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Abstract

& Although it is well known that there is considerable
variation among individuals in the size of the human brain,
the etiology of less extreme individual differences in brain size
is largely unknown. We present here data from the first large
twin sample (N=132 individuals) in which the size of brain
structures has been measured. As part of an ongoing project
examining the brain correlates of reading disability (RD), whole
brain morphometric analyses of structural magnetic response
image (MRI) scans were performed on a sample of adolescent
twins. Specifically, there were 25 monozygotic (MZ) and 23
dizygotic (DZ) pairs in which at least one member of each pair
had RD and 9 MZ and 9 DZ pairs in which neither member had
RD. We first factor-analyzed volume data for 13 individual brain
structures, comprising all of the neocortex and most of the
subcortex. This analysis yielded two factors (‘‘cortical’’ and
‘‘subcortical’’) that accounted for 64% of the variance. We next
tested whether genetic and environmental influences on brain
size variations varied for these two factors or by hemisphere.
We computed intraclass correlations within MZ and DZ pairs in
each sample for the cortical and subcortical factor scores, for
left and right neocortex, and for the total cerebral volume. All
five MZ correlations were substantial (r’s=.78 to .98) and

significant in both samples, as well as being larger than the
corresponding DZ correlations, (r’s=0.32 to 0.65) in both
samples. The MZ– DZ difference was significant for 3 variables
in the RD sample and for one variable in the smaller control
sample. These results indicate significant genetic influences on
these variables. The magnitude of genetic influence did not
vary markedly either for the 2 factors or the 2 hemispheres.
There was also a positive correlation between brain size and
full-scale IQ, consistent with the results of earlier studies. The
total cerebral volume was moderately correlated (r=.42,
p<.01, two-tailed) with full-scale IQ in the RD sample; there
was a similar trend in the smaller control sample (r=.31,
p<.07, two-tailed). Corrections of similar magnitude were
found between the subcortical factor and full-scale IQ, whereas
the results for the cortical factor (r=.16 and .13) were smaller
and not significant. In sum, these results provide evidence for
the heritability of individual differences in brain size which do
not vary markedly by hemisphere or for neocortex relative to
subcortex. Since there are also correlations between brain size
and full-scale IQ in this sample, it is possible that genetic
influences on brain size partly contribute to individual
differences in IQ. &
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INTRODUCTION

Although it has been recognized for well over a century
that there are fairly marked individual differences in
brain size among normal individuals (Gould, 1981), both
the etiology of such size differences and their relation, if
any, to individual cognitive differences are less well
understood. It is known that genetic disorders can lead
to extreme variations in brain size, which are usually
accompanied by mental retardation. For example, mi-
crocephaly is found in Down syndrome (Coyle, Oster-
Granite, & Gearhart, 1986) and megaloencephaly is
found in both Fragile X syndrome (Prouty, Rogers, &
Stevenson, 1988) and a subset of individuals with autism
(Bailey, Phillips, & Rutter, 1996; Filipek, 1996). But the
etiology of less extreme variations in human brain size is
currently unknown.

There have been very few previous twin studies of the
human-brain structure. All have had small sample sizes,
and have mainly studied monozygotic (MZ) pairs rather
than using a full-twin design, thus limiting tests of
genetic and environmental influences. For instance,
Tramo et al., 1995 studied 10 pairs of adult MZ twins
on magnetic response image (MRI) measures of surface
area for various cortical structures. The within-pair
variance was nonsignificant for both hemispheres,
whereas the between-pair variance was significant for
the left hemisphere only. The authors interpreted these
results as indicating greater genetic control on the left
hemisphere than the right hemisphere, although they
acknowledged their design could not separate the
effects of genes from the effects of shared environments.
Results from only MZ twins cannot definitely test for
genetic influences, since MZ pairs share both all their
genes and common family environmental experiences
(shared environment). Hence, we do not know if the
greater similarity within pairs for the left hemisphere
these authors found is due to genetic influences, shared
environmental influences, or some combination.

Until recently, it had been widely believed that normal
size variations in the human brain were not related to
cognitive ability differences (Gould, 1981; Jerison, 1989).
However, several recent structural MRI studies of normal
samples (Andreasen, Flaum, Swayze, et al., 1993; Raz et
al., 1993; Wickett, Vernon, & Lee, 1994; Willerman,
Schultz, Rutledge, & Bigler, 1991) have found signifi-
cant, moderate correlations (r’s=.35–.43) between
brain size and IQ. Of course, these correlations are
open to several interpretations. Brain size could con-
tribute in a direct way to the development of intelli-
gence, or intelligence could lead to differential
environmental influences which could increase brain
size, or a third factor could influence both brain size
and intelligence without there being a direct relation
between the two. We also know that individual
differences in IQ are moderately heritable, with about
half the variation in IQ being due to the effects of

genes (Plomin, DeFries, McLearn, & Rutter, 1997). It
is a fairly straightforward assumption that the genes
that influence IQ act on brain development in some
way, but we currently do not know which aspects of
brain development mediate genetic influences on IQ.
Besides size, there are other known brain correlates
of cognitive differences, including brain metabolism
(Haier, 1994; Haier, Siegel, Tang, Abel, & Buchsbaum,
1992) and electroencephalogram (EEG) coherence
(Thatcher, 1992). It seems quite likely that there
are other brain variables besides these three that
relate to cognitive differences, including various as-
pects of neurotransmission.

A twin design provides a means of beginning to
answer these questions about the etiology of nonex-
treme size differences in the human brain and their
relation to cognitive development. Specifically, by exam-
ining both IQ and variations in size of different brain
structures in twins, we can (1) test for the degree of
genetic and environmental influence on different brain
structures, (2) test whether the relation between brain
size and IQ varies by structure, and in a sufficiently large
sample, and (3) test for the overlap between the genetic
and environmental influences on IQ and those acting on
size variations in brain structures.

In the following report, we address these issues in a
sample of adolescent and young adult twin pairs in
which whole-brain morphometric analyses of structural
MRI scans have been performed. Since the main goals
of this MRI study were to identify brain correlates of
reading disability (RD) and to examine the etiology of
these brain correlates using a twin design, the MRI
sample was weighted with RD twin pairs (73% of the
current sample) because the appropriate twin analyses
require large RD sample sizes. A separate paper (Pen-
nington et al., in press) reports our findings for the
brain correlates of RD. The twin pairs in the MRI study
were selected from larger samples of RD and control
same-sex twin pairs being studied in the Colorado
Learning Disability Research Center (CLDRC; DeFries
et al., 1997).

RESULTS

Table 1 presents data on age, gender, FSIQ, a reading
composite score, and handedness in the MZ and dizy-
gotic (DZ) twins. As can be seen, 48 of the pairs are from
the RD sample, in which at least one member of the pair
has RD, and 18 pairs are from the control sample, in
which neither member of the pair has RD. The groups
are similar in handedness, and generally similar in age
and gender ratio. However, the MZ twins in the control
sample were older than the RD twins (p>.05), and there
were significantly more male pairs in the RD DZ sample
than in the RD MZ sample. Because of the selection for
RD, the RD twins have lower reading composite scores
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than the control twins. Because the reading composite
score is correlated with FSIQ (r=.61, p<.001), they
inevitably have lower FSIQ scores as well. It is also the
case that the parents of the two groups differ in SES,
with the RD parents having a lower SES. This difference
is likewise inevitable, given the fact that RD is familial
and the well-replicated result that adults with RD receive
less education.

The volumes of seven structures comprising all the
gray matter in the neocortex, and the volumes of six
other structures comprising most of the rest of the brain
were factor-analyzed using data from the entire sample.

Two factors emerged, which accounted for 64% of the
total variance. These two factors were straightforwardly
interpretable as a cortical factor, on which all seven
neocortical structures loaded, and a subcortical factor,
on which five of the remaining structures loaded, with
the central gray nuclei (which includes the thalamus)
cross-loading on the two factors (see Table 2). Because it
is a subcortical structure, we included the central gray
nuclei in factor 2. The two factor scores were computed
based on the factor loadings in Table 2.

We examined whether genetic and environmental
influences varied for these two factors or by hemisphere.

Table 1. Description of the Sample

RD Sample Control Sample

(MZ)
25 pairs

(DZ)
23 pairs

(MZ)
9 pairs

(DZ)
9 pairs

Mean Age 17.10a 16.82a 19.41b 18.71a,b

SD 4.59 3.66 5.00 2.40

Gender Ratio (M:F) 12:13a 16:7b 4:5a,b 4:5a,b

FSIQ 99.98a 101.70a 118.72b 118.17b

SD 9.97 9.72 12.20 6.47

Mean Reading Composite* – 1.07a – 0.91a 1.99b 2.07b

SD 0.57 1.01 0.75 0.65

Handedness** 1.16a 1.15a 1.09a 1.05a

SD 0.24 0.26 0.12 0.10

Note: Values with differing superscripts are significantly different from one another (p<.05).
*Reading Composite is a variable reflecting degree of reading disability; a lower score indicates greater impairment.
**This variable reflects the average handedness of the sample, with 1=right-handed, 2=left-handed.

Table 2. Factor Loadings

Factor 1 Factor 2

Operculum 0.917 0.058

Precallosal Cortex 0.796 0.170

Retrocallosal Cortex 0.785 0.221

Insula 0.767 0.286

Temporal Cortex 0.741 0.430

Anterior Superior Cortex 0.692 – 0.030

Posterior Superior Cortex 0.507 0.338

White Matter – 0.0023 0.911

Basal Ganglia 0.163 0.809

Brain Stem 0.324 0.722

Hippocampus 0.069 0.721

Cerebellum 0.348 0.708

Central Gray Nuclei 0.538 0.553
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We computed intraclass correlations for MZ and DZ
pairs in each sample for five brain variables: The cortical
and subcortical factor scores, the left and right neocor-
tex, and the total cerebral volume. If the MZ correlation
is significant and significantly greater (by Fisher’s Z test)
than the DZ correlation, then there is evidence for
significant heritability, h2, the magnitude of which can
be roughly estimated by 2(MZ– DZ), with an upper-
bound being the value of the MZ correlation (Falconer
& Mackay, 1996). If the MZ correlation is greater than h2,
then there is evidence for common environmentality
(c2). A rough estimate of c2 is given by 2DZ– MZ. The
remaining variance (1– MZ) is unique to individuals and
is explained by the combination of error and non-shared
environmental influences, e2.

Tables 3 and 4 present the intraclass correlations for
MZ and DZ pairs (and their standard errors, SE) in each
sample and the value of Fisher’s Z test for the MZ– DZ
difference for all brain variables. As can be seen, all MZ
correlations in both samples are significant and range in
magnitude from .78 to .98, which means that between
approximately 78% and 98% of the variance in the size of
these brain structures is shared by identical twins. In
contrast, the proportion of brain variance shared by
fraternal twins (approximately .32 to .65) was lower in
every case. The values for the MZ and DZ correlations
were fairly similar across samples. There was a significant
difference between the MZ and DZ correlations, indicat-
ing significant heritability, for three of five variables in
the RD sample (with the other two variables approach-
ing significance) and one of five variables in the smaller

control sample. Dunn’s multiple comparison procedure
(or Bonferroni procedure) was utilized in the signifi-
cance testing to correct for the use of multiple signifi-
cance tests; therefore, a conservative alpha level of .01
was used for all tests.

This difference in MZ and DZ correlations is depicted
graphically in Figures 1 and 2, which show the data for
individual MZ and DZ pairs on total cerebral volume in
the total sample. As can be seen, within-pair similarity is
clearly greater in the MZ sample.

Tables 5 and 6 provide preliminary estimates of h2, c2,
and e2+error for all brain variables, as well as SEs for the
h2 and c2 estimates. The SEs are quite large in the
control sample because of the small sample size. As
can be seen, the h2 values did not vary markedly either
for the two factors or the two hemispheres in either
sample. These h2 estimates were substantial (.56 to .97),
indicating that well over 50% of the variance in size is
attributable to genetic influences. In contrast, the esti-
mates of c2 (0 to .37) and e2+error (.03 to .22) were
smaller, suggesting that a smaller proportion of the
variance in brain size is attributable to either shared or
non-shared environmental influences. However, given
the size of the SEs, the confidence intervals for the h2

and c2 estimates overlap in all cases except for the
cerebral total in the RD sample. Therefore, the differ-
ences between the h2 and c2 estimates are not significant
except in this one case. (Parenthetically, the reliabilities
of these five brain measures in both samples are all high,
given the uniformly high MZ correlations, which provide
a minimum estimate of reliability. In other words, the

Table 4. Intraclass Correlations (SE) in the Control Sample

MZ (9 pairs) DZ (9 pairs) Fisher’s Z

Factor 1 0.78a(0.24) 0.34 (0.36) 1.20

Factor 2 0.84a (0.20) 0.32 (0.36) 1.54

Cerebral Total 0.98a (0.08) 0.58 (0.31) 2.84a

Right Neocortex 0.93a (0.14) 0.60 (0.30) 1.67

Left Neocortex 0.93a (0.14) 0.65 (0.29) 1.53

ap<0.01 [alpha was set at 0.01 using Dunn’s multiple comparison procedure].

Table 3. Intraclass Correlations (SE) in the RD Sample

MZ (25 pairs) DZ (23 pairs) Fisher’s Z

Factor 1 0.90a(0.09) 0.62a (0.17) 2.42b

Factor 2 0.86a (0.11) 0.51a (0.19) 2.36b

Cerebral Total 0.97a (0.05) 0.39 (0.20) 5.44a

Right Neocortex 0.94a (0.07) 0.60a (0.18) 3.38a

Left Neocortex 0.96a (0.06) 0.56a (0.18) 4.25a

ap<0.01 [alpha was set at 0.01 using Dunn’s multiple comparison procedure—see text].
bp<0.02 approaches significance.
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reliabilities are at least 0.86 to 0.97 in the dyslexic sample
and 0.78 to 0.98 in the control sample.)

The final results concern the relation between brain
size and IQ. The correlations between Wechsler FSIQ
and brain variables are given in Table 7. The total
cerebral volume was moderately correlated (r=.42,
p<.01, two-tailed) with full-scale IQ in the RD sample;
there was a similar trend in the smaller control sample
(r=.31, p<.07, two-tailed). Correlations of similar mag-
nitude were found between the subcortical factor and
full-scale IQ, whereas the results for the cortical factor
(r=.16 and .13) were smaller and not significant. In the
RD sample, the difference between the correlation of
Factor 1 and Factor 2 with FSIQ approached significance
(Z=1.88, p<.06). These results replicate previous stu-
dies that have found correlations between brain size and
IQ and they also suggest the relation may be stronger for
subcortical structures than for neocortex.

DISCUSSION

To our knowledge, this study is the first examination
of genetic and environmental influences on individual
differences in human brain size using a full twin
design. The main finding is that genes play a sub-
stantial role in influencing brain size. Our results did
not differ markedly for the cortical vs. the subcortical
factor or by hemisphere. In this larger sample, we did
not replicate the findings of Tramo et al. (1995), who
found that genetic influence may be greater on the
left neocortex than the right. While our high MZ
correlations are similar to their results, as is our
finding that the h2 value for the left neocortex
(0.80) was greater than that for the right neocortex
(0.68) in the larger RD sample, this difference in h2 is
not significant in a sample this size. While Tramo et al.
(1995) found significant results for the left hemisphere
and not the right, they were unable to test whether
the results for the two hemispheres were significantly

different from each other because of their small
sample size. Tests of differential heritability require
very large twin samples to have adequate power. It
will take a much larger twin sample than the present
one to test clearly whether heritability varies by hemi-
sphere or for cortical vs. subcortical structures.

Similar to four previous studies (Andreasen et al.,
1993; Raz et al., 1993; Wickett et al., 1994; Willerman et
al. 1991), we found positive correlations between brain
size and IQ. The largest correlations were found be-
tween IQ and both the subcortical factor and total
cerebral volume. In contrast, the correlations between
the cortical factor and IQ were relatively small and not
significant in either sample. This is a somewhat coun-
terintuitive result, which needs to be replicated in
another sample.

Since variations in overall size were highly heritable,
the brain-IQ correlations are consistent with the hypoth-
esis that genetic influences on IQ act in part by influen-
cing the size of brain structures. In a larger twin sample,
this hypothesis can be explicitly tested by calculating the
genetic correlation between brain volume and IQ. To
briefly illustrate how this may be done, we can calculate
the intraclass cross-correlations between total cerebral
volume and FSIQ in the total sample. This cross-correla-
tion is simply the average of the correlations between
Twin 1’s cerebral volume and Twin 2’s FSIQ, and Twin
1’s FSIQ and Twin 2’s cerebral volume. The average MZ
cross-correlation is .315, and the average DZ cross-
correlation is .155 in the total sample. The MZ cross-
correlation approaches significance (p<.08). If the MZ
value were significant and significantly greater than the
DZ value, that would indicate significant bivariate herit-
ability or shared genetic influences on the relation of the
two variables. In this example, the value for bivariate
heritability (h2

x , y) would be 0.32 [2(MZ– DZ)], which is
lower than the univariate heritabilities for either total
cerebral volume (about 0.90) or FSIQ (about 0.50, based
on previous studies). From these values, we may calcu-

Figure 2. Cerebral volume similarity in DZ twins.

Figure 1. Cerebral volume similarity in MZ twins.
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late the genetic correlation, rg, between total cerebral
volume and FSIQ (Falconer and Mackay, 1996).

The formula for rg is

rg ˆ
h2

x; y�����
h2

x

q �����
h2

y

q

In other words, the genetic correlation between two
variables (x and y) is their bivariate heritability divided
by the product of the square roots of their univariate
heritabilities. In this example, rg=.48. This value
means that about half of the genetic influences on
either cerebral volume or FSIQ are common to both
cerebral volume and FSIQ. We may also calculate the
proportion of the phenotypic overlap that is ac-
counted for by these shared genetic influences. That
proportion (PG) is simply the bivariate heritability
(0.32) divided by the phenotypic correlation (about
.40), which gives a proportion of 0.80. This value
means that approximately 80% of the phenotypic
correlation between total cerebral volume and FSIQ
would be attributable to genetic influences acting on
both phenotypes. So these preliminary results support
the hypothesis that the relation between brain size
and IQ is mediated in part by genes.

Our finding of smaller environmental than genetic
influences on brain-size variations needs to be inter-
preted carefully. Environmental influences on brain
development have been divided into those that are
largely species-typical, called experience-expectant, and

those that are more individual-specific, called experi-
ence-dependent (Greenough, Black, & Wallace, 1987).
Behavior genetic analyses only detect environmental
and genetic influences that differ between individuals,
so these analyses do not tell us about species-typical
environmental (or genetic) influences on these brain
structures, which almost undoubtedly influence brain
size. Moreover, though we found substantial heritability
for the size of brain structures, this does not mean that
genes ‘‘hardwire’’ the brain. Other aspects of brain
structure, especially microstructure, are likely to be less
heritable than size. There is not enough information in a
genome with approximately 105 genes to specify the
approximately 1015 synaptic connections in the mature
human brain. We also know that axonal branching
patterns differ among clonal animals, who are genetically
identical; therefore, such patterns must depend on
epigenetic interactions (Changeux, 1985).

Nonetheless, our findings of substantial heritability for
individual differences in brain size converge with similar
results from twin studies of electrophysiology, both of
the resting EEG and of event-related potentials (ERPs).
In a recent review of previous adult-twin studies, Van
Beijsterveldt and Boomsma (1994) found evidence of
significant genetic influence on both EEG and ERP
measures. Two more recent ERP twin studies with adults
support this conclusion. O’Conner, Morzorati, Christian,
and Li (1994) found significant heritability of the ERP in
an auditory oddball paradigm. Young, Waldo, Rutledge,
and Freedman (1996) reported a heritability of 0.44 for
inhibitory gating of the P50 auditory ERP, which has

Table 6. Estimates of h2, c2, and e2+error in the Control Sample

Region h 2 c 2 e 2+error

Factor 1 0.78 (0.85)a 0 0.22

Factor 2 0.84 (0.83) 0 0.16

Cerebral Total 0.80 (0.63) 0.18 (0.62) 0.02

Right Neocortex 0.66 (0.67) 0.27 (0.62) 0.07

Left Neocortex 0.56 (0.64) 0.37 (0.59) 0.07

aValues in parentheses are the standard error.

Table 5. Estimates of h2, c2, and e2+error in the RD Sample

Region h 2 c 2 e 2+error

Factor 1 0.56 (0.39)a 0.34 (0.35) 0.10

Factor 2 0.70 (0.43) 0.16 (0.39) 0.14

Cerebral Total 0.97 (0.42) 0 0.03

Right Neocortex 0.68 (0.38) 0.26 (0.36) 0.06

Left Neocortex 0.80 (0.38) 0.16 (0.37) 0.04

aValues in parentheses are the standard error.
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been found to be deficient in schizophrenia. Similar
evidence for the heritability of EEG and ERP measures
is now emerging in twin studies of children and adoles-
cents. Van Baal, De Geus, and Boomsma (1996) studied
EEG power spectra in 209 five-year-old twin pairs and
found heritabilities in the range of 0.63–0.76 for relative
power. This sample was also studied with a visual odd-
ball ERP paradigm and the heritability of P3 latency was
examined both at age 5 and age 7 (Van Baal et al., 1996).
Heritabilities ranged from 0.13 to 0.78 at age 5 and from
0.36 to 0.99 at age 7, with similar genetic influences
acting on the ERP at most scalp locations at both ages.
Another study of a sample of 119 adolescent twin pairs
found median heritabilities of 0.75 and 0.71 for the
absolute and relative power spectra of the spontaneous
EEG (McGuire, Katsanis, Iacono, & McGue, 1998).

In sum, there is considerable evidence for the
heritability of EEG and ERP measures of brain function
across development. If cognitive measures are avail-
able in these twin samples, the genetic correlation
between electrophysiology and cognitive processing
could be evaluated. To our knowledge, the heritability
of other measures of brain function, such as positron
emission tomography (PET) or functional magnetic
resonance imaging (fMRI), has not been examined
using a twin design.

There are some limitations to the current study. First,
the bulk of the twin sample consists of dyslexic twins, so
it is possible that these results may not generalize. But
our results were quite similar in both the dyslexic and
control samples. So, it is unlikely that the main results
reported here are specific to a dyslexic sample, although
this possibility needs to be tested further as our sample
increases. Second, the estimates of heritability and en-
vironmentality are preliminary, and need to be con-
firmed in larger samples in which more sophisticated
quantitative behavior genetic modeling can be em-
ployed. For instance, the method used here to estimate
heritability (h2) will overestimate h2 if there are non-
additive genetic influences operating. One indication of
such nonadditive genetic influences is a MZ correlation
that is considerably greater than twice the DZ correla-
tion. In this study, the MZ correlation was, in fact,
smaller than twice the DZ correlation for all but one

of the five variables in the RD sample (cerebral total) and
all but two in the control sample (Factor 1 and Factor 2).
For these three variables, the estimate of h2 was just the
MZ correlation, not 2(MZ– DZ), thus avoiding an over-
estimate of h2.

Despite these limitations, these results do provide
new information about the possible neurobiological
bases of individual differences in cognitive develop-
ment.

METHODS

The research presented here is part of the CLDRC, in
which a large sample of RD and control twins are being
studied at the genetic, neurological, and cognitive levels
of analysis. The MRI project involves a collaboration
among four different sites: (1) the Institute for Behavior-
al Genetics (IBG) which recruits twins for the MRI study
from the larger twin samples; (2) the MRI facility at
UCHSC which performs the scans; (3) Dr. Filipek’s
Morphometric Analysis Laboratory at UCI which per-
forms the morphometric analysis of these scans without
knowledge of the subject’s RD, zygosity, or co-twin
status; and (4) Dr. Pennington’s lab at DU, which per-
forms the statistical analyses. In what follows, the meth-
ods used across these sites will be described in three
sections dealing respectively with subject recruitment
and characteristics, MRI image acquisition and morpho-
metric analyses, and statistical analyses.

Subjects

CLDRC Twin Sample

The RD and control twin pairs were recruited from
the larger population sample of twins who had already
participated in other studies of the CLDRC, and who
are recruited (ongoing) in the following manner. In
order to minimize the possibility of referral bias
(Vogel, 1990), twin pairs are systematically ascertained
through cooperating school districts. Administrators
and school personnel in a total of 27 different school
districts within the state of Colorado currently partici-
pate in this study. Without regard to reading status, all
twin pairs within each district are identified, and

Table 7. Correlations Between Brain Regions and Full-Scale IQ

Brain Region RD Sample Control Sample

Factor 1 0.161 0.134

Factor 2 0.413a 0.339

Cerebral Total 0.423a 0.309

Right Neocortex 0.293a 0.204

Left Neocortex 0.293a 0.243

aCorrelation is significant at the 0.01 level (two-tailed) [alpha was set at 0.01 using Dunn’s multiple comparison procedure].

Pennington et al. 229



permission is then sought from parents to review the
school records of both members of each pair for
evidence of reading problems. If either member of a
twin pair manifests a positive history of reading pro-
blems (for example, low reading achievement test
scores, referral to a reading therapist because of poor
reading performance, reports by classroom teachers or
school psychologists, and so on), both members of
the pair are invited to complete an extensive battery
of tests in the laboratories of the CLDRC. A compar-
ison group of control twin pairs is also recruited, who
are matched to probands on the basis of age, gender,
and school district. In order for a twin pair to be
included in the control sample, both members of the
pair must have a negative school history for reading
problems.

In the laboratory of J. C. DeFries, the RD and control
twins are administered a psychometric test battery that
includes the Wechsler Intelligence Scale for Children—
Revised (WISC-R) (Wechsler, 1974) (or the Wechsler
Adult Intelligence Scale—Revised (WAIS-R) (Wechsler,
1981) and the Peabody Individual Achievement Test
(PIAT) (Dunn & Markwart, 1970). Employing discrimi-
nant weights estimated from an analysis of PIAT Read-
ing Recognition, Reading Comprehension, and Spelling
data obtained from an independent sample of 140
reading-disabled and 140 control nontwin children
(DeFries, 1985), a discriminant function score (‘‘read-
ing discriminant score’’) is then computed for each
subject. In order for an individual to be diagnosed as
being reading disabled in this component of the pro-
gram project, he or she must have a positive school
history for reading problems and also be classified as
affected by the discriminant score. Likewise, for an
individual to be included in the control sample, he or
she must have a negative school history and be classi-
fied as unaffected by the discriminant score. Additional
diagnostic criteria include an IQ score of at least 90 on
either the Verbal or Performance Scale of the WISC-R
or WAIS-R; no evidence of neurological problems; and
no uncorrected visual or auditory acuity deficits. Chil-
dren with major psychiatric problems were also ex-
cluded.

Selected items from the Nichols and Bilbro (1966)
questionnaire are used to determine zygosity of twin
pairs. In ambiguous cases, zygosity of the pair is
confirmed by standard genotyping analysis of blood
samples. In the RD proband cohort, a total of 198
pairs of identical (MZ) twins, 148 pairs of same-sex
fraternal (DZ) twins, and 97 pairs of opposite-sex DZ
twins meet criteria for inclusion (that is, at least one
member of the pair of twins is reading disabled). In
addition, a total of 157 pairs of MZ twins, 107 pairs of
same-sex DZ twins, and 61 pairs of opposite-sex DZ
twins comprise the current CLDRC control sample.
These twins were all reared in English-speaking, mid-
dle-class homes.

MRI Twin Sample

The MRI project was approved by the Institutional Re-
view Board of the University of Colorado. For subjects
who agreed to participate, the nature of the study and
the MRI imaging procedure were verbally explained to
subjects. They then read and signed a written consent
form, and were paid US$50 for their participation.

The following selection criteria were used to select
same-sex twin pairs for the MRI study from the larger
CLDRC twin sample: (1) 12 years of age or greater; (2)
for RD pairs, a discriminant score greater than 2.5
standard deviations (SD) below the control mean; and
(3) sex and ethnicity representative of the overall sam-
ple.

We also controlled for handedness, which was mea-
sured by an 11-item questionnaire regarding hand pre-
ference for everyday activities (for example, write,
throw, and hammer). On each item, a right-hand pre-
ference was scored as a 1 and a left-hand preference as a
2; the handedness score was the average score across
the 11 items and ranged from 1.0 (exclusively right-
handed) to 2.0 (exclusively left-handed). As can be seen
in Table 1, the mean handedness scores did not differ by
group.

MR Image Acquisition and Morphometric
Procedures

MR Image Acquisition

All MRI scans were performed on the General Electric
1.5 Tesla Signa MR System (5£) located at UCHSC. After
standard sagittal scout and coronal T2 -weighted se-
quences, a coronal T1-weighted 3-D spoiled gradient
echo SPGR pulse sequence was performed with the
following parameters: TR/TE=40/8 msec, TE=8 msec,
flip angle=408, field of view=24 cm, slice thickness=-
contiguous 3.0 mm, matrix=256£256, averages=1; ima-
ging time=10.5 min.

All scans were read clinically by co-author JHS, and a
clinical interpretation for each was provided by co-
author CMF. Only three of the scans exhibited minor
anomalies on clinical reading; the remainder were read
as clinically normal. Two of these individuals were
controls and one was RD. The RD subject had an 8–10
mm left frontal white matter lesion. One control had a
3–4 mm mass along the base of the skull near the right
fifth and sixth cranial nerves, presumably a benign
tumor. The other control had an 8-mm lesion in the left
posteroinsular region at the grey/white matter junction.
These three subjects were excluded from the analyses
presented here.

Morphometric Analyses

All 3-D-SPGR scans were analyzed blind to diagnosis
or twin/sibling status according to the standard mor-
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phometric protocol, which includes positional nor-
malization, image segmentation,and ‘‘pericallosal ’’
Hemispheric Regional partitioning (Filipek, Kennedy,
& Caviness, 1991; Filipek, Richelme, Kennedy, & Cavi-
ness, 1994; Filipek et al., 1997). On each normalized T1-
weighted 3D MRI slice, anatomic segmentation was
performed using intensity contour mapping and dif-
ferential intensity contour algorithms, which identify,
classify and create a continuous outline corresponding
only to those voxel locations constituting the specified
anatomic borders. These algorithms have been de-
scribed in greater detail elsewhere (Filipek et al.,
1989, 1991; Kennedy, Filipek, & Caviness, 1989; Kenne-
dy, Meyer, Filipek, & Caviness, 1994; Kennedy & Nel-
son, 1987).

The following anatomic substructures were segmen-
ted: cerebral cortex, white matter, basal ganglia (caudate,
putamen, and pallidum), central gray nuclei (diencepha-
lon), hippocampus, brainstem, and cerebellum (see
Filipek et al., 1994 for definitions). The cerebral hemi-
spheres were then partitioned into eight subdivisions,
based on the Hemispheric Regional segmentation meth-
ods to include: Precallosal, Anterior-Superior , -Inferior
and -Temporal, Posterior-Superior , -Inferior, and -Tem-
poral, and Retrocallosal Regions (see Filipek et al., 1997
for definitions and figure). Operculum was then defined
as the combined cortex located within the anterior- and
posterior-superior regions extending from the tip of the
superior circular insular sulcus laterally to the external
border of the hemisphere. Insula was defined as the
combined cortex located within the anterior- and poster-
ior-inferior regions extending from the tip of the superior
to the tip of the inferior circular sulci.

Analyses

Because left and right hemispheric measures were
highly correlated, we combined the structural volumes
(in cm3) from each hemisphere for each structure.
Thirteen of the segmented substructures were subse-
quently used for the data analyses. These structures
comprise virtually the whole brain: cerebral cortex
(five structures described below), operculum, insula,
white matter, total basal ganglia, central gray nuclei,
hippocampus, brainstem, and cerebellum. The cere-
bral cortex (but not other structures) was divided into
five structures in the present analyses: Precallosal,
Anterior-Superior, Posterior-Superior, Retrocallosal,
and Temporal Regions (with Anterior- and Posterior-
Temporal cortices combined as Temporal).

The analyses consisted of a factor analysis of the 13
brain variables, followed by computation of intraclass
correlations, and a test for the difference between the
MZ and DZ correlations by Fisher’s Z test of two
independent correlations. The rationale for the factor
analysis and the methods used to compute the SE of h2

and c2 follow.

Factor Analysis

Since the morphometric analyses yield a very large
number of variables per subject, we needed a data
reduction strategy that fit with the overall goal of
exploring the etiology of individual differences in the
size of major brain structures. There were two steps to
this strategy: (1) selecting a reasonably small set of
composite variables that were both comprehensive
and meaningful; and (2) factor analyzing the composite
variables. To arrive at the 13 composite variables dis-
cussed earlier, we (1) picked the major subcortical
structures identified by the anatomic segmentation
algorithms, (2) reduced the set of possible cortical
variables by combining some of the pericallosal parti-
tions as described earlier, and (3) tested whether it was
justifiable to collapse across hemispheres. In the total
sample, there was a high degree of correlation (median
R=.93, range=.82–.99) between the right and left sides
of any given structure; it thus seemed reasonable to
collapse across hemispheres in creating composites.
We next factor-analyzed the 13 brain variables in the
total sample of 132 subjects, using Principal Compo-
nents factor analysis with Varimax rotation (Maxwell &
Delaney, 1990). The criteria for a significant factor was
an eigenvalue>1.0, with at least two variables loading
on the factor.

SE of h2 and c2

The SE of h2 and c2 are a function of the SE of both the
MZ and DZ intraclass correlations (Falconer & Mackay,
1996). The formula used for the SE of the MZ and DZ
intraclass correlations was

SE ˆ
�������������
1 – r2

N – 2

r
…1†

The formula used for the SE of h2 was

SEh2 ˆ
������������������������������������������
4…SEMZ†2 ‡ 4…SEDZ†2

q
…2†

The formula for the SE of c2 was

SEc2 ˆ
����������������������������������
4…SEDZ†2 ‡ SE2

MZ

q
…3†
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