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Abstract

Twin studies generally show great consistency for the heritability of brain structures. Ironically, the lateral ventricles—perhaps the most
reliably measured brain regions of interest—are the most inconsistent when it comes to estimating genetic influences on their volume.
Heritability estimates in twin studies have ranged from zero to almost 0.80. Here we aggregate heritability estimates from extant twin
studies, and we review and reinterpret some of the findings. Based on our revised estimates, we conclude that lateral ventricular volume is
indeed heritable. The weighted average heritability of the revised estimates was 0.54. Although accumulated environmental insults might
seem most logical as the predominant cause of age-related ventricular expansion, the data strongly suggest that genetic influences on lateral
ventricular volume are increasing with age. Genetic influences accounted for 32-35% of the variance in lateral ventricular volume in
childhood, but about 75% of the variance in late middle and older age. These conclusions have implications for the basic understanding of
the genetic and environmental underpinnings of normative and pathological brain aging.
© 2012 Elsevier Inc. All rights reserved.
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Elucidating the genetic and environmental influences on
brain structure and on brain structure changes over time is
important for the basic understanding of brain aging. Al-
though more work is needed to determine the extent of
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genetic and environmental influences on brain structure,
results to date across different studies are generally consis-
tent for most measures that have been examined (reviewed
by Glahn et al., 2007; Peper et al., 2007; Schmitt et al.,
2007a). That is, the heritability—the proportion of pheno-
typic variance due to genes— of different regions of interest
(ROISs) has been similar across studies.

One notable exception is the lateral ventricles. There has
been substantial variability of heritability estimates in twin
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Table 1

Heritability of lateral ventricular volume (ordered by average age of sample)

Study Sample size a’ Adjusted 2> ¢? e? Age mean
No. twin  Participant breakdown (range)
pairs

Peper et al. (2009)* 103 45 MZ pairs, 58 DZ pairs 0.35° — 0.35 0.30 9 (9-10)

Schmitt et al. (2007b)® 163 127 MZ pairs, 36 DZ pairs, 158 0.32 0.17 0.39 0.29 11 (6-19)

unrelated singletons

Chou et al. (2008) 66 38 MZ pairs, 28 DZ pairs 0.07[042] — 0.39[0.08]  0.54[0.50] 24 (20-26)

Baaré et al. (2001) 112 54 MZ pairs, 58 DZ pairs, 34 siblings ~ 0.00 [0.46] — 0.59[0.27]  0.41[0.27] 31 (19-69)

Wright et al. (2002)° 19 9 MZ pairs, 10 DZ pairs 0.00 — 0.48 0.50 31 (19-54)

Reveley et al. (1984)¢ 36 18 MZ pairs, 18 DZ pairs 0.82 0.68 0.02 0.16 38 (—)

Kremen et al. (2010)° 202 110 MZ pairs, 92 DZ pairs 0.78 0.79 or 0.75  0.00 0.22 55 (51-59)

Carmelli et al. (2002)" 139 72 MZ pairs, 67 DZ pairs 0.74 — 0.00 0.26 72 (69-80)

a? = additive genetic influences (heritability); c> = common (shared) environmental influences; e* = unique environmental influences. Adjusted a®> =
heritability estimates after adjusting for covariates as specified in b, d, and e; other studies did not include adjusted values. Estimates in square in brackets

are revised estimates based on our reanalysis.

* Based on log transformed data; a? = 0.00, ¢ = 0.64, and > = 0.36 when based on untransformed data.

> Adjusted = adjusted for total brain volume.

© Values for a%, ¢,” and e* do not add up to 1.00, but are as reported in the original article.

Computed tomography study; like our revised estimates, the results of this study are based on Falconer estimates; adjusted = adjusted for height and

gender; age range was not provided (SD = 12.3 for MZs and 10.6 for DZs).
¢ Based in log transformed data; estimates are based on average of left and right lateral ventricles; adjusted = adjusted for age, site, and total brain volume;

or age, site, and estimated intracranial volume.

studies of left and right lateral ventricular volumes, ranging
from zero to nearly 0.80. As can be seen in Table 1, the
heritability of lateral ventricular volume based on magnetic
resonance imaging (MRI) has been reported in five adult
twin samples (including our own) and two child and ado-
lescent twin samples. There was also an earlier computed
tomography study using an adult twin sample. We restrict
this summary to twin studies because they provide a suitable
way of differentiating genetic and family environmental
sources of resemblance (Kendler and Neale, 2009). Adop-
tion studies can also disentangle these sources of variance,
but we are unaware of adoption studies with the necessary
neuroimaging data.

Given that lateral ventricular expansion is a ubiquitous,
albeit nonspecific, feature of normal brain aging (Pfeffer-
baum et al., 2004), it is perhaps intuitive to think that
enlargement would be due primarily to accumulated envi-
ronmental insults over the lifespan. However, the wide
variability in the heritability estimates casts doubt on this
explanation. The inconsistent results are particularly puz-
zling given the relative consistency of other brain structure
heritability estimates plus the fact that the lateral ventricles
are one of the easiest ROIs to delineate and measure reli-
ably. This inconsistency leaves us with some as yet unre-
solved questions: Is the volume of the ventricles under some
degree of genetic control or not? If it is, does the degree of
genetic control differ as a function of age? If it is not under
genetic control, what accounts for the high heritability reported
in some studies? Is it just sampling and methodological differ-
ences across studies or something more systematic?

Clarifying the extent of genetic and environmental influ-
ences on lateral ventricular volume is an essential first step

Based in log transformed data; estimates are based on average of left and right lateral ventricles.

in determining whether ventricular volume or expansion
may also be a useful endophenotype. Ventricular expansion
is greater than normal in many aging-related disorders. If it
is under significant genetic control and not simply second-
ary to growth or shrinkage of surrounding brain tissue, a
thorough understanding of brain aging will require the elu-
cidation of the genetic factors that influence normal and
pathological age-related lateral ventricular expansion. Thus,
despite being nonspecific, lateral ventricular volume might
be a useful endophenotype and an appropriate phenotype for
genetic association studies. We sought to re-evaluate the
extant twin studies of the lateral ventricles in an effort to
account for the highly discrepant heritability findings, and
to determine whether the well-known age-related increase
in the volume and variability of the lateral ventricles is
associated with changes in genetic or environmental factors.

1. Methods
1.1. Samples included

We identified a total of eight samples, including our own,
in which the heritability of the lateral ventricles was esti-
mated. With only eight samples plus the fact some data
(e.g., variances) were not available from every study, we
decided against conducting a formal meta-analysis. How-
ever, similar to a meta-analysis, we were able to calculate
weighted averages of the results. In addition, we reanalyzed
and reinterpreted data from two studies. Herein we describe
the reanalyses and the rationale behind them. Our final
conclusions are based on these revised results combined
with the original results from other studies.
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Table 1 shows demographic and descriptive data from
the eight independent samples in which the heritability of
lateral ventricular volume was reported. In some cases,
there were multiple articles that included heritability esti-
mates from the same samples. To avoid duplication, we
referenced only one article per sample in Table 1. The
reference selected was generally the one with the largest
sample size. There were six studies of adults and two of
children and adolescents.

1.2. Twin modeling

The results of these studies are based primarily on stan-
dard univariate twin analyses. The standard model, often
referred to as an “ACE” model, estimates the proportion of
phenotypic variance due to additive genetic effects (A),
common or shared environmental effects (C), and unique
environmental effects (E) (Eaves et al.,, 1978; Neale and
Cardon, 1992). Note that the (A) component of the model
corresponds to the heritability. Common environmental in-
fluences are those that make twins similar to one another;
unique environmental influences are those that make twins
different. Measurement error is assumed to be random, so it
is uncorrelated within twin pairs and therefore forms part of
the unique environmental variance. Twin studies include
both monozyotic (MZ) twins who share 100% of their
genes, and dizygotic (DZ) twins who, on average, share
50% of their genes. The basic univariate ACE model con-
sists of: 1) additive genetic factors, which correlate 1.0 for
MZ twins and 0.5 for DZ twins; 2) common environmental
factors, which correlate 1.0 across twins regardless of zy-
gosity; and 3) unique environmental factors, which are
uncorrelated across twins. The fit of the full ACE model to
the data may then be compared with a saturated model that
fits the data perfectly. The fit of reduced models (i.e., drop-
ping either or both of the A or C components) can also be
tested. If there is not a significant reduction in fit, the
reduced model is considered more parsimonious because it
accounts for the data with fewer parameters. Testing model
fits is usually carried out by means of maximum-likelihood-
based structural equation modeling (Neale et al., 2003).

If MZ correlations are substantially more than double the
DZ correlations, nonadditive (dominant/epistatic) genetic
influences may also be operating. However, none of the
studies had sufficient power to differentiate between addi-
tive and nonadditive genetic variance. In our data, broad
heritability estimates (additive + nonadditive) were ex-
tremely similar to estimates based on the (A) component in
the corresponding ACE models, as were the heritability
estimates based on (AE) models.

Another approach to twin analysis is to implement the
formulas of Falconer (1960). The Falconer estimate of her-
itability is derived by doubling the difference of the MZ and
DZ twin correlations [h? = 2%(ry;, — Ip,)]. The estimate of
common environmental variance is double the DZ correla-
tion minus the MZ correlation [¢* = 2% rp, — Iy], and the

estimate of unique environmental variance is 1 —r,,,. These
estimates were used in our reanalysis of two of the data sets
because we did not have the raw data needed to conduct
structural equation modeling.

2. Results

2.1. The extant literature does not adequately account for
discrepant findings

It is clear from Table 1 that there is tremendous variabil-
ity across studies in the heritability estimates for lateral
ventricular volume. These range from 0.00 to 0.75. We now
consider what might account for this substantial variability
in the original estimates. Methodological differences in im-
age acquisition or measurement might account for some
differences, but considering the fact that the lateral ventri-
cles are measured with very high reliability, it does not seem
plausible that method differences could account for such
extreme heritability differences. Sex differences might ac-
count for the differences across studies. Our sample (Kre-
men et al., 2010) and that of Carmelli et al. (2002) were both
all-male samples. Baaré et al. (2001) found no sex differ-
ences for several brain structure measures that they com-
pared, and reviews of MRI twin studies have not suggested
substantial sex differences (Glahn et al., 2007; Peper et al.,
2007; Schmitt et al., 2007a). Moreover, if the heritability of
lateral ventricular volume was high only in men as it was in
the two all-male samples, the findings of zero heritability in
some mixed-sex samples would not be possible.

Age differences constitute another possible explanation.
The lateral ventricles are very small in childhood, and larger
mean volumes (as are found later in life) would be likely to
be associated with larger variances (@stby et al., 2009). The
patterns observed from childhood to young adulthood
(Dstby et al., 2009), and in comparisons of childhood to
later life in our Fig. 1 strongly support the notion that the
variance of lateral ventricular volumes increases with age.
However, the explanation of increasing heritability with age
does not fit neatly with the results reported in the extant
studies. The weighted average heritability estimate of about
0.33 in children and adolescents (Peper et al., 2009; Schmitt
et al., 2007b) compared with the weighted average of 0.76
in middle-aged and older adults (Carmelli et al., 2002;
Kremen et al., 2010) might suggest a substantial increase in
heritability with age. By contrast, heritability estimates were
0.00 in two samples with average ages of 31 (Baaré et al.,
2001; Wright et al., 2002), and only 0.07 in a young adult
sample with a mean age of 24 (Chou et al., 2008). If
heritability is truly increasing with age, it is difficult to see
how the estimates in the two samples covering wide age
ranges ((Baaré et al. 2001) [19-69] and (Wright et al. 2002)
[19-54]) could be zero. Also, heritability in a computed
tomography study was much higher (0.82) in a sample with
an average age of 36 (Reveley et al., 1984).

In sum, based on the literature as it is currently presented,
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Fig. 1. Variance components of lateral ventricular volume in different child
and adult age groups.Total phenotypic (nonstandardized) variances are
shown, and are broken down into additive genetic (a), common environ-
mental (c), and unique environmental (e¢) components. E includes mea-
surement error. The values shown are not adjusted for total brain volume
or intracranial volume.

it does not appear that methodological, age, or sex differ-
ences can account for the lack of consistency with regard to
heritability of lateral ventricular volume. However, our re-
consideration of some of these findings has led us to con-
clude that lateral ventricular volume is heritable and that
heritability estimates do increase with increasing age of the
studied samples.

2.2. Re-analysis and reinterpretation of some existing
data

(Baaré et al. 2001) conducted one of the larger MRI twin
studies, and they included non-twin siblings which in-
creases the power of the twin design. In this very well
conducted study, the authors found zero heritability for the
lateral ventricles. In their Table 3, they reported the follow-
ing correlations: MZ males = 0.72; MZ females = 0.74; DZ
males = 0.52; DZ females = 0.44; DZ opposite sex = 0.53;
twin—sibling males = 0.72; twin—sibling females = 0.89;
twin—sibling opposite sex = 0.53. These correlations are
consistent with what would be expected for a moderately
heritable trait with additive genetic influences (MZ correla-
tions higher than, but not more than double, the DZ corre-
lations) except for the twin—sibling correlations for male
and female pairs. Surprisingly, the latter are as high, or
higher, than the MZ correlations and about 0.20-0.40
higher than the DZ correlations. If lateral ventricular vol-
ume is not heritable, one would not expect these correlations
to be different from the twin correlations. But, there is no
obvious genetic model or other theory to explain why sib-
ling correlations would be meaningfully higher than the DZ
twin correlations. In addition, MZ and DZ twin correlations
should not differ in magnitude if a trait is not heritable. But

these MZ and DZ correlations do not appear to be similar in
magnitude.

Based on the data for the twin participants only, Falconer
heritability estimates in the Baaré et al. sample would be
approximately 0.40 for men and 0.60 for women. Averaging
the two MZ correlations and the three DZ correlations
would yield a Falconer heritability estimate of 0.46. Thus,
including twins only results in nearly one half of the vari-
ance being accounted for by genetic influences, whereas
adding in a small number (n = 34) of nontwin siblings
changes the heritability estimate to zero. The Falconer ap-
proach does not provide confidence intervals, but the dif-
ference in the MZ and DZ correlations based on (Fisher’s
1921) z-prime transformation was highly significant (z =
2.80, p = 0.005).

In the study of (Chou et al. 2008), an ACE model re-
sulted in nonsignificant heritability of 0.07. This near-zero
heritability estimate is surprising given their MZ correlation
of 0.50 and DZ correlation of 0.29, which (as the authors
noted) suggests moderate heritability. These correlations
would yield a Falconer heritability estimate of 0.42. As with
the Baaré et al. study, this revised estimate suggests mod-
erate heritability. Owing to the smaller sample size, the
difference between the MZ and DZ correlations did not
reach statistical significance based on a two-tailed test (z =
1.61, p = 0.11). Again, the dramatic difference in the two
estimates suggests that further inquiry is warranted.

By estimating the data points in Figure 7 of Chou et al.
(2008), we calculated very similar correlations (ry,, = 0.51
and rp; = 0.26). Our estimates led to essentially the same
pattern: a Falconer heritability estimate of 0.50, but a sub-
stantially lower ACE model heritability estimate of 0.17. In
simulations, we found this type of discrepancy occurred
when MZ and DZ variances were different. In the data
estimated from the Chou et al. figure, the MZ variance was
approximately 1.7 times greater than the DZ variance. With
this variance difference, ACE model fits became worse in a
clear linear fashion as we sequentially increased the sample
sizes. When the samples reached between 60 and 70 twin
pairs per group, the ACE model had a significantly poorer fit
compared with the fully saturated model. Although it was
logical for Chou et al. to accept their ACE model because it
had an adequate fit to the data, our reanalysis strongly
suggests that the absence of a significant reduction in model
fit was due to insufficient power to detect a significant
difference in variances between MZ and DZ twins. Such a
variance difference violates an assumption of the model
(Neale and Cardon, 1992).

In considering power and sample size, we also note that
heritability estimates in the smaller studies in Table 1 may
be unstable on account of the small sample sizes. Twin
studies, in particular, require large samples to obtain reliable
heritability estimates (Thompson et al., 2001; Visscher et
al., 2008; Visscher, 2004). Elsewhere, we have shown that
heritability estimates for brain structure based on several



W.S. Kremen et al. / Neurobiology of Aging 33 (2012) 1-8 5

small samples—each consisting of 10 MZ and 10 DZ
pairs—are highly inconsistent (Supplementary Fig. 1 in
Rimol et al., 2010). This situation creates difficulties for
MRI twin studies because even the largest extant MRI twin
studies will lack power for certain analyses. This may seem
counterintuitive to many imaging researchers because sam-
ples that are extremely large for MRI studies may be con-
sidered rather small for the purpose of twin analysis.

2.3. Comparison of phenotypic (nonstandardized)
variance components

It is possible for heritability to increase without any
change in genetic variance. For example, in a study of
reading ability, we found that heritability increased substan-
tially as a function of parental education, but the increasing
heritability was due to reductions in common environmental
variance with no change in additive genetic variance (Kre-
men et al., 2005). When variance components are standard-
ized to yield proportions of variance, if one increases an-
other must decrease. Consequently, the only way to see the
determinants of differences in heritability is to look at the
actual (nonstandardized) amounts of phenotypic variance
components. These are shown in Fig. 1 for the large (> 100
twin pairs) samples. These phenotypic variances were based
on unadjusted ventricular volumes, but the pattern is the
same for the available adjusted results. As can be seen in the
figure, the amount of total variance in the middle-aged
(132.98 cm?®) and older (116.21 cm?) adults is between three
and four times greater than that of the children and adoles-
cents (39.01 cm? [(Peper et al., 2009)]; 35.09 cm? [(Schmitt
et al., 2007b)]) or the younger adults (36.11 cm® [(Baaré et
al., 2001)]). Compared with the child and adolescent sam-
ples, the unique environmental variance averaged 2.36
times greater in the middle-aged and older adult samples but
the genetic variance averaged 7.70 times greater. Compared
with the young (based on mean age) adult sample, the
unique environmental variance averaged 3.05 times greater
in the middle-aged and older adult samples, and the genetic
variance averaged 5.71 times greater. Thus, based on Fig. 1,
the most plausible scenario is that increased heritability in
middle-aged and older adults is due to increasing genetic
influences on lateral ventricular volume with age.

2.4. Summary of results across studies

The original estimates plus our revised Falconer esti-
mates are shown in Table 1. With the exception of the small
Wright et al. study, the revised estimates tend to increase
with average age in each study from 0.32—-0.35 in children
and adolescents to 0.74—0.75 in late middle age and older
adulthood. The weighted (according to sample size) average
heritability of the revised unadjusted estimates for these
samples was 0.54. Excluding the computed tomography
study changed the weighted average by less than 0.01. The
weighted average was 0.17 for common environmental vari-

ance and 0.28 for unique environmental variance. These
sum to 0.99 due to a rounding error.

3. Discussion

3.1. Lateral ventricle volume is heritable and its
heritability increases with age

Based on these data, including our revised analyses, we
conclude that lateral ventricular volume is heritable, and
that its heritability does increase with age from childhood to
at least late middle age. Figure 1 shows that the total
phenotypic variance increases substantially from childhood
to middle and older age, but it is a disproportionate increase
in genetic variance that primarily accounts for the heritabil-
ity increase. Figure 1 also suggests that the increase in
heritability and in phenotypic variance may level off after
late middle age. Consistent with these conclusions, an ear-
lier report based on the cross-sectional child and adolescent
sample showed a significant age x heritability interaction for
lateral ventricular volume from age 6-19 (Wallace et al.,
2006); both genetic and unique environmental variance in-
creased significantly with age, with much larger increases in
genetic than in unique environmental variance.

It could be argued that measurement error is greater in
children than in adults because the lateral ventricles can be
very small and more difficult to measure in children. Greater
measurement error would increase the unique environmen-
tal variance, thereby reducing heritability in children. How-
ever, as shown in Fig. 1, the amount of actual unique
environmental variance is greater in midlife and older
adults. It also seems highly unlikely that all the E estimates
in childhood reflect measurement error.

Our findings and conclusions seem to argue against the
“common sense” notion that age-related ventricular enlarge-
ment is due to the direct effect of accumulated environmen-
tal insults over time. Increasing genetic variance being as-
sociated with age-related volume increases of the lateral
ventricles might suggest the influence of new genes later in
life. In a rare and important longitudinal analysis, Pfeffer-
baum et al. (2004) found no change in heritability of lateral
ventricular volume in a 4 year follow-up of a subset of the
sample reported on by Carmelli et al. (2002). A genetic
correlation of 1.00 and a unique environmental correlation
of 0.91 indicated that no new genes and virtually no new
environmental factors were influencing ventricular volume
at the follow-up. By contrast, 73% of the variance in change
scores over the 4-year period was accounted for by unique
environmental factors. Thus, in these older adults, individ-
ual differences in ventricular volume at a given point were
primarily due to genetic influences, whereas differences in
the amount of change over time were largely due to envi-
ronmental influences. There was also no change in pheno-
typic variance over this 4-year interval, but other changes in
heritability might be observed with a longer time interval. It
is possible, for example, that increases in the incidence of
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diseases in old-old adults would result in increased envi-
ronmental variance leading to decreased heritability of lat-
eral ventricle volume. Possible selection bias is also an
unavoidable possibility in such a study; these analyses were
based on 71 intact pairs from the 139 pairs in the earlier
report of (Carmelli et al. 2002).

3.2. Limitations

Our report and reanalyses have some limitations that
should be addressed. There were demographic differences
in the samples included in our review with some including
men only, some with very narrow age ranges, and others
with wide age ranges. As such, we cannot be certain as to
whether findings would generalize to other populations.
Most of the results were based on ventricular volumes that
were unadjusted for brain, head, or body size. As such, the
heritability estimates might reflect some of the variance
contributing to overall brain size. Three studies did report
adjusted values, and those are also shown in Table 1. These
adjusted values do not alter our overall conclusions, but it
would be informative to have both adjusted and unadjusted
data in all of the samples. In the child and adolescent sample
(Schmitt et al., 2007b), heritability went from 0.32 to 0.17
after adjusting for total brain volume; in our middle-aged
Vietnam Era Twin Study of Aging (VETSA) sample heri-
tability, after adjusting for total brain volume, changed
minimally from 0.78 to 0.79. Adjusting for either total brain
volume or intracranial volume is likely to be very similar in
children, but these could produce different results in late
middle-aged adults because of expansion of sulcal cerebro-
spinal fluid. However, adjusting for estimated intracranial
volume (which includes sulcal cerebrospinal fluid) in the
VETSA sample still resulted in a similar heritability of 0.75
(Kremen et al., 2010). Therefore, the difference between
these two samples might reflect the greater influence of
developmental factors in the children and adolescents com-
pared with late middle-aged adults.

Log-transformed data were used in some studies but not
in others as noted in Table 1. This too may limit compari-
sons. In the child sample of Peper et al. (2009), heritability
was 0.35 based on log-transformed data, but it was 0.00 for
the nonlog-transformed measure. The authors suggested
that a log transformation might produce multiplicative
rather than additive genetic and environmental effects.
However, because the non-normally distributed, nontrans-
formed data violate an assumption of the model testing, we
chose to focus on the results based on the transformed data.
Even if we used the 0.00 heritability estimate for this (the
youngest) sample, it would not change our overall conclu-
sions. We also used log -transformed data in the VETSA
(Kremen et al., 2010), but the heritability estimate (0.78)
was virtually unchanged compared with nontransformed
data (0.81). The corresponding numbers for estimates ad-
justed for age, site and intracranial volume were 0.75 and
0.79.

We also acknowledge that using only the twin data from
the twin—sibling study of Baaré et al. (2001), and using
Falconer estimates for both the Baaré et al. (2001) and Chou
et al. (2008) study could be called into question. However,
the highly discrepant patterns that we pointed out in these
samples suggest that it is reasonable to consider their overall
findings to be mixed. Most importantly, we implemented an
alternative approach to the data that is bolstered by the fact
that it allowed a coherent and parsimonious explanation of
a set of findings that have thus far been inexplicably vari-
able. A statistical test of our hypothesis would require a
multigroup collaboration that is beyond the scope of this
report, but we do acknowledge that further empirical test-
ing—particularly long-term longitudinal assessments cov-
ering a variety of age ranges—will be needed to formally
examine the validity of our proposed interpretation of the
data. Toward that end, we have begun the first longitudinal
follow-up of our late middle-aged VETSA twins.

3.3. Implications

The degree of genetic versus environmental control of
lateral ventricular volume is important for the basic under-
standing of the factors influencing structural brain develop-
ment, and it may be particularly important with respect to
certain neuropsychiatric disorders. For example, in aging-
related disorders of cognition such as Alzheimer’s disease
or mild cognitive impairment, or in psychotic disorders such
as schizophrenia, parenchymal shrinkage and ventricular
enlargement is common (Fox et al., 2000; Nestor et al.,
2008; Wright et al., 2002). Some of the key questions are
whether these two processes are determined by the same or
different sets of genetic influences, and whether change in
one or both is more environmentally determined. The size of
brain regions surrounding the ventricles is highly heritable
(Kremen et al., 2010; Peper et al., 2007; Schmitt et al.,
2007a), but a genetic factor analysis in VETSA participants
showed that a ventricular factor was largely genetically
independent of other surrounding gray matter structure fac-
tors (Eyler et al., in press). In the child and adolescent
sample, corpus callosum area was found to be influenced by
genetic effects that were largely independent of other struc-
tures including the lateral ventricles (Schmitt et al., 2007b).
These findings of independent genetic effects on the lateral
ventricles combined with the evidence presented for in-
creasing genetic influences on lateral ventricular volume
with age argue against the notion that ventricular volume is
simply a secondary consequence of age-related parenchy-
mal shrinkage. The findings of Pfefferbaum et al. (2004)
suggest that, at least in older adults, stability of lateral
ventricular volume is largely due to genetic effects whereas
change is largely due to unique environmental effects. Un-
derstanding how these processes may change across a lon-
ger age span and what specific genes are involved will be
important for a full understanding of brain aging.

A closely related issue is the potential usefulness of the
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lateral ventricles as an endophenotype, i.e., a genetically-
mediated characteristic that is along the pathway between a
disorder and genotypes that influence the disorder (Gottes-
man and Gould, 2003). If the volume of the lateral ventri-
cles is strongly influenced by genes, then it may warrant
consideration as an endophenotype. In support of the endo-
phenotype concept, ventricular enlargement does differen-
tiate normal older adults, those with mild cognitive impair-
ment, and those with Alzheimer’s disease (Chou et al.,
2009; Nestor et al., 2008). Genetic association studies have
provided additional evidence for genetic influences on lat-
eral ventricular volume. Neuregulin 1 and catechol-O-meth-
yltransferase polymorphisms have each been associated
with lateral ventricular volume in first-episode patients with
nonaffective psychoses (Crespo-Facorro et al., 2007; Mata
et al., 2009), with neuregulin 1 polymorphisms accounting
for 7% of the variance in lateral ventricular volume (Mata et
al.,, 2009). Mata et al. suggested that lateral ventricular
enlargement, which is also present in unaffected relatives,
might be an endophenotype for schizophrenia. These find-
ings of specific genes being associated with lateral ventricle
volume bolster the conclusions of the present analyses, and
are consistent with the notion that lateral ventricular en-
largement could serve as a morphological brain endophe-
notype for aging-related neurocognitive disorders as well as
other conditions.
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