will be better able to un-
derstand the neuropsychiatric deficits and
the abnormal development and function
of the brain that are secondary to the
reduced dosage of specific genes. It is also
very likely that some of the gene defi-

[Barnea-
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ciencies causing VCES are also impli-
cated (in combination with other genes
and environmental factors) in the patho-
physiology of MR/DD and its neuropsy-
chiatric morbidity in cases that are today
considered “idiopathic.”

FRAGILE X SYNDROME

Fragile X syndrome is yet another
genetic disorder that results in mental
disability. Unlike WS and VCEFS, which
are caused by microdeletions of specific
chromosomal regions, FXS is caused by
an expanded trinucleotide repeat on the
long arm of the X chromosome that is
prone to hypermethylation and conse-
quent gene silencing [Verkerk et al.,
1991; Oostra and Chiurazzi, 2001]. The
affected gene is fragile X mental retarda-
tion-1 (FMR1). It normally codes for the
fragile X mental retardation protein
(FMRP), which is an RNA-binding pro-
tein. This disorder affects approximately
1:4,500 males and 1:9,000 females
worldwide; it is the most common cause
of inherited developmental disability
[Warren and Sherman, 2001]. Males
with FXS are often characterized by large
ears, an elongated face, postpubertal mac-
roorchidism, and moderate to severe
mental retardation. The cognitive phe-
notype of males with FXS includes def-
icits in executive functions, short-term
memory, attentional control, and arith-
metic and visuospatial processing, while
the behavioral phenotype includes gaze
aversion, anxiety, hyperactivity, and so-
cial-interaction deficits. Females with
FXS are less severely aftected, owing to
the second, unaffected X chromosome.
They may be of average intelligence or
have mild mental disability and executive
function deficits. They are also at risk for
mood disorders and social anxiety.

Structural MRI studies indicate
that tissue volumes of discrete brain re-
gions differ between FXS children and
typically developing (TD) age-matched
children. The caudate nucleus, for exam-
ple, is consistently larger in the brains of
both males and females with FXS [Reiss
et al.,, 1995]. Caudate volume is nega-
tively correlated to IQ measures in chil-
dren with FXS [Reiss et al., 1995], the
opposite to that observed in healthy con-
trols. This subcortical structure is part of
the basal ganglia and receives extensive
afferent fibers from the prefrontal cortex
while sending efferent fibers to other
basal ganglia regions. As such, it is a ma-
jor component of several frontal-subcor-
tical circuits. Lesions of the basal ganglia
disrupt these circuits and can result in
disturbances in attentional control, re-
sponse inhibition, cognitive flexibility,

and goal-oriented behavior. As these are
typical problems associated with the FXS
phenotype, it is likely that the enlarged
caudate nucleus volume plays a role in
these cognitive and behavioral distur-
bances in FXS-affected individuals.

A study using DTI has provided
evidence of disrupted frontal-subcortical
circuits in females with FXS. Specifically,
the white matter tracts from the frontal
cortex to the head of the caudate nucleus
exhibit reduced fractional anisotropy val-
ues in female children with FXS com-
pared with TD children (Fig. 3) [Barnea-
Goraly et al.,, 2003a]. This suggests
reduced fiber density of these tracts,
which would likely impact executive
functions that rely on these circuits. This
in turn supports related implications of
another study that used single proton
emission computed tomography and in-
dicated hypofunction of frontal-subcor-
tical circuits in individuals with FXS
[Hjalgrim et al.,, 1999]. As FMRP is
thought to be involved in axon path
finding, aberrant white matter tracts are
likely to result from the low levels of this
protein in FXS-affected individuals.

Deficits of frontal—striatal connec-
tions were further explored using fIMRI
and the Go/NoGo task to measure im-
pulse control [Menon et al., 2004]. In the
Go/NoGo portion of this task, female
children with FXS were asked to respond
with a key press for every letter except
“X” that was presented during image ac-
quisition. The Go condition required a
key press response to every letter pre-
sented, although no Xs were presented.
Brain activation during the Go/NoGo
condition in the FXS group was com-
pared with TD age-matched female chil-
dren. The TD children exhibited greater
activation in several areas, including areas
of the basal ganglia. More interestingly,
the FMRP blood measures of the chil-
dren with FXS were positively correlated
to brain activation in various brain re-
gions, including the caudate nucleus and
other components of the basal ganglia.
Response time and accuracy were each
positively correlated with FMRP mea-
sures as well in the FXS group during the
Go/NoGo condition but not during the
Go condition.

While the findings regarding the
aberrant size and function of the caudate
nucleus are striking, similar results have
been found for other brain regions in the
FXS population. A recent study using
fMRI during visual memory encoding
uncovered decreased activation in the
hippocampus and orbital regions of the
frontal cortex [Greicius et al., 2004].
Other studies have reported volumetric
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abnormalities in select brain regions, in-
cluding the hippocampus [see Hessl et al.,
2004 for review].

Neuroimaging studies on FXS sug-
gest that FMRP plays an important role
in proper development of specific brain
regions. FMRP’s impact on the caudate
nucleus is especially profound, as it is a
pivotal region in the control of executive
functioning and impulse inhibition. As
imaging studies have indicated that the
caudate nucleus is particularly affected by
decreased FMRP, continued research
and drug development targeting the cau-
date nucleus may be instrumental in the
future treatment of FXS. Hopefully,
these treatments will be also effective also
in other individuals with executive func-
tion and impulse inhibition weaknesses.

CONCLUSION

The flexibility of MR technology
to study not only brain structure but also
regional activation (fMRI) and white
matter tracts (DTI) makes it a powerful
tool in the study of mental retardation.
As new applications for MRI technology
are developed, we will be able to delve
even deeper into the brain mechanisms
associated with MR/DD. As presented
in this review, information gathered from
various MRI research studies has shown
neuroanatomical and functional effects of
specific genetic disorders associated with
mental retardation.

There are limitations to the use of
MRI in the study of mental retardation.
A variety of cognitive tests used in fMRI
studies are impossible to use with subjects
with MR/DD due to their level of dif-
ficulty. In addition, it is not always pos-
sible to obtain a usable image, because
children with mental disabilities have
more difficulty laying still in an MRI
scanner, with the result that movement
artifact is a common problem. Thus,
fMRI scans are usually reserved for
higher functioning individuals only. Fur-
thermore, MRI is only able to make
gross observations about brain structure
and function. It is not yet possible to
visualize cellular architecture,
transmitter activity, or receptor density
using this method. On the other hand,
MRI is an in vivo and noninvasive
method of capturing still images of the
living human brain, its pathways, and/or
its activation levels in specific areas at
specific times.

By integrating MRI research with
molecular, cellular, and behavioral meth-
ods, a deeper understanding of the causes
and consequences of mental retardation is
close at hand. The multifaceted ability of
MRI to capture images of the brain and
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to define tissue types, activation levels,
and connectivity makes it a versatile tool
in the study of mental retardation. Safe
and repeatable, it allows us to examine
the brain at different developmental
stages and in the presence or absence of
disease. Future derivatives of MRI tech-
nology may go beyond the technology’s
current limitations and provide even
more information about the brain mech-
anisms associated with MR/DD, which
in turn will enable the development of
more specific and more effective treat-
ments for individuals with mental retar-
dation and developmental disabilities. Hll

ACKNOWLEDGMENT

We express our sincere apprecia-
tion to the subjects and their families
who participated in the research studies
described in this manuscript.

REFERENCES

Bandettini PA, Wong EC, Hinks RS, et al. 1992.
Time course EPI of human brain function
during task activation. Magn Reson Med 25:
390-397.

Barnea-Goraly N, Eliez S, Hedeus M, et al. 2003a.
White matter tract alterations in fragile X
syndrome: preliminary evidence from diffu-
sion tensor imaging. Am ] Med Genet 118B:
81-88.

Barnea-Goraly N, Menon V, Krasnow B, et al.
2003b. Investigation of white matter structure
in velocardiofacial syndrome: a diftusion ten-
sor imaging study. Am J Psychiatry 160:1863—
1869.

Battaglia A. 2003. Neuroimaging studies in the
evaluation of developmental delay/mental re-
tardation. Am J Med Genet 117C:25-30.

Bellugi U, Lichtenberger L, Mills D, et al. 1999.
Bridging cognition, the brain and molecular
genetics: evidence from Williams syndrome.
Trends Neurosci 22:197-207.

Bish JP, Ferrante SM, McDonald-McGinn D, et al.
2005. Maladaptive conflict monitoring as ev-
idence for executive dysfunction in children
with chromosome 22q11.2 deletion syn-
drome. Dev Sci 8:36—43.

Carr HY, Purcell YM. 1954. Effects of diffusion on
free precession in nuclear magnetic resonance
experiments. Phys Rev 94:630—638.

Chow EW, Zipursky RB, Mikulis DJ, et al. 2002.
Structural brain abnormalities in patients with
schizophrenia and 22q11 deletion syndrome.
Biol Psychiatry 51:208-215.

Curry CJ, Stevenson RE, Aughton D, et al. 1997.
Evaluation of mental retardation: recommen-
dations of a Consensus Conference—Ameri-
can College of Medical Genetics. Am J Med
Genet 72:468—477.

Durston S, Hulshoff Pol HE, Casey BJ, et al. 2001.
Anatomical MRI of the developing human
brain: what have we learned?. J] Am Acad
Child Adolesc Psychiatry 40:1012—1020.

Eliez S, Barnea-Goraly N, Schmitt JE, et al. 2002.
Increased basal ganglia volumes in velo-car-
dio-facial syndrome (deletion 22q11.2). Biol
Psychiatry 52:68-70.

Eliez S, Blasey CM, Schmitt EJ, et al. 2001. Velo-
cardiofacial syndrome: are structural changes
in the temporal and mesial temporal regions
related to schizophrenia? Am | Psychiatry
158:447—-453.

Eliez S, Schmitt JE, White CD, et al. 2000. Chil-
dren and adolescents with velocardiofacial
syndrome: a volumetric MRI study. Am J
Psychiatry 157:409—415.

Gothelf D, Lombroso PJ. 2001. Genetics of child-
hood disorders. XXV. Velocardiofacial syn-
drome. ] Am Acad Child Adolesc Psychiatry
40:489-491.

Greicius MD, Boyett-Anderson JM, Menon V, et
al. 2004. Reduced basal forebrain and hip-
pocampal activation during memory encod-
ing in girls with fragile X syndrome. Neuro-
report 15:1579—-1583.

Haacke EM, Brown RW, Thompson MR, et al.
1999. Magnetic resonance imaging: physical
principles and sequence design. New York:
Wiley-Liss.

Hessl D, Rivera SM, Reiss AL. 2004. The neuro-
anatomy and neuroendocrinology of fragile X
syndrome. Ment Retard Dev Disabil Res
Rev 10:17-24.

Hjalgrim H, Jacobsen TB, Norgaard K, et al. 1999.
Frontal-subcortical hypofunction in the frag-
ile X syndrome. Am ] Med Genet 83:140—
141.

Karmiloft-Smith A, Brown JH, Grice S, et al. 2003.
Dethroning the myth: cognitive dissociations
and innate modularity in Williams syndrome.
Dev Neuropsychol 23:227-242.

Kates WR, Burnette CP, Jabs EW, et al. 2001.
Regional cortical white matter reductions in
velocardiofacial syndrome: a volumetric MRI
analysis. Biol Psychiatry 49:677-684.

Klingberg T, Hedehus M, Temple E, et al. 2000.
Microstructure of temporo-parietal white
matter as a basis for reading ability: evidence
from diftusion tensor magnetic resonance im-
aging. Neuron 25:493-500.

Kosslyn S. 1994. Image and brain. Cambridge, MA:
MIT.

Kwong KK, Belliveau JW, Chesler DA, et al. 1992.
Dynamic magnetic resonance imaging of hu-
man brain activity during primary sensory
stimulation. Proc Natl Acad Sci USA 89:
5675-5679.

Lauterbur PC. 1973. Image formation by induced
local interactions: examples employing nu-
clear magnetic resonance. Nature 242:190—
191.

Levitin DJ, Menon V, Schmitt JE, et al. 2003.
Neural correlates of auditory perception in
Williams syndrome: an fMRI study. Neuro-
image 18:74-82.

Levy Y, Hermon S. 2003. Morphological abilities
of Hebrew-speaking adolescents with Wil-
liams syndrome. Dev Neuropsychol 23:59—
83.

Lincoln A, Lai Z, Jones W. 2002. Shifting attention
and joint attention dissociation in Williams
syndrome: implications for the cerebellum
and social deficits in autism. Neurocase
8:226-232.

Mack AH, Feldman JJ, Tsuang MT. 2002. A case of
“Pfropfschizophrenia”: Kraeplin’s Bridge Be-
tween Neurodegenerative and Neurodevel-
opmental Conceptions of Schizophrenia. Am
J Psychiatry 159:1104—1110.

Mansfield P. 1977. Multi-planar image formation
using NMR@ spin echoes. ] Phys Chem C
10:L55-L58.

Menon V, Leroux J, White CD, et al. 2004. Fron-
tostriatal deficits in fragile X syndrome: rela-
tion to FMR1 gene expression. Proc Natl
Acad Sci USA 101:3615-3620.

Meyer-Lindenberg A, Kohn P, Mervis CB, et al.
2004. Neural basis of genetically determined
visuospatial construction deficit in Williams
syndrome. Neuron 43:623—-631.

MRDD RESEARCH REVIEWS © NEUROIMAGING IN MENTAL RETARDATION ¢ GOTHELF ET AL.



Mobbs D, Garrett AS, Menon V, et al. 2004.
Anomalous brain activation during face and
gaze processing in Williams syndrome. Neu-
rology 62:2070-2076.

Moseley ME, Cohen Y, Kucharczyk J, et al. 1990.
Diffusion-weighted MR imaging of anisotro-
pic water diffusion in cat central nervous sys-
tem. Radiology 176:439—445.

Ogawa S, Lee TM, Kay AR, et al. 1990. Brain
magnetic resonance imaging with contrast de-
pendent on blood oxygenation. Proc Natl
Acad Sci USA 87:9868-9872.

Oostra BA, Chiurazzi P. 2001. The fragile X gene
and its function. Clin Genet 60:399—408.

Paterson SJ, Brown JH, Gsodl MK, et al. 1999.
Cognitive modularity and genetic disorders.
Science 286:2355-2358.

Pennington BF, Filipek PA, Lefly D, et al. 2000. A
twin MRI study of size variations in human
brain. ] Cogn Neurosci 12:223-232.

Pham DL, Xu C, Prince JL. 2000. Current meth-
ods in medical image segmentation. Annu
Rev Biomed Eng 2:315-337.

Reiss AL, Abrams MT, Greenlaw R, et al. 1995.
Neurodevelopmental effects of the FMR-1
full mutation in humans. Nat Med 2:159—
167.

Reiss AL, Abrams MT, Singer HS, et al. 1996.
Brain development, gender and IQ in chil-

dren: a volumetric imaging study. Brain 119:
1763-1774.

Reiss AL, Dant CC. 2003. The behavioral neuro-
genetics of fragile X syndrome: analyzing
gene—brain—behavior relationships in child
developmental psychopathologies. Dev Psy-
chopathol 15:927-968.

Reiss AL, Eckert MA, Rose FE, et al. 2004a. An
experiment of nature: brain anatomy parallels
cognition and behavior in Williams syn-
drome. J Neurosci 24:5009-5015.

Reiss AL, Kesler SR, Vohr B, et al. 2004b. Sex
differences in cerebral volumes of 8-year-olds
born preterm. ] Pediatr 145:242-249.

Schmitt JE, Eliez S, Warsofsky IS, et al. 2001.
Enlarged cerebellar vermis in Williams syn-
drome. J Psychiatr Res 35:225-229.

Sobin C, Kiley-Brabeck K, Karayiorgou M. 2005.
Lower prepulse inhibition in children with
the 22q11 deletion syndrome. Am | Psychia-
try 162:1090-1099.

Sowell ER, Thompson PM, Toga AW. 2004.
Mapping changes in the human cortex
throughout the span of life. Neuroscientist
10:372-392.

Talairach J, Tournoux P. 1988. Co-planar stereo-
tactic atlas of the human brain: 3-dimensional
proportional system: an approach to cerebral
imaging. New York: Thieme.

Thompson PM, Vidal C, Giedd JN, et al. 2001.
Mapping adolescent brain change reveals dy-
namic wave of accelerated gray matter loss in
very early-onset schizophrenia. Proc Natl
Acad Sci USA 98:11650-11655.

van Amelsvoort T, Daly E, Robertson D, et al.
2001. Structural brain abnormalities associ-
ated with deletion at chromosome 22q11:
quantitative neuroimaging study of adults
with velo-cardio-facial syndrome. Br J Psy-
chiatry 178:412-419.

Verkerk AJ, Pieretti M, Sutcliffe JS, et al. 1991.
Identification of a gene (FMR-1) containing a
CGG repeat coincident with a breakpoint
cluster region exhibiting length variation in
fragile X syndrome. Cell 65:905-914.

Warren ST, Sherman SL. 2001. The fragile X syn-
drome. In: Scriver C, Beaudet A, Sly W,
Valle D, editors. The metabolic basis of in-
herited disease. New York: McGraw Hill,
Inc. p 1257-1289.

Wilke M, Sohn JH, Byars AW, et al. 2003. Bright
spots: correlations of gray matter volume with
IQ in a normal pediatric population. Neuro-
image 20:202-215.

Zammit S, Allebeck P, David AS, et al. 2004. A
longitudinal study of premorbid IQ score and
risk of developing schizophrenia, bipolar disor-
der, severe depression, and other nonaffective
psychoses. Arch Gen Psychiatry 61:354-360.

MRDD RESEARCH REVIEWS © NEUROIMAGING IN MENTAL RETARDATION ¢ GOTHELF ET AL. 339



