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Abstract: Twin studies suggest that variation in human brain volume is genetically influenced. The
genes involved in human brain volume variation are still largely unknown, but several candidate genes
have been suggested. An overview of structural Magnetic Resonance (brain) Imaging studies in twins
is presented, which focuses on the influence of genetic factors on variation in healthy human brain vol-
ume. Twin studies have shown that genetic effects varied regionally within the brain, with high herit-
abilities of frontal lobe volumes (90–95%), moderate estimates in the hippocampus (40–69%), and envi-
ronmental factors influencing several medial brain areas. High heritability estimates of brain structures
were revealed for regional amounts of gray matter (density) in medial frontal cortex, Heschl’s gyrus,
and postcentral gyrus. In addition, moderate to high heritabilities for densities of Broca’s area, anterior
cingulate, hippocampus, amygdala, gray matter of the parahippocampal gyrus, and white matter of the
superior occipitofrontal fasciculus were reported. The high heritability for (global) brain volumes,
including the intracranium, total brain, cerebral gray, and white matter, seems to be present through-
out life. Estimates of genetic and environmental influences on age-related changes in brain structure in
children and adults await further longitudinal twin-studies. For prefrontal cortex volume, white matter,
and hippocampus volumes, a number of candidate genes have been identified, whereas for other brain
areas, only a few or even a single candidate gene has been found so far. New techniques such as ge-
nome-wide scans may become helpful in the search for genes that are involved in the regulation of
human brain volume throughout life. Hum Brain Mapp 28:464–473, 2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

Although showing an impressive prenatal growth, the
human brain is not completed at birth. There is consider-
able brain growth during childhood. Interestingly, our
brain is not fully matured after adolescence either. Evi-
dence is accumulating of dynamic changes taking place in
the human brain throughout life. Such lifetime dynamic
changes in the human brain might allow us to optimally
adapt our lives to our environments and experiences. Evi-
dence is also accumulating that brain structure is under
considerable genetic influence. The mechanisms by which
interaction between genes and environment occur and dy-
namics of brain structure and its association with brain
functioning still remain unknown. However, twin and
family studies and newly evolving genetic approaches
start to give us a glimpse as to which genes and (inter-
acting) environmental influences are shaping our brains.
In a recent study, head circumference was measured in

healthy children at different ages. Compared to measures at
birth (mean, SD was 34.9, 1.1 cm), head circumference was
found to increase with more than 30% in the first year (46.6,
1.3 cm); between 1 and 4 years of age with another 9% (50.9,
1.4 cm); and between 4 and 8 years with an additional 4%
(53.4, 1.4 cm) [Gale et al., 2006]. Magnetic resonance imaging
(MRI) studies have shown that at 6 years of age, total cere-
bral volume has reached 95% of its adult volume [Giedd
et al., 1999]. Considering that a medium-large adult head
size is estimated at 58 cm and expected to remain stable, the
volumetric findings are quite compatible with a small
increase in head circumference after childhood. Within the
brain, however, dynamic changes continue from childhood
into adulthood. In the landmark studies of a cohort of chil-
dren between 4 and 20 years of age, using MRI, it was shown
that gray matter and white matter both increase in volume
until early adolescence. In early adolescence, gray matter
volume starts to decrease, except for gray matter of the tem-
poral lobe, which was found to increase into late adolescence
[Giedd et al., 1999]. Overall, white matter volume continues
to increase [Giedd et al., 1999; Paus et al., 1999]. Thus, while

overall brain size has almost reached its adult size by 6 years
of age, the gray/white matter ratio decreases in adolescence
and into adulthood [for reviews, see Durston et al., 2001;

Paus, 2005; Toga et al., 2006].
In adulthood, brain volume continues to change. Cross-

sectional volumetric studies consistently showed a steady
decrease in total brain volume, predominantly due to
decrease in gray matter [Allen et al., 2005; Hulshoff Pol
et al., 2002a; Raz et al., 2004]. Density mapping of gray
matter revealed that the trajectories of age-effects varied
over the cortex, with visual, auditory, and limbic cortices
showing a more linear pattern of aging than the frontal
and parietal neocortices [Sowell et al., 2002]. Longitudinal
studies have confirmed that indeed several of the age-
associated changes in brain volumes are probably nonlin-
ear. White-matter volume was found to increase until age
45 before it starts to decrease [Bartzokis et al., 2001]. In a

5-year MRI follow-up study, we recently observed contin-
ued growth in total brain volume in a proportion of a
subgroup of healthy adult subjects until 40 years of age,
suggesting that at least in a subpopulation of adults,
brain growth continues into adulthood [Van Haren et al.,
in press]. Thus, in adulthood, significant dynamic
changes in brain structure continue to take place, with
continued growth of white matter and nonlinear
decreases in total brain volume and gray matter volumes
and densities.
Brain structure as we measure it macroscopically using

MRI, and the dynamic changes therein, have a functional
relevance. In healthy subjects, the level of intellectual func-
tioning has been positively associated with whole brain,
gray, and white-matter volumes [Posthuma et al., 2002;
Thompson et al., 2001]. More focally, several brain areas
were found to be correlated with intelligence [Frangou
et al., 2004; Haier et al., 2004; Reiss et al., 1996]. Interest-
ingly, in a recent study, it was shown that the trajectory
changes in cortical thickness throughout adolescence are
associated with the level of intelligence [Shaw et al., 2006].
It is important to know which genes are involved in brain
structure and if common genes are involved in both brain
structure and cognitive functioning so as to possibly
explain their association.
Studies in quantitative genetics describe the decomposi-

tion of (observed) phenotypic variance into genetic and
environmental sources. Genetically related individuals are
studied to disentangle these sources of phenotypic var-
iance. Heritability is the proportion of genetic variance
over the total variance. Environmental variance can be
decomposed into environmental variance shared by mem-
bers of a family (common environment) or nonshared var-
iance, which is unique to a certain individual (unique
environment). To determine the relative contribution
of genetic, common, and unique environmental influences
on variation in brain structures, the (extended) twin mo-
del is a particularly powerful approach [Posthuma and
Boomsma, 2000]. More specifically, heritability estimates of
brain structure are usually based on data from monozy-
gotic twin pairs (MZ, who are nearly always genetically
identical) and dizygotic twin pairs (DZ, who share on av-
erage 50% of their segregating genes). If for a certain brain
measure monozygotic twin pairs resemble each other more
closely than dizygotic twin pairs, it can be inferred that
variation of the brain measure is heritable. 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
suggested when correlations in DZ twins are larger than
half of the MZ correlation [Boomsma et al., 2002]. A first
impression of the importance of unique environmental fac-
tors is obtained from the extent to which MZ twins do not
resemble each other.
To estimate contributions of additive genetic (A) effects,

common (or shared) environmental (C), and unique envi-
ronmental effects (E) to variation in a phenotype, struc-
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tural equation modeling (SEM) is increasingly used in
twin studies. SEM is a more advanced method, which, in
contrast to the Falconer method, is capable of explicitly
testing whether genetic or environmental factors contribute
significantly to explaining individual differences. In other
words, SEM allows for parameter estimations, while the
Falconer (correlational) method merely allows parameter
calculation. In extended twin-studies, the siblings, or
sometimes other relatives of twins, are included in the
study design. This increases the statistical power to detect
the influences of common environmental influences shared
by members from the same family.
We review the findings from (extended) twin studies on

normal human brain structure and discuss the impact of
these findings on future studies into specific genes and
environmental factors that are involved in the continuing
development of our brains throughout life.

METHODS

A PubMed indexed search was carried out with a limita-
tion for human subjects and the following keywords:
(brain volume) or (white/gray matter) and (twin) or (herit-
ability). For inclusion, papers had to be written in English,
and use structural MRI or computer tomography (CT).
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. If available, information on the number of sub-
jects, average age and age range of the sample, type of
analysis (Structural Equation Modeling or Falconer
method), and heritability estimates with their 95% confi-
dence intervals were extracted from the papers.

RESULTS

Heritability of Brain Volumes

A total of 14 twin studies measuring brain volume have
been carried out, of which 11 were analyzed using SEM
and another 3 used the Falconer method for calculating
heritability. Brain structure in healthy MZ and DZ twin
pairs was first quantitatively studied using CT [Reveley
et al., 1984] (Table I). In this study, it was found that lat-
eral ventricle variation was mostly explained by genetic
factors. Later studies, 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; Bartley et al., 1997; Pennington et al.,
2000; Wright et al., 2002]. The first twin-sibling study to
measure the genetic contributions 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 et al., 2002]. For variation in
cerebellar volume, a heritability of 88% was reported [Post-
huma et al. 2000]. Area measurements of the corpus cal-
losum revealed heritability estimates between 79 and 94%
[Pfefferbaum et al., 2000; Scamvougeras et al., 2003]. 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,
putamen, thalamus and cortical depth) when compared
with a healthy comparison group, indicating an upper
limit of heritability [White et al., 2002].
In the only published twin-study to date in children con-

sistent with previous adult studies, additive genetic effects
accounted for a substantial portion of variability in nearly
all brain regions with the notable exception of the cerebel-
lum [Wallace et al., 2006].
A number of global brain areas seem to be mainly under

environmental control. The overall gyral patterning of the
cortex was found to be under environmental control
[Bartley et al., 1997; Eckert et al., 2002]. Moreover, common
and unique environmental factors explained the individual
variation in lateral ventricle volumes [Baare et al., 2001;
Wright et al., 2002]. However, individual differences in lat-
eral ventricle size were mainly of genetic origin in a study
consisting of elderly subjects [Pfefferbaum et al., 2000,
2004]. Although the volume of the cerebellum was found
to be mainly under influence of genes in adults [Posthuma
et al., 2000; Wright et al., 2002], in children, it was found
to be largely under common (30%) and unique environ-
mental (21%) control [Wallace et al., 2006]. In the only
study to date measuring heritability of hippocampus vol-
ume, moderate heritability of 40% was found [Sullivan
et al., 2001].

Heritability of Regional Brain Areas Using VBM

Three studies have examined possible genetic effects on
more specific brain areas using VBM and cortical thickness
measures. Two of these studies were analyzed with SEM.
One study additionally used a path analysis on the results
[Wright et al., 2002], and one study used a stringent cor-
rection of multiple comparisons [Hulshoff Pol et al., 2006]
according to the Random Field Theory [Worsley et al.,
1996].
Cortical thickness of middle frontal, sensorimotor, and

anterior temporal cortices, as well as Wernicke’s region
was found to be particularly influenced by genetic factors
[Thompson et al., 2001]. VBM revealed high heritabilities
for paralimbic structures and temporal/parietal neocortical
areas [Wright et al., 2002]. Furthermore, brain density of
the medial and superior frontal, superior temporal, and
occipital gray matter (Fig. 1) and connecting white matter
of the superior occipitofrontal fasciculus and corpus cal-
losum (Fig. 2) were particularly influenced by genetic fac-
tors [Hulshoff Pol et al., 2006]. Unique environmental fac-
tors influenced vast gray matter and white matter areas
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TABLE I. Twin studies on human brain volumes

Authors Subjects Age in years (range) Brain region
Heritability

(A) in % (95% CI)

Reveley et al. [1984]a 18 MZ, 18 DZ NA LV 82%–85% (NA)
Bartley et al. [1997] 10 MZ (6 M), 9 DZ (3 M) MZ:31 (19–54) TB 94 % (NA)

DZ: 23 (18–29) Gyral patterns 7–17% (NA)
Carmelli et al. [1998] 74 MZ, 71 DZ (M) 68–79 years IC 91 % (NA)
Pennington et al. [2000]a RD 25 MZ (12 M), 23 DZ

(16 M)
RD MZ 17.1, DZ: 16.8 TB 97% (NA)

Non-RD: 9 MZ (4 M),
9 DZ (4 M)

Non-RD MZ 19.4, DZ 18.7 Neocortex 56% (NA)

Subcortex 70% (NA)
Pfefferbaum et al. [2000] 45 MZ, 40 DZ (M) MZ 72.2 IC 81% (72–90)

DZ 71.4 CC 79% (69–89)
68–78 LV 79% (55–100)

Baaré et al. [2001] 54 MZ (33 M) MZM: 31.2, MZF: 34.1,
DZM: 30.3, DZF: 30.6,
OS: 30.3 sibs: 29

IC 88% (82–92)

58 DZ (17 M, 21 OS) (19–69) TB 90% (85–93)
34 sibs GM 82% (73–88)

WM 87% (80–91)
LV C: 59% (47–69), E: 41%

(31–53)
15 MZ, 18 DZ 75.7 6 2.7 years Size CC 5:1 (NA)

Microstructure CC 3:1 (NA)
(DTI) (relative proportion A:E)

Sullivan et al. [2001] See Pfefferbaum et al.
[2000]

See Pfefferbaum et al.
[2000]

HIP 40% (NA)

Thompson et al. [2001]a 10 MZ (5 M), 10 DZ (5 M) 48.2 (63.4) Middle frontal 90–95% (NA)
Sensorimotor and anterior
temporal cortices
asymmetry heritability for
Broca’s and Wernicke’s
(Cortical thickness)

Eckert et al. [2002]a 27 MZ, 12 DZ (all M) MZ: 6.9–16.4, DZ: 6.1–15.0 Planum temporale asymmetry NA (NA)
Geschwind et al. [2002] 72 MZ MZ: 72.3 Cerebral hemispheres 65% (NA)

67 DZ (M) DZ: 71.8 Cerebral asymmetry LHS: More C influence
(68–78) LH/RH handedness LH: less genetic control

Posthuma et al. [2000] See Baaré et al. [2001] See Baaré et al. [2001] CB 88% (81–92)
Wright et al. [2002]b 10 MZ (6 m), 10 DZ (4 m) MZ: 31 (19–54) TB 66% (17–100)

DZ: 23 (18–29) LV C: 48%(0–97), E:50%
(32–84)

CB 63%, E: 22% (NA)
Ventrolateral FR, cingulate,
anterior & superior and
transverse temp, retro-
splenium

58–73% (NA)

White et al. [2002]b 12 MZ (6 m), MZ: 24.5 6 7.2 TB, GM, WM, CB r > 0.90
12 control pairs (6 m) Controls: 24.4 6 7.2 CAU, PUT, THAL cortical

depth
r > 0.75

No DZ Low correlations
(MZ corr)

Scamvougeras et al. [2003] 14 MZ, 12 DZ MZ: 16–41, DZ: 18–32 CC 94% (NA)
Pfefferbaum et al. [2004] 34 MZ, 37 DZ. T1: 68–80 years CC (T1) 89% (NA)

T2: 72–84 years CC (T2) 92% (NA)
4 year longitudinal LV (T1) 92% (NA)
Follow-up LV (T2) 88% (NA)

Hulshoff Pol et al. [2006]b See Baaré et al. [2001] See Baaré et al. [2001] WM (SOF, CC, CST) 69–82% (NA)
GM MFL, SFL, STL, CING,
PARAHIP, AMYG, OCC

55–85% (NA)

Wallace et al. [2006] 90 MZ (52 M, 38 F), MZ: 11.9 TB 89% (67–92)
37 DZ (22 M, 15 F) DZ: 10.9 GM 82% (50–87)

(5–19) WM 85% (56–90)
FR, TEMP, PAR 77–88% (50–90)
CB 49% (13–83)
LV 31% (0–67), C: 24% (0–58),

E: 45% (33–60)

Parts of this table will also be published in Peper JS, Zwiers MP, Boomsma D, Kahn RS, Hulshoff Pol HE. Human brain volume: what’s in the genes? In:

Handbook of Behavior Genetics (Y Kim, editor). New York: Springer. In press.

A, additive genetic; AMYG, amygdala; C, common environment; CAU, caudate; CB, cerebellum; CC, corpus callosum; CI, confidence interval; CING, cingu-

late cortex; CST, corticospinal tract; DTI, diffusion tensor imaging; DZ, dizygotic; DZF, dizygotic female; DZM, dizygotic male; E, unique environment; F,

female; FR, frontal lobe; GM, gray matter; HIP, hippocampus; IC, intracranial volume; LH, left handed; LV, lateral ventricles; M, male; MFL, medial frontal

lobe; MZ, monozygotic; MZF, monozygotic female; MZM, monozygotic male; NA, not available; OCC, occipital lobe; occ-front-temp, occipito-fronto tempo-

ral; OS, opposite sex; PAR, parietal lobe; PARAHIP, parahippocampal gyrus; PUT, putamen; RD, reading disability; RH, right handed; Sibs, siblings; SOF,

superior orbitofrontal; TB, total brain; TEMP, temporal lobe; THAL, thalamus; SFL, superior frontal lobe; STL, superior temporal lobe; WM, white matter.
a Falconer method of heritability.
b Voxel-based morphometry.



surrounding the lateral ventricles (up to 50%) [Hulshoff
Pol et al., 2006].

Heritability of Changes in Brain Structure

With Age

In the only study to date that measured heritability esti-
mates of changes in brain volumes over time, genetic con-
tributions to variability in intracranial volume, corpus cal-
losum, and lateral ventricles were found to be high in
healthy elderly [Pfefferbaum et al., 2000] and remained
high at longitudinal follow-up of 4 years [Pfefferbaum
et al., 2004].

Heritability of Brain Structure and the

Association with Brain Function

Total brain volume, gray matter, and white matter are
positively correlated with general intelligence, and these
structures and verbal and performal intelligence share a

common genetic origin [Posthuma et al., 2002]. However,
this finding does not necessarily mean that genes influence
focal brain structures in the same manner throughout the
brain. Moreover, it does not necessarily mean that a com-
mon genetic origin with general intelligence is shared by
all structures throughout the brain. In a study involving
monozygotic and dizygotic twin pairs, frontal gray matter
volume and intelligence were positively correlated
[Thompson et al., 2001]. Since this correlation was more
prominent in monozygotic when compared with dizygotic
twins, this finding suggested that frontal lobe volume and
intelligence share genetic factors, although it was unre-
solved whether this association shares a common genetic
origin [Thompson et al., 2001; Toga and Thompson, 2004].
In a study involving monozygotic and dizygotic twin pairs
and their singleton siblings, using structural equation

Figure 2.

Genetically influenced focal white-matter density brain areas

superimposed on the histologically defined map of the superior

occipitofrontal fascicle. Heritability of white-matter density in

focal brain areas in healthy adult humans is shown for the signifi-

cance level thresholded A-map superimposed on axial and sagit-

tal sections in the left (Lt) and right (Rt) hemisphere through

the magnetic resonance image of the standardized reference

brain (left) and superimposed on the histologically defined map

of the occipitofrontal superior fascicle (middle) (reproduced

with kind permission of Drs. K. Zilles, K. Amunts and U. Burgel).

The complete A-maps are shown on the right. (From Hulshoff

Pol et al., J Neurosci 2006, 26, 10235–10242, ' Society for

Neuroscience, reproduced by permission.)

Figure 1.

Genetically influenced focal gray matter density brain areas. Her-

itability estimates of gray matter density in focal brain areas in

healthy adult humans are shown for the significance level thresh-

olded A-map superimposed on axial and sagittal sections through

the magnetic resonance image of the standardized reference

brain (left) and for the complete A-map (right). Data are based

on a study in 258 monozygotic and dizygotic twin-pairs and their

siblings from 112 Dutch families. For genetic analyses, structural

equation modeling and voxel-based morphometry was used.

(From Hulshoff Pol et al., J Neurosci 2006, 26, 10235–10242,

' Society for Neuroscience, reproduced by permission.)
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modelling, verbal, and performal intelligence were found
to share a common genetic origin with an anatomical neu-
ral network involving the frontal, occipital, and parahippo-
campal gray matter and connecting white matter of the
superior occipitofrontal fascicle, and the corpus callosum
[Hulshoff Pol et al., 2006].

DISCUSSION

On the basis of the twin and family studies, it can be
inferred that variation in overall human brain volume is
highly heritable. The large influence of genes on human
brain volume seems to be already present in childhood.
Moreover, variation in brain volumes remains to be largely
explained by genetic factors, even in old age. Adult twin-
studies showed high heritability estimates for volumes of
specific structures and for overall brain size in adulthood
(between 66 and 97%). Also, both variations in volumes of
global gray and global white matter are largely determined
by genes. However, individual differences in lateral ventri-
cle volume are mainly explained by environmental factors,
suggesting that its surrounding brain tissue is at least
partly influenced by environmental factors. Genetic effects
were shown to vary regionally within the brain, with high
heritabilities of frontal lobe volumes (90–95%), moderate
estimates in the hippocampus (40–69%), and environmen-
tal factors influencing several medial brain areas. Heritabil-
ity estimates of focal brain structures based on VBM and
cortical thickness studies revealed high heritabilities for
densities of medial frontal cortex, Heschl’s gyrus, and
postcentral gyrus. In addition, moderate heritabilities for
densities of hippocampus, amygdala, gray matter of the
parahippocampal gyrus, and white matter of the superior
occipitofrontal fasciculus were reported in one or more
studies. Areas, which show a high heritability for volume,
emphasize the relevance of these brain areas when search-
ing for genes influencing brain structure.
Significant heritabilities for total brain volume and gray

and white-matter volumes were consistently found across
studies, with most studies finding high heritabilities. Esti-
mates varied between 65 and 97%. Focally, moderate to
high heritabilities of the bilateral medial frontal cortex,
bilateral Heschl’s gyrus, and left postcentral gyrus were
consistently found across studies [Hulshoff Pol et al., 2006;
Thompson et al., 2001; Wright et al., 2002]. Furthermore,
the posterior cingulate was found to be heritable in two
studies [Hulshoff Pol et al., 2006; Wright et al., 2002],
underscoring the relevance of these brain areas when
searching for genes influencing brain structure and func-
tion. Broca’s language area, ventrolateral prefrontal cortex,
and anterior cingulate gyrus, superior frontal cortex, occi-
pital (striate and extrastriate) cortex, the anterior cingulate,
amygdala, and parahippocampal gyrus were found to be
significantly heritable in single studies. These single find-
ings were at least partly due to differences in methodology
used between studies in healthy adult twin samples [for a

discussion see Hulshoff Pol et al., 2006]. Notwithstanding
differences in findings, the overlapping results are quite
promising. It seems that the individual variation in mor-
phology of areas involved in attention, language, visual,
and possibly emotional processing, as well as in sensori-
motor processing are strongly genetically influenced.
Unique environmental factors influenced the lateral ven-
tricles in the majority of studies [see Pfefferbaum et al.
(2000, 2001) for high heritabilities) and brain tissue sur-
rounding the lateral ventricles (up to 50% in Hulshoff Pol
et al., 2006]. This suggests that medially, some focal brain
regions are probably largely influenced by (unique) envi-
ronmental influences.
To which extent genetic and environmental factors influ-

ence the age-related changes in brain structure is an im-
portant question. So far, only one study measured the sta-
bility of genetic influences onto changes in brain structure
over time. In elderly twin-subjects, high heritability esti-
mates were found to remain stable after a 4-year interval
[Pfefferbaum et al., 2004]. Thus, at this point, it can only
be inferred from separate twin-cohorts with different age-
ranges that a high heritability for global brain volumes
seems to be present throughout life, including the intracra-
nium, total brain, cerebral gray, and white matter. A possi-
ble exception may have to be made for the cerebellum,
which revealed high heritability estimates in adult twin-
samples, but was found to have a low heritability estimate
in a childhood twin-sample. Whether the extent of genetic
and environmental influences changes with age remains to
be investigated. The only study to date suggests that in the
elderly the relative influences of genes and environmental
factors is quite stable and largely determined by genes
(80%).
Importantly, the high heritability of brain volume is

functionally relevant. For instance, the association between
brain volumes and intelligence was found to be of genetic
origin [Posthuma et al., 2002]. Moreover, the association
between frontal gray matter volume and intelligence was
suggested to be due to genetic factors [Thompson et al.,
2001; Toga and Thompson, 2004]. Recently, the association
of intelligence with gray matter of the frontal and occipital
lobes, the parahippocampus and connecting 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
cause the association between brain structure and cogni-
tive functions. However, in elderly twins, the associations
between frontotemporal brain volumes and executive func-
tion were found to be because of common environmental
influences shared by twins from the same family [Carmelli
et al., 2002]. These results point to the possibility that over-
lapping sets of genes or common environmental influences
cause variation in two distinct phenotypes. However, other
causal models are also consistent with the findings. It
might be, for example, that a higher level of cognitive
functioning leads a person to select an environment that
also increases brain size. The genetic influence on brain
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size then simply reflects the genetic influences on cogni-
tion. Thus, the specific mechanism, pathways, and genes
that are involved in human brain morphology and its asso-
ciation with cognitive functions remain elusive.
Considering the high heritabilities for global brain vol-

umes and particular focal brain densities and thicknesses,
the search for genes that are involved in brain growth,
aging, and brain structure maintenance is important. Such
knowledge can help us understand normal developmental
and age-associated changes in individual variation in brain
functioning. Moreover, it enhances our knowledge of indi-
vidual variation in brain functioning and facilitates the
interpretation of the morphological changes found in psy-
chiatric 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 con-
siderable genetic influence [Hulshoff Pol et al., 2006]. A
genetic approach to find genes involved in brain structure
that has been applied in several studies is that of diseases
with a clear genetic etiology. A review of brain-imaging
studies in Huntington’s disease, Down syndrome, Wil-
liams syndrome, and Velocardiofacial syndrome, revealed,
besides disease specific brain changes, decreases in total
brain, white matter, and hippocampus volumes, irrespec-
tive of the genes and/or chromosomes involved. This sug-
gests that many genes are probably involved in the indi-
vidual variation of these measures [Peper et al., in press].
Another genetic approach that may aid us in our quest to
find genes involved in individual brain variation is the
study of polymorphisms of specific genes in healthy sub-
jects. A polymorphism is defined as the existence of multi-
ple alleles of a gene within a population. It is a naturally
occurring variation in the sequence of genetic information
on a segment of DNA among individuals. Those variations
are considered normal and should not 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 densities.
For example, Val/met (i.e., valine/methionine amino
acids) variant carriers of the Brain Derived Neurotrophic
Factor (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 carriers [Bueller et al., 2006; Pezawas et al., 2004;
Szeszko et al., 2005]. In addition, in met-BDNF carriers, a
negative relation was found between volume of the dorso-
lateral prefrontal cortex 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 regeneration of
nerves—showed that healthy elderly subjects who were
homozygous for the Epsilon4 allele, i.e., e4–e4 genotype,
had smaller hippocampal volumes than subjects heterozy-
gous for that allele and than e4 noncarriers [Lemaitre
et al., 2005; Lind et al., 2006]. Also, the presence of a single

ApoE-epsilon4 allele was associated with an increased rate
of hippocampal volume loss in healthy women [Cohen
et al., 2001]. Two variants of the X-linked monoamine oxi-
dase A-gene (MAOA) were recently associated with brain
volumes in healthy subjects. The low-expression variant
predicted volume reductions in cingulate gyrus, amygdala,
insula, and hypothalamus, whereas the high expression
variant was associated with changes in orbitofrontal vol-
ume [Meyer-Lindenberg et al., 2006]. Overall, studying
polymorphisms in healthy subjects yield valuable informa-
tion on specific genes that may be involved in brain vol-
ume. However, as it is a newly developing area of
research, the robustness of the findings needs to be
pointed out and therefore replication is warranted.
One has to keep in mind that there are certain limita-

tions with respect to the currently reviewed twin-studies.
First, because of small sample sizes of a number of studies,
assumptions on the contribution of genetic effects in these
studies have to be interpreted with some caution.
Although the high heritabilities in themselves require
smaller sample sizes than for traits, which are character-
ized by a smaller contribution of genetic effects, the main
drawback is the lack of power to test for the influence of
common environment. Testing an AE model versus a CE
model depends on larger sample sizes. Unfortunately, in
MRI-research, because of costs and complexity, this is cur-
rently not feasible. Also, models testing for interaction
between genes or between genetic and environmental fac-
tors are complicated because of a lack of power. One
might consider, for these situations that aim to go beyond
simply establishing heritability, to include other relatives
and to use for example an ‘‘extended twin design’’ in
which siblings of twins are also tested [Posthuma and
Boomsma, 2000]. Another limitation is that in some stud-
ies, there is a large variability in age of the sample. This
complicates generalizability of findings, as with age brain
volumes undergo dynamic changes. Also, with age, the
influences of genes and environmental factors on human
brain structure may change. Therefore, in homogeneous
age groups, more accurate heritabilities can be provided.
In addition, there are some limitations of the twin-design
in general. First, in the classical twin design, it is generally
assumed that with respect to the trait under study, MZ
and DZ twin-pairs are treated alike, i.e., the ‘‘Equal envi-
ronment Assumption (EEA).’’ It seems unlikely that with
respect to the development of the brain, there are environ-
mental treatments that make MZ twins more alike than
DZ twins. In studies, in which the EEA has been tested for
other traits, by using, for example, the influence of actual
and perceived zygosity on trait similarity, no violation of
EEA was found for a range of psychological traits [Kendler
et al., 1993; see also Martin et al., 1997].
Finally, it has been argued 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 sub-
jects with different ages within families are compared.
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Thus, when taking these factors into careful consideration,
estimates of genetic influences are probably quite accurate
[Martin et al., 1997]. Indeed, findings on brain volume in
twins could be generalized to the general (singleton) popu-
lation in a study comparing twins and singleton siblings,
birth order, and zygosity, particularly after correcting for
head size or intracranial volume [Hulshoff Pol et al.,
2002b].
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 families or in sibling pairs. Linkage studies are
often called a-theoretical (‘‘blind’’ search for genes) in con-
trast to association studies, which require knowledge of
candidate genes [Vink and Boomsma, 2002]. Linkage stud-
ies require data collection in related individuals (e.g., sib-
lings or large pedigrees). A newly emerging field of
genetic research is the study of epigenetics. Epigenetics
comprises mechanisms of inheritance, 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 Santos et al.,
2005]. The genome-wide pattern of DNA-methylation was
found to be more alike within monozygotic young than in
monozygotic adult and elderly twin pairs [Fraga et al.,
2005], although recent studies of DNA-methylation profil-
ing did not observe an association with age [Eckhart et al.
2006; Heijmans et al., 2007]. It is important to investigate
which environmental factors have an influence on the
expression of genes (as found in DNA-methylation). Addi-
tionally, the study of interaction between genes and envi-
ronmental factors is warranted. Furthermore, the simulta-
neous effects of multiple genes and possibly the interaction
among genes, also needs investigation as the high herit-
ability of a complex quantitative phenotype such as brain
volume cannot be explained by a single-gene polymor-
phism.
Taken together, MRI studies in twins indicate that, given

the basic additive genetic model, overall brain volume in
adulthood is highly heritable. Twin studies carried out in
large and more homogenous samples, analyzed with
advanced quantitative genetic methods are needed to test
for influences of genetic, common, and unique environ-
mental factors or interactions between genetic and environ-
mental influences. Since brain volume changes dynami-
cally throughout life, longitudinal twin studies in child-
hood as well as in adulthood are needed to investigate the
stability of genetic (and environmental) influences onto
functional neural networks in human brain. New brain-
imaging methods, such as DTI-fiber tracking and (resting
state) functional MRI, allow study of the heritability of
neural networks underlying brain functioning. Such new
MRI methods, in coherence with new genetic approaches,
will enable us to further disentangle which genes and

environmental factors and interactions therein influence
human brain structure throughout life.
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