
Chapter 10

Human Brain Volume: What’s in the Genes?
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Introduction

The human brain continues to grow considerably after birth.
Compared to measurements taken at birth (mean, SD was
34.9, 1.1 cm), head circumference was found to increase
by more than 30% in the first year (46.6, 1.3 cm); between
1 and 4 years of age it increased by another 9% (50.9,
1.4 cm) and between 4 and 8 years by an additional 4%
(53.4, 1.4 cm) in a normal cohort (Gale, O’Callaghan, Bre-
dow, & Martyn, 2006). Magnetic resonance imaging (MRI)
research has shown that at 6 years of age total cerebral vol-
ume has reached 95% of its adult volume (Giedd et al., 1999).
However, the brain continues to show dynamic changes from
childhood into adulthood in overall gray and white matter
and in subcortical structures. In early adolescence gray mat-
ter starts to decrease (Giedd et al., 1999), whereas overall
white matter volume still increases (Bartzokis et al., 2001;
Giedd et al., 1999; Paus et al., 1999). Also, subcortical
structures show developmental changes after childhood. For
instance, the thalamus and caudate nucleus decrease with age
(Sowell, Trauner, Gamst, & Jernigan, 2002) and the pos-
terior hippocampus increases with age, whereas the ante-
rior hippocampus decreases with age (Gogtay et al., 2006)
(for a review on brain maturation, see Toga, Thompson, &
Sowell, 2006).

The contribution of specific genes and environmental fac-
tors to these developmental brain changes is currently not
understood. However, it is known that in adulthood, the
extent of variation in human brain volume is highly herita-
ble, with estimates between 80 and 90% (Baaré et al., 2001;
Pennington et al., 2000; Pfefferbaum, Sullivan, Swan, &
Carmelli, 2000). Most heritability estimates of brain volumes
are based on data from monozygotic twin pairs (MZ, who
are nearly always genetically identical) and dizygotic twin
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pairs (DZ, who share on average 50% of their segregating
genes). If brain volumes of monozygotic twin pairs resemble
each other more closely than those of dizygotic twin pairs,
it can be inferred that variation of brain volumes is under
genetic control. These findings from twins can be general-
ized to the general (singleton) population, particularly after
correcting for head size or intracranial volume (Hulshoff Pol
et al., 2002).

Importantly, the high heritability of brain volume is func-
tionally relevant. For instance, the association between brain
volumes and intelligence was found to be of genetic origin
(Posthuma et al., 2002) and the association between frontal
gray matter volume and intelligence is suggested to be due
to genetic factors (Thompson et al., 2001; Toga & Thomp-
son, 2004). Recently, the association of intelligence with
frontal, occipital, and parahippocampal gray matter and con-
necting white matter was found to be influenced by genes
common to brain structure and intelligence (Hulshoff Pol
et al., 2006). These findings demonstrate that a common set
of genes may underly the association between brain structure
and cognitive functions. However, in elderly twins, the asso-
ciations between fronto-temporal brain volumes and execu-
tive function were found to be due to common environmental
influences shared by twins from the same family (Carmelli,
Reed, & DeCarli, 2002). These results point to the possibil-
ity that overlapping sets of genes or common environmental
influences cause variation in two distinct phenotypes. How-
ever, other, causal, models are also consistent with the find-
ings. It might be, for example, that a higher level of cognitive
function leads a person to select an environment that also
increases brain size. The genetic influence on brain size then
simply reflects the genetic influences on cognition. Thus, the
specific mechanism, pathways, and genes that are involved in
human brain morphology and its association with cognitive
functions remain elusive.

A few studies have been published in which particu-
lar genetic polymorphisms (a gene with at least two rela-
tively common variants, also called alleles) are associated
with variation in brain structure. However, without some
prior assumptions about which genes are good candidates,
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this may be comparable with searching for a needle in a
haystack. Another approach to search for genes involved in
human brain volume might be to study subjects with a known
genetic makeup or a known genetic abnormality, i.e., groups
in which the genetic variant is known, and to search for
abnormalities in their brain volumes. This approach has also
been applied to study genes involved in cognitive impair-
ments in subjects with mental retardation (Nokelainen &
Flint, 2002).

Here we review the studies on the influence of genes
onto human brain volumes using quantitative magnetic reso-
nance imaging (MRI). To this end, twin studies are reviewed
to assess the heritability of human brain volume variation
in the general population. In addition, brain structures in
patients with diseases caused by mutations in genes located
on autosomal chromosomes are discussed. For this pur-
pose, MRI brain studies on diseases with a clear genetic
etiology were included, i.e., Huntington’s disease (expan-
sion of triplet repeat on chromosome 4), Down syndrome
(21-trisomy), Williams syndrome (hemideletion on chromo-
some 7q11.23), and Velocardiofacial syndrome (deletion on
chromosome 22q11). Finally, other genetic approaches to the
search of genes in brain structure are discussed. These other
approaches include studies on brain volume of families with
a particular genetic makeup, studies searching for genes in
subjects with brain morphological abnormalities, and studies
on the association of brain volumes with genetic polymor-
phisms in candidate genes in healthy subjects.

Current Research

Methods

A PubMed indexed search was carried out for each of the
three different approaches, with a limitation for human sub-
jects and the following keywords: (1) (brain volume) or
(white/gray matter) and ((twin) or (heritability)); (2) (brain
volume) or (white/gray matter) and ((Huntington’s Disease)
or (Down syndrome) or (Williams Syndrome) or (Velocar-
diofacial Syndrome)); and (3) (Brain volume/abnormality)
or (white/gray matter) and ((polymorphism) or (genes)). All
the abstracts were inspected (n=260), and papers written in
English, using structural magnetic resonance imaging (MRI)
were selected. These included volumetric MRI (both global
and focal measures), voxel-based morphometry (VBM) and
diffusion tensor imaging (DTI) (for information on white
matter integrity). Case studies or qualitative studies were not
included. These selection criteria resulted in 90 papers com-
ing from the following topics: twin studies (n=18), Hunting-
ton’s disease (N=20), Down syndrome (N=13), Williams

syndrome (n=14), Velocardiofacial syndrome (N=14), and
other genetic approaches (N=11).

If available, information on the number of subjects, p-
values/effect sizes, age of the sample, and heritability esti-
mates was extracted from the papers.

Results

Twin Studies and Human Brain Morphology

To determine the relative contribution of genetic, common,
and unique environmental influences on variation in brain
structures, the (extended) twin model is a powerful approach
(Posthuma & Boomsma, 2000). For genetic influences (heri-
tability), the extent to which brain structures of monozygotic
(MZ) twin pairs resemble each other more than in the case for
dizygotic (DZ) twin pairs is the determining factor. However,
in addition to genetic influences, common (or shared) envi-
ronmental influences may play a role in explaining resem-
blances. The presence of shared environmental factors is sug-
gested when correlations in DZ twins are larger than half the
MZ correlation (Boomsma, Busjahn, & Peltonen, 2002). A
first impression of the importance of unique environmental
factors is obtained from the extent to which MZ twins do not
resemble each other.

Brain structure in healthy MZ and DZ twin pairs was
first quantitatively studied using computed tomography (CT)
(Reveley, Reveley, Chitkara, & Clifford, 1984) (Table 10.1).
In this study it was found that lateral ventricle varia-
tion was mostly explained by genetic factors. Later stud-
ies using MRI found high heritability estimates of global
brain measures including intracranial volume (>81%) (Baaré
et al., 2001; Carmelli et al., 1998; Pfefferbaum et al., 2000)
and total brain volume (66–97%) (Baaré et al., 2001; Bart-
ley, Jones, & Weinberger, 1997; Pennington et al., 2000;
Wright, Sham, Murray, Weinberger, & Bullmore, 2002).
The first twin-sibling study to measure the genetic contri-
butions to variation in global gray and white matter found
heritability estimates of 82% for gray matter and 88% for
white matter (Baaré et al., 2001). The volumes of each
cerebral hemisphere showed 65% heritability (Geschwind,
Miller, DeCarli, & Carmelli, 2002). For variation in cere-
bellar volume a heritability of 88% was reported (Posthuma
et al., 2000).

A number of global brain areas seem to be mainly under
environmental control. For example, this was found for the
overall gyral patterning of the cortex (Bartley et al., 1997;
Eckert et al., 2002). Common and unique environmental
factors explained the individual variation in lateral ventri-
cle volumes (Baaré et al., 2001; Wright et al., 2002). How-
ever, individual differences in lateral ventricle size were
mainly of genetic origin in a study consisting of elderly
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subjects (Pfefferbaum et al., 2000; Pfefferbaum, Sullivan, &
Carmelli, 2004).

A few studies have examined possible genetic effects on
more specific brain areas. Volumes of frontal and temporal
gray matter (GM) are particularly influenced by genetic fac-
tors (Thompson et al., 2001; Wright et al., 2002). Further-
more, brain density of the medial and superior frontal, supe-
rior temporal and occipital gray matter and connecting white
matter of the superior occipito-frontal fasciculus and corpus
callosum are particularly influenced by genetic factors (Hul-
shoff Pol et al., 2006).

Area measurements of the corpus callosum revealed
heritability estimates between 79 and 94% (Pfefferbaum
et al., 2000; Scamvougeras, Kigar, Jones, Weinberger, &
Witelson, 2003). Variation in hippocampus volume was
found to have a lower heritability with estimates of 40%
(Sullivan, Pfefferbaum, Swan, & Carmelli, 2001) and 69%
(Hulshoff Pol et al., 2006). Unique environmental factors
influenced vast gray matter and white matter areas sur-
rounding the lateral ventricles (up to 50%) (Hulshoff Pol
et al., 2006).

In a study that did not include DZ twin pairs, MZ twin pair
correlations were high (>0.90 for cerebellum, total brain,
gray, and white matter and >0.75 for caudate nucleus, puta-
men, thalamus, and cortical depth) as compared to a healthy
comparison group (White, Andreasen, & Nopoulos, 2002).

In the only study to date that measured heritability
estimates of changes in brain volumes over time, genetic con-
tributions to variability in intracranial volume, corpus callo-
sum, and lateral ventricles were found to be high in healthy
elderly (Pfefferbaum et al., 2000) remained high at longitu-
dinal follow-up of 4 years (Pfefferbaum et al., 2004).

Next to twin studies, other designs can also be applied
to yield estimates on genetic and environmental influences.
For example, a family-based study reported heritability esti-
mates of white matter hyperintensities of 55%. These esti-
mates increased with age (Atwood et al., 2004).

In summary, human brain volume is considerably herita-
ble. Moreover, it remains to be largely explained by genetic
factors, even in old age. Individual variation in lateral ven-
tricles is mainly explained by environmental factors, sug-
gesting that surrounding brain tissue is at least partly influ-
enced by environmental factors. Genetic effects were shown
to vary regionally, with high heritabilities of frontal and tem-
poral lobe volumes and densities, but moderate estimates
in the hippocampus, and environmental influences on sev-
eral medial brain areas. Areas that show high heritability for
volume emphasize the relevance of these brain areas when
searching for genes influencing brain structure.

It should be noted that only one longitudinal twin study
is carried out in elderly subjects. Moreover, twin studies in
children and/or adolescents are currently lacking. Therefore,
no conclusions can be drawn about the stability of genetic

influences on brain volume. Studies are under way to deter-
mine the influence of genetic and environmental factors on
brain changes with age.

Autosomal Genetic Abnormalities and Human Brain
Morphology

Huntington’s Disease

Huntington’s disease (HD) is an autosomal-dominant neu-
rodegenerative disease, which is associated with increases
in the length of a CAG triplet repeat present in a gene
called “huntingtin” located on chromosome 4p16.3 (Rosas
et al., 2001). Cognitively, HD patients suffer from atten-
tion impairments and problems with executive function-
ing as well as psychomotoric functions, whereas semantic
memory and delayed recall memory seem to be intact (Ho
et al., 2003).

Several MRI studies have demonstrated that, compared
to healthy controls, HD is associated with global loss
in volumes of total brain, total cerebrum, cerebral cortex
(Table 10.2a) (Paulsen et al., 2006; Rosas et al., 2003).
Also white matter reductions (Jernigan, Salmon, But-
ters, & Hesselink, 1991; Rosas et al., 2003) and cortical
thinning (Rosas et al., 2005) have been reported. Focal
atrophy in the basal ganglia is an often found abnormal-
ity in HD patients (Aylward et al., 1994, 1997, 1998,
2000, 2004; Beglinger et al., 2005; Fennema-Notestine
et al., 2004; Harris et al., 1992; Jernigan et al., 1991; Kas-
subek, Juengling, et al., 2004; Kassubek, Juengling, Ecker,
& Landwehrmeyer, 2005; Kipps et al., 2005; Mascalchi
et al., 2004; Paulsen et al., 2006; Peinemann et al., 2005;
Rosas et al., 2001, 2003; Thieben et al., 2002). Other struc-
tures in HD that were smaller as compared to healthy subjects
are the following: the hypothalamus (Kassubek, Juengling,
et al., 2004), thalamus (Kassubek et al., 2005; Paulsen
et al., 2006) amygdala, hippocampus, brainstem, cerebel-
lum (Rosas et al., 2003), insula, dorsal midbrain (Thieben
et al., 2002), and the frontal lobe (Aylward et al., 1998).

Interestingly, the major brain abnormality in HD, i.e.,
basal ganglia atrophy, was positively correlated with CAG
repeat length, symptom severity (Aylward et al., 1997; Kas-
subek, Bernhard, et al., 2004; Rosas et al., 2001) as well as
age of onset of the disease symptoms (Aylward et al., 1997).

In pre-clinical Huntington patients (who do not have
symptoms yet, but who test positively for the “Huntingtin
gene”), decreased volumes of the striatum, insula, and dorsal
forebrain were detected when compared to healthy control
subjects (Thieben et al., 2002). Furthermore, more pro-
gressive atrophy in the basal ganglia was found in clini-
cal patients in a follow-up measurement as compared to
pre-clinical patients (Kipps et al., 2005). Finally, striatal
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decline in pre-clinical HD patients was predictive of the
time of occurrence of the first clinical symptoms (Aylward
et al., 2004).

Down Syndrome

Down syndrome (DS) is caused by a third copy of chro-
mosome 21 (trisomy). DS is associated with mental retar-
dation, and after the age of 40, individuals with DS suffer
from cognitive decline or dementia (Lott & Head, 2001). A
rapidly growing number of MRI studies have investigated
brain atrophy in DS (Table 10.2b). When adult DS patients
are compared to healthy subjects, they have smaller volumes
of total cerebrum (Raz et al., 1995; Weis, Weber, Neuhold,
& Rett, 1991), cerebellum (Jernigan & Bellugi, 1990; Raz
et al., 1995; Weis et al., 1991; White, Alkire, & Haier, 2003),
and total white matter (Weis et al., 1991). Regional decreases
in volume in DS patients have been observed in the cingulate
gyrus (White et al., 2003), hippocampus (Kesslak, Nagata,
Lott, & Nalcioglu, 1994; Pinter, Brown, et al., 2001; Raz
et al., 1995), planum temporale (Frangou et al., 1997), and
mammillary bodies (Raz et al., 1995).

Cross-sectional studies carried out in DS patients show
significantly more atrophy in patients than healthy controls
with advancing age, mainly in the hippocampus (Krasuski,
Alexander, Horwitz, Rapoport, & Schapiro, 2002; Teipel
et al., 2003), amygdala (Krasuski et al., 2002), parahip-
pocampal gyrus (Krasuski et al., 2002; Teipel et al., 2004),
corpus callosum (Teipel et al., 2003), and frontal, parietal,
and occipital gyrus (Teipel et al., 2004). However, in an ear-
lier follow-up study no evidence was found for progressive
changes in the hippocampus and amygdala of DS patients
(Aylward et al., 1999).

Furthermore, children with DS also show brain abnormal-
ities in the cerebellum (Jernigan, Bellugi, Sowell, Doherty,
& Hesselink, 1993; Pinter, Eliez, Schmitt, Capone, &
Reiss, 2001) and amygdala (Pinter, Brown, et al., 2001) com-
pared to age-matched controls. When a direct distinction is
made between DS children and adults, it appears that DS
children already have a decreased volume of the cerebellum
and hippocampus, although the amygdala and parietal gray
matter seem to be preserved (Pinter, Eliez, et al., 2001).

When demented and non-demented DS patients are com-
pared, demented DS patients show more pronounced atrophy
with age (Pearlson et al., 1998). The amygdala showed no
volumetric differences between demented and non-demented
DS patients (Aylward et al., 1999).

A structure that has been reported to be enlarged in DS
is the parahippocampal gyrus (Kesslak et al., 1994; Raz
et al., 1995; White et al., 2003). Other studies, however,
could not replicate this finding (Krasuski et al., 2002; Teipel
et al., 2004).

Williams Syndrome

Williams syndrome (WS) patients have a well-defined
hemideletion on chromosome 7q11.23. WS patients are char-
acterized by selective preservation of certain complex fac-
ulties (language, music, face processing, and sociability) in
contrast to marked and severe deficits in nearly every other
cognitive domain (Levitin et al., 2003).

Morphometric MRI studies have both investigated adult
subjects as well as children and adolescents. In adults,
studies demonstrated a decreased total brain volume in
WS patients as compared to healthy control subjects
(Table 10.2c) (Cherniske et al., 2004; Reiss et al., 2000;
Schmitt, Eliez, Warsofsky, Bellugi, & Reiss, 2001a). Fur-
thermore, taken the smaller total brain volume into account,
reductions in parieto-occipital (Kippenhan et al., 2005;
Meyer-Lindenberg et al., 2004) and intraparietal sulcus
(Kippenhan et al., 2005; Meyer-Lindenberg et al., 2004),
hypothalamus (Meyer-Lindenberg et al., 2004), superior
parietal lobe (Eckert et al., 2005), gray matter of the occipital
lobe, thalamus (Reiss et al., 2004), and corpus callosal area
(Schmitt, Eliez, Warsofsky, Bellugi, & Reiss, 2001b) were
found.

Studies in WS children and adolescents showed reduc-
tions in parieto-occipital sulcus (Boddaert et al., 2006) and
corpus callosal area (Tomaiuolo et al., 2002).

Some brain regions are found to be increased in WS adult
patients when compared to healthy subjects. These include
the cerebellum (Reiss et al., 2000; Schmitt et al., 2001a),
amygdala, orbitofrontal and medial prefrontal cortex, ante-
rior cingulate, insular cortex (Reiss et al., 2004), and supe-
rior temporal gyrus (Reiss et al., 2000, 2004). Further-
more, increased overall cortical complexity was found in WS
(Thompson et al., 2005) as well as increased cortical gyrifi-
cation in the right parietal and occipital lobes and in the left
frontal lobe (Schmitt et al., 2002).

Enlargements in the cerebellum were found in WS infants
(Jones et al., 2002) and adolescents (Wang, Hesselink, Jerni-
gan, Doherty, & Bellugi, 1992).

In WS, as opposed to HD where one specific gene
(i.e., the “huntingtin” gene) seems to be involved, only
the locus of the deletion on the chromosome is known
and knowledge of specific genes and their working mech-
anism(s) in the deleted region is scarce. Animal stud-
ies suggest involvement of the LIMK1-gene in abnor-
mal brain development, which is located in the deleted
region at chromosome 7q11.23 (Table 10.3) (Hoogenraad
et al., 2002; Meng et al., 2002). Other genes mapped to
region 7q11.23 and linked to abnormal brain development
are CYLN2 (Hoogenraad et al., 1998), GTF21 (Danoff, Tay-
lor, Blackshaw, & Desiderio, 2004; Morris et al., 2003), and
WBSCR14 (Cairo, Merla, Urbinati, Ballabio, & Reymond,
2001).
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Table 10.3 Genes related to brain volumetric changes, discussed in this review1

Brain area Associated genes Candidate genes Disease Gene map locus Number of studies

Cerebral cortex (TB) ASPM∗,∗∗ Microcephaly 1q31 3
Prefrontal cortex, hippocampus BDNF∗,∗∗ 11p13 4
Prefrontal cortex COMT∗,∗∗ VCFS 22q11.2 2
Hippocampus ApoE∗,∗∗ 19q13.2 10
Limbic system, orbitofrontal cortex MAOA∗,∗∗ Xp11.23 4
Caudate nucleus FOXP2∗,∗∗ 7q31 3
Basal ganglia Huntingtin∗ HD 4p16.3 17
Synaptic connections ProDH∗∗ VCFS 22q11.2 2
Synaptic connections TBX1∗∗ VCFS 22q11.2 2
Brain development LIMK1∗∗ WS 7q11.23 2

CYLN2∗∗ WS 7q11.23 2
WBSCR14∗∗ WS 7q11.23 1

1 For references: see text∗ Has been associated with brain volume changes in humans
∗∗ Has been associated with brain volume changes in animals
HD, Huntington’s disease; DS, Down syndrome; WS, William’s syndrome; VCFS, Velocardiofacial syndrome; TB, total brain volume

Velocardiofacial Syndrome

Velocardiofacial syndrome (VCFS) is a neurogenetic disor-
der caused by deletions on chromosome 22q11.2. Patients
with VCFS are characterized by learning disabilities (Swillen
et al., 1999) and are often diagnosed with schizophrenia
(Bassett et al., 2003; Murphy, Jones, & Owen, 1999).

Most of the structural MRI studies on VCFS are
carried out in children and adolescents. In these stud-
ies, abnormalities have been found in several brain areas
(Table 10.2d). A smaller total brain volume was reported
(Eliez, Schmitt, White, & Reiss, 2000; Eliez, Schmitt,
White, Wellis, & Reiss, 2001; Eliez, Blasey, et al., 2001;
Simon et al., 2005) with (non-frontal) white matter relatively
more affected than gray matter (Eliez et al., 2000; Kates
et al., 2001; Simon et al., 2005; Campbell et al., 2006).
More focal areas that appeared smaller in VCFS as com-
pared to control subjects included the cerebellum (Bish
et al., 2006), vermal lobules VI–VII, pons (Eliez, Schmitt,
et al., 2001), temporal lobe, superior temporal gyrus, hip-
pocampus (Eliez, Blasey, et al., 2001), left and right amyg-
dala (Kates, Miller, et al., 2006), left caudate nucleus
(Sugama et al., 2000), posterior thalamus (Bish, Nguyen,
Ding, Ferrante, & Simon, 2004), and left parietal lobe (Eliez
et al., 2000). Moreover, DTI studies investigating fractional
anisotropy (FA) in white matter, an index of white matter
coherence and integrity, found lower FA values in frontal,
parietal, and temporal cortex, in connections between the
frontal and temporal lobes (Barnea-Goraly et al., 2003) and
corpus callosum (Simon et al., 2005). However, increased
FA values were reported for the cingulate gyrus (Simon
et al., 2005).

In the one study carried out in adult VCFS patients, a
reduction in cerebellum density was found (van Amelsvoort
et al., 2004). In the same study, adult VCFS patients with
and without schizophrenia were compared. It was shown that

VCFS patients with schizophrenia had larger ventricles and
less overall white matter as compared to VCFS patients with-
out schizophrenia (van Amelsfoort et al., 2004).

A brain area that is enlarged in VCFS is the right cau-
date nucleus (Kates et al., 2004; Campbell et al., 2006).
Frontal lobe volumes seem to be relatively preserved (Eliez
et al., 2000; Simon et al., 2005), although this does not seem
to hold for the frontal white matter (Kates et al., 2004).

Similar to WS, in VCFS the locus of the deletion
on the chromosome is known (22q11.2), but knowledge
of specific genes and their working mechanism(s) in the
deleted region is limited. Recently, the COMT (catechol-O-
methyltransferase) low-activity genotype was identified as a
risk factor for decline in prefrontal cortical volume (Gothelf
et al., 2005). Furthermore, this finding showed an interaction
with sex (Kates, Antshel, et al., 2006). In animal studies, the
ProDH and TBX1 genes are also mapped to region 22q11
and are thought to be involved in refinement and stabiliza-
tion of synaptic connections in the adolescent mouse brain
(Rakic, Bourgeois, & Goldman-Rakic, 1994).

Other Genetic Approaches

Next to studying brain volume in specific genetic abnormal-
ities, there are other genetic approaches that may elucidate
genes involved in brain variation. These include studying the
brains of families with a particular genetic makeup, search-
ing for genes in subjects with brain morphological abnormal-
ities, and associating brain volumes with genetic polymor-
phisms in candidate genes in healthy subjects.

In the so-called “KE family”, half the family in three
generations is affected by a severe speech and language dis-
order, which is transmitted as an autosomal-dominant mono-
genic trait (Vargha-Khadem, Watkins, Alcock, Fletcher, &
Passingham, 1995). Genetic linkage studies identified a
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locus, designated SPCH1, on chromosome 7q31 (Fisher,
Vargha-Khadem, Watkins, Monaco, & Pembrey, 1998). A
point mutation was identified in the affected family members
which alters an invariant amino acid residue in the DNA-
binding domain of a forkhead/winged helix transcription fac-
tor, encoded by the gene FOXP2 (Table 10.3) (Lai, Fisher,
Hurst, Vargha-Khadem, & Monaco, 2001). The affected fam-
ily members have a reduction in volume of the caudate
nucleus bilaterally, as well as changes in gray matter in
other mostly motor- and speech-related brain areas, as com-
pared to the unaffected members and healthy control sub-
jects (Watkins et al., 2002). The discovery of the responsi-
ble gene in the “KE family” led to further research into the
FOXP2 gene and its role in brain development. For example,
the expression pattern of the FOXP2 mRNA has been found
in the developing brain of mouse (Ferland, Cherry, Preware,
Morrisey, & Walsh, 2003; Lai, Gerrelli, Monaco, Fisher, &
Copp, 2003) and human, including the basal ganglia, thala-
mus, and cerebellum (Lai et al., 2003).

The search for genes in subjects with particular morpho-
logical changes in the brain was successful in autosomal
recessive primary microcephaly (MCPH). MCPH is charac-
terized by shrinkage of nearly 70% of the cortex. Involve-
ment of the ASPM gene (Bond et al., 2002; Mekel-Bobrov
et al., 2005) and the microcephalin gene (MCPH1) (Evans
et al., 2004) was suggested in the determination of cere-
bral cortex size. The ASPM gene is the human ortholog
(i.e., evolved from) of the Drosophila melanogaster abnor-
mal spindle gene (asp), which is essential for normal mitotic
spindle function in embryonic brain development. Mutations
in the ASPM gene associated with MCPH suggest that reg-
ulation of mitotic spindle orientation may be an important
evolutionary mechanism controlling brain size. However, in
healthy subjects, recently no associations of allelic variants
of the ASPM gene and MCPH1 gene and total brain volume
were found (Woods et al., 2006). It was argued that outside
the context of the microcephalic state, it is misleading to refer
to the ASPM gene and/or MCPH1 as regulating or control-
ling brain size (Woods et al., 2006).

Another genetic approach that may elucidate genes
involved in brain variation is studying polymorphisms of spe-
cific genes in healthy subjects. A polymorphism is defined
as the existence of multiple alleles of a gene within a pop-
ulation. It is a naturally occurring variation in the sequence
of genetic information on a segment of DNA among indi-
viduals. Those variations are considered normal (not to be
confused with true mutations, which are alterations of the
original genetic material, often being harmful).

The few studies on polymorphisms in healthy subjects
have revealed associations with brain volumes or densi-
ties. For example, Val/met (i.e., valine/methionine amino
acids) variant carriers of the brain-derived neurotrophic fac-
tor (BDNF) gene (a gene involved in reducing the amount

of naturally occurring neuronal cell death) were found
to have a reduced size of the prefrontal cortex (Pezawas
et al., 2004) and hippocampus compared to val/val carri-
ers (Bueller et al., 2006; Pezawas et al., 2004; Szeszko
et al., 2005). In addition, in met-BDNF carriers a negative
relation was found between dorsolateral prefrontal cortex
volume and age, which was not present in the val-BDNF
carriers (Nemoto et al., 2006).

A study of allelic variants of the apolipoprotein (ApoE)
gene – thought to be involved in cell growth and regener-
ation of nerves – showed that healthy elderly subjects who
were homozygous for the Epsilon4 allele, i.e., e4-e4 geno-
type had smaller hippocampal volumes than subjects het-
erozygous for that allele and than e4 non-carriers (Lemaitre
et al., 2005; Lind et al., 2006). Also, the presence of a single
ApoE-epsilon4 allele is associated with an increased rate of
hippocampal volume loss in healthy women (Cohen, Small,
Lalonde, Friz, & Sunderland, 2001).

Two variants of the X-linked monoamine oxidase A gene
(MAOA) were recently associated with brain volumes in
healthy subjects. The low expression variant predicted vol-
ume reductions in cingulate gyrus, amygdala, insula, and
hypothalamus, whereas the high expression variant was
associated with changes in orbitofrontal volume (Meyer-
Lindenberg et al., 2006).

Studies of polymorphisms and brain volumetric variation
in psychiatric populations also found genes associated with
alterations in brain volume. For example, in schizophrenia, a
reduction in BDNF production and availability in the dor-
solateral prefrontal cortex (DLPFC) was found (Weickert
et al., 2003). Furthermore, the disrupted-in-schizophrenia 1
(DISC1) gene was associated with prefrontal gray matter loss
(Cannon et al., 2005) and hippocampus decrease (Callicott
et al., 2005).

In a study on attention-deficit hyperactivity disorder
(ADHD) it was shown that homozygosity for the 10R-allele
of the dopamine transporter 1 (DAT1) gene was associated
with smaller caudate nucleus volumes and homozygosity of
4R-allele of the dopamine receptor D4 (DRD4) gene with
smaller prefrontal gray matter (Durston et al., 2005).

Overall, studying polymorphisms in healthy subjects
yields valuable information on specific genes that may be
involved in brain volume. However, as it is a newly devel-
oping area of research, the robustness of the findings needs
to be pointed out and therefore replication is warranted.

Discussion and Conclusion

In this chapter, the influences of genes on human brain vol-
ume were reviewed. For this purpose, twin studies were
included to assess the heritability of human brain volumetric
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variation in the general population. In addition, brain struc-
tures in patients with a clear genetic etiology were reviewed.
Finally, other genetic approaches to the search of genes
involved in brain volume were discussed. These other
approaches included studies on brain volumes of families
with a particular genetic makeup, studies that search for
genes in subjects with brain morphological abnormalities,
and studies examining genetic polymorphisms in healthy
subjects.

Twin studies showed high heritability estimates for spe-
cific brain structures and for overall brain size in adulthood
(between 66 and 97%). Both global gray and global white
matter are largely determined by genes. However, individual
variation in lateral ventricles is mainly explained by envi-
ronmental factors, suggesting that surrounding brain tissue is
at least partly influenced by environmental factors. Genetic
effects were shown to vary regionally, with high heritability
estimates of frontal lobe volumes (90–95%), but moderate
estimates of the hippocampus (40–69%), and environmental
influences on several medial brain areas. Areas that show a
high heritability for volume emphasize the relevance of these
brain areas when searching for genes influencing brain struc-
ture. For focal structures heritability estimates differ, sug-
gesting that different genes influence focal brain structures
differentially.

The study of diseases with a clear genetic etiology yielded
specific information on changes in brain volumes, densities,
and fractional anisotropy. In patients with Huntington’s dis-
ease, decreased volumes of the basal ganglia were found.
Moreover, age at onset of the first symptoms was signifi-
cantly related to the amount of atrophy in the basal gan-
glia. Also, the larger the CAG repeat length in Hunting-
ton’s disease, the more atrophy in the basal ganglia was
found. In Down syndrome, a decreased cerebellum and
increased parahippocampal gyrus volume and density were
found. In Williams syndrome, an increased amygdala, supe-
rior temporal gyrus, and cerebellum were reported. Finally in
Velocardiofacial syndrome a decreased parietal lobe volume
was found. Interestingly, across all disorders, pronounced
decreases in white matter volume and hippocampus vol-
ume were revealed, irrespective of the genes and/or chromo-
somes involved. Furthermore, in all brain imaging studies of
autosomal abnormalities, a decreased total brain volume was
consistently found. It must be noted that although most stud-
ies found decreases in brain volume associated with autoso-
mal abnormalities, there are also genetic disorders in which
an enlarged brain is present. These include Sotos syndrome
(haplo-insufficiency of the NSD1 gene on 5q35) (Kurotaki
et al., 2002), also known as cerebral gigantism. However, no
quantitative MRI studies in Sotos syndome have been carried
out, and therefore these data were not included in this review.

Results of other genetic approaches, such as investigat-
ing allelic variation in the healthy population, have revealed

information on specific genes that may be involved in human
brain volume. Polymorphisms of the brain-derived neu-
rotrophic factor (BDNF) and apolipoprotein (ApoE) genes
have been associated with prefrontal cortex and hippocam-
pus volumes. More specifically, met-BDNF carriers showed
reduced prefrontal cortex and hippocampus volumes com-
pared to val-BDNF carriers. Homozygous carriers of the
Epsilon 4-allele showed smaller hippocampus volumes than
heterozygous carriers. In addition, high- and low-expression
variants of the monoamine oxidase A gene (MAOA) resulted
in structural differences in limbic and frontal areas. The study
of polymorphisms in healthy subjects is a rapidly developing
area of research which allows direct investigation of genetic
influence (not confounded by disease).

Establishing the extent to which brain morphology is
influenced by genes (and environment) contributes both to
our understanding of healthy functioning as well as to elu-
cidating the causes of brain disease. More specifically, it
enhances our knowledge of individual variation in brain
functioning and facilitates the interpretation of the mor-
phological changes found in psychiatric disorders such as
schizophrenia. Also, it allows future efforts to find particular
genes responsible for brain structures to be concentrated in
areas that are under considerable genetic influence (Hulshoff
Pol et al., 2006).

Taken together, studies have shown that adult human brain
volume is highly genetically determined. Since brain vol-
ume changes dynamically throughout life, longitudinal twin
studies in childhood as well as in adulthood are needed to
investigate the stability of genetic (and environmental) influ-
ences. During different age ranges, genes may exert different
effects. Studies carried out in autosomal pathologies were
reviewed to search for genes or chromosomal regions which
are involved in volumetric changes. The genes that have been
discovered in these areas might serve as a model for the genes
being implicated in healthy individuals; however, direct evi-
dence of the influence of specific genes on the (maintenance
of) human brain volume (throughout life) is currently lack-
ing. Polymorphism research on these candidate genes might
be helpful in enhancing our knowledge on their influence in
healthy human brain volume.

There are a number of limitations to the reviewed
approaches of studying genes involved in human brain vol-
ume. These limitations need to be taken into account when
interpreting findings of studies into the genes involved in
human brain structure. First, it must be noted that twin stud-
ies in children and adolescents have not been carried out so
far. Therefore, no conclusions can be drawn as to the genetic
influences on brain volume during childhood. Moreover, only
one longitudinal MRI study in twins pairs (in older adults)
was completed up to now, and therefore conclusions as to
the stability of genetic influences onto brain volume through-
out life await further study. Furthermore, it has been argued
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that the twin method may yield an inflated estimation of
heritabilities compared to family and/or adoption studies. On
the other hand, family studies might give lower heritability
estimations as different ages within families are compared
(for a discussion on this topic, see Martin, Boomsma, &
Machin, 1997).

Limitations in studying genetic disorders include the pres-
ence of co-morbidity in some disorders. In Down syndrome
patients who also suffer from dementia, global volumet-
ric reductions are more pronounced with age and partic-
ularly present in the amygdala. Also, in Velocardiofacial
patients diagnosed with schizophrenia larger ventricles and
less white matter are found as compared to Velocardiofa-
cial patients without schizophrenia. However, this finding
does not necessarily mean that reductions in white matter
results from genetic expression associated with brain mor-
phology. In Velocardiofacial, the reduction of (the integrity
of) white matter may well be a secondary to the vascular
risk of these patients, i.e., heart defects. Vascular risk fac-
tors have been related to white matter lesions (de Leeuw
et al., 2004; DeCarli et al., 2005). A second limitation
includes the possible confounding effects of the pathology on
brain volume. For example, it can be argued that being in a
disadvantageous environment (a disease–environment inter-
action) might lead to decreases in brain morphology. How-
ever, brain volumetric changes can be directly associated
with the genetic abnormality, which is suggested in Hunt-
ington’s disease: decreased caudate nucleus volumes were
reported prior to disease onset in subjects having the muta-
tion in the huntingtin gene (Thieben et al., 2002). Here, it is
important to mention that while Huntington’s disease is the
only neurodegenerative disorder discussed in this chapter, it
offers valuable information on the effects of a single gene in
subjects with and without having symptoms. Third, the rel-
ative small number of subjects usually involved in the stud-
ies may have limited its statistical power. Fourth, different
types of medication of the subjects might have confounded
the results. For example, Huntington’s disease patients often
use antipsychotics and/or antidepressants (Bonelli, Wenning,
& Kapfhammer, 2004), which have been found to affect
brain morphology (Bremner & Vermetten, 2004; Lieberman
et al., 2005). Fifth, it is difficult to form a well-matched
control group to diseases as Down syndrome, where men-
tal retardation should be taken into account. A limitation
in the section of polymorphism studies is that psychiatric
and neurological disorders such as Alzheimer’s disease and
schizophrenia were not discussed in this paper. These condi-
tions can also give more insight into the genetic mechanisms
influencing brain volume.

Finally, a limitation which applies to all the reviewed
studies is the MRI methodology. Intracranial or total brain
volume was not always corrected for, which limits con-
clusions regarding the influence of a particular gene on

small brain structures. Also, methodology of quantification
of small structures in the brain can differ across the reviewed
studies. For instance, manual segmentation of a structure ver-
sus region-of-interest (ROI) analysis with voxel-based mor-
phometry might not lead to completely overlapping findings.

Future Directions

The studies that were discussed in this review have revealed
several genes to be associated with the regulation of human
brain structure. However, at this point it seems too early
to draw general conclusions about which genes are impli-
cated in human brain morphology. Future studies, with other
genetic approaches and new MRI methodology may enhance
our understanding of the genes involved in human brain
structure.

Without specific knowledge of candidate genes, linkage
studies are now employed with the goal to localize a gene
that influences a phenotype. This approach can be used
when genetic marker data (based on DNA polymorphisms of
known location in the genome) are available in extended fam-
ilies or in sibling pairs. Linkage studies are often called a the-
oretical (“blind” search for genes) in contrast to association
studies which require knowledge of candidate genes (Vink &
Boomsma, 2002). Linkage studies require data collection in
related individuals (e.g., siblings or large pedigrees). Also,
if the location of a certain polymorphism is not known, a
linkage study of the whole genome can be carried out. To our
knowledge, only one genome-wide linkage study in healthy
subjects has been performed, in relation to brain volume. For
white matter hyper-intensity volumes one linkage peak was
identified on chromosome 4p (DeStefano et al., 2006). This
is the region where the gene responsible for Huntington’s
disease, i.e., huntingtin, is located. The area of genome-wide
research deserves further study as it allows identifying can-
didate genes involved in human brain volume.

A newly emerging field of genetic research is the study
of epigenetics. Epigenetics comprises mechanisms of inher-
itance, which are not the consequences of changes in DNA
structure. They affect gene transcription with environmental
factors acting as modulators or inducers of epigenetic factors.
One such (important) factor is DNA methylation (see San-
tos, Mazzola, & Carvalho, 2005 for a review on the working
mechanisms). The genome-wide pattern of DNA methyla-
tion was found to be more alike within monozygotic young
than in monozygotic adult and elderly twin pairs (Fraga
et al., 2005). It is therefore important to investigate which
environmental factors have an influence on the expression
of genes (as found in DNA methylation). Consequently, the
study of interaction between genes and environmental fac-
tors is warranted. Furthermore, the simultaneous effects of
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multiple genes and possibly the interaction among genes,
also need investigation as one could argue that a single gene
polymorphism cannot explain morphological changes in the
brain.

New brain imaging methods, such as diffusion tensor
imaging (DTI)-fiber tracking, allow study of the connections
and/or coherence of white matter fibers. Since white matter
was found to be affected in most genetic diseases, future
attention could therefore be focused on genes involved in
neural networks. Considering the changes in brain structure
throughout development in both childhood and adulthood,
the study of genes involved in the plasticity of brain structure
throughout life is warranted. Indeed, longitudinal studies in
(pre)adolescent twin pairs and their siblings are underway to
study these effects (Peper et al., 2004).

In summary, it can be concluded that adult human brain
volume is highly determined by genetic factors. Specific
genes have already been associated with volumes of several
brain structures. Particularly white matter and hippocampus
volumes are associated with a number of these candidate
genes. Many more genes and their interaction with environ-
mental factors that are involved in brain volume in childhood,
adolescence, and adulthood are expected to be found in the
coming years.
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