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Abstract

Comparing estimates of the amount of genetic and environmental variance for different brain structures may elucidate differ-
ences in the genetic architecture or developmental constraints of individual brain structures. However, most studies compare
estimates of relative genetic (heritability) and environmental variance in brain structure, which do not reflect differences in
absolute variance between brain regions. Here we used a population sample of young adult twins and singleton siblings of
twins (n=791; M =23 years, Queensland Twin IMaging study) to estimate the absolute genetic and environmental variance,
standardised by the phenotypic mean, in the size of cortical, subcortical, and ventricular brain structures. Mean-standardised
genetic variance differed widely across structures [23.5-fold range 0.52% (hippocampus) to 12.28% (lateral ventricles)],
but the range of estimates within cortical, subcortical, or ventricular structures was more moderate (two to fivefold range).
There was no association between mean-standardised and relative measures of genetic variance (i.e., heritability) in brain
structure volumes. We found similar results in an independent sample (n= 1075, M =29 years, Human Connectome Project).
These findings open important new lines of enquiry: namely, understanding the bases of these variance patterns, and their
implications regarding the genetic architecture, evolution, and development of the human brain.
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Introduction

Brendan P. Zietsch and Margaret J. Wright contributed to this
work equally.

Despite broad similarities (e.g., in lobar divisions, primary
gyri and sulci), the anatomy of the human brain varies sub-
stantially across individuals. The majority of this variation
is likely normal and has both genetic and non-genetic (i.e.,
environmental) causes (Gu and Kanai 2014; Jansen et al.
2015). Estimates of raw or non-standardised genetic or envi-
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ronmental variance in brain morphology can be compared
(Kremen et al. 2012), but this is problematic, because vari-
ance may, in part, be determined by structure size, making it
difficult to interpret variance differences between structures
of different size. Hence, genetic and non-genetic variance
components need to be standardised to facilitate compari-
sons across different brain regions.

Additive genetic variance is normally standardised by
dividing the genetic variance by the total phenotypic vari-
ance, giving heritability (h%; the proportion of phenotypic
variance attributed to additive genetic differences among
individuals within a population). Studies show high herit-
ability for global brain traits [e.g., intracranial volume,
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0.90, or 90% (Renteria et al. 2014)], whereas estimates for
specific structures across the brain vary widely (Kremen
et al. 2010; Winkler et al. 2010; Schmitt et al. 2014; Rente-
ria et al. 2014; Joshi et al. 2011). However, a problem
with comparing heritability across brain regions is that
higher heritability could reflect higher genetic variance,
or lower environmental variance, or both; it is, therefore,
uninformative with respect to patterns of actual variation
across structures.

A solution is to standardise genetic and environmental
variance by the phenotypic mean; then variance estimates
are independent of measurement units and can be compared
across traits. For additive genetic variance, this statistic
equals the additive genetic variance divided by the square
of the phenotypic mean (Charlesworth 1984, 1987; Hansen
etal. 2011; Houle 1992) (I,; henceforth referred to as mean-
standardised genetic variance) and provides absolute esti-
mates of genetic variance that are robust to other sources of
variance. Mean-standardised genetic variance further reflects
the “evolvability” of a trait; that is, its ability to respond to
natural or sexual selection (Houle 1992); see Noreikiene
et al. (2015) for an application of this measure in studying
models of brain evolution in stickleback fish. Here, we are
interested in using mean-standardised variance estimates
to empirically rank human brain structures by genetic and
environmental variance, which may elucidate differences in
the genetic architecture or developmental constraints of indi-
vidual brain structures. This is novel when studying human
brain structures, and important as it is well established that
heritability estimates are generally uninformative about lev-
els of genetic variance (Hansen et al. 2011; Houle 1992). As
heritabilities have been routinely misused as measures of
genetic variance, it is important to reevaluate findings, and
to provide new direct estimates of genetic variation.

Only one study has examined mean-standardised genetic
variance in the human brain. Miller and Penke (2007) calcu-
lated the mean-standardised genetic variance for total brain
volume (/, =0.61%; based on a meta-analysis of 19 studies),
and also found this estimate was substantially smaller than
estimates for other human organs or life-history traits (e.g.,
body weight in females /, =2.46%, heart ventricle volume
1,=7.08%). Whether mean-standardised genetic variance
for regional brain structure volumes is similarly small is
unknown. Several studies comparing mean-standardised
phenotypic variance in brain structure volumes provide an
intriguing first look at the strength and patterns of variability
in the brain. In these studies, estimates of phenotypic vari-
ance in the volume of individual brain components differed
substantially across the brain (Kennedy et al. 1998; Lange
et al. 1997; Allen et al. 2002) (Supplementary Table 1).
These differences were found not only between structural
divisions (e.g., cortical, subcortical), but also within divi-
sions [e.g., mean-standardised phenotypic variance for
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amygdala volume was substantially greater than for hip-
pocampal volume (Lange et al. 1997)].

Here, we use a population sample of young adult twins
and singleton siblings of twins from the Queensland Twin
IMaging study (n=791) to compare, for the first time in
humans, mean-standardised estimates of additive genetic,
environmental, and phenotypic variance across regional
brain structure volumes. In addition, we assess the asso-
ciation between mean-standardised and relative measures
of genetic variance (i.e., heritability). We examined volu-
metric measures of the brain (45 cortical, subcortical, and
ventricular structures), as well as total brain volume and a
comparable volumetric, non-brain phenotype (body weight).
To assess the generalisability of our findings, we perform
the same analyses in an independent sample of twins and
singletons (n=1075) from the Human Connectome Project.

Method
Participants

Participants were from the Queensland Twin IMaging
(QTIM) study of brain structure and function (de Zubicaray
et al. 2008; Blokland et al. 2014; Whelan et al. 2016; Chi-
ang et al. 2011). For the present study, we included twins
and singleton siblings of twins, scanned between age 15 and
30 years, for whom T1-weighted images were available. The
sample consisted of 791 healthy, right-handed young adults
(62% female, M =23.05 years, SD =3.37 years), including
127 monozygotic (MZ) and 162 dizygotic (DZ) twin pairs,
162 unpaired twins (i.e., usable MRI data was not available
for the co-twin), and 51 siblings of twins (0-2 per family).
Prior to scanning, participants were screened for neurologi-
cal and psychiatric conditions, including loss of conscious-
ness for more than 5 min, and general MRI contraindica-
tions. Zygosity of same-sex twin pairs was determined using
a commercial kit (AmpFISTR Profiler Plus Amplification
Kit, ABI) and later confirmed by genome-wide single nucle-
otide polymorphism genotyping (Illumina 610 K chip). The
study was approved by the Human Research Ethics Com-
mittees at the University of Queensland, QIMR Berghofer
Medical Research Institute, and UnitingCare Health. Written
informed consent was obtained from all participants, includ-
ing a parent or guardian for those aged under 18 years. Par-
ticipants received an honorarium for their time and to cover
any transport expenses.

Image acquisition and processing
Imaging was conducted on a 4T Bruker Medspec (Bruker,

Germany) whole-body MRI system paired with a transverse
electromagnetic (TEM) head coil. Structural T1-weighted
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3D images were acquired (TR =1500 ms, TE =3.35 ms,
TI=700 ms, 230 mm FOV, 0.9 mm slice thickness, 256
slices). Scans were corrected for intensity inhomogeneity
with SPM12 (Wellcome Trust Centre for Neuroimaging,
London, UK; http://www.fil.ion.ucl.ac.uk/spm) prior to
extracting cortical, subcortical, and ventricular volumes
(mm?®) using FreeSurfer v5.3 (http://surfer.nmr.mgh.harva
rd.edu); see Fischl (2012) for a summary of the FreeSurfer
methodology. These included volumes for 34 cortical
[regions of interest (ROI) from the Desikan—Killiany atlas
(Desikan et al. 2006)] and 7 subcortical (hippocampus,
amygdala, putamen, caudate, thalamus, nucleus accum-
bens, globus pallidus) structures per hemisphere, as well
as the lateral ventricle and choroid plexus from each hem-
isphere, and the 3rd and 4th ventricles. In addition, total
brain segmentation volume (FreeSurfer variable Brain-
SegVol) was extracted. Structure segmentation and label-
ling were checked using the procedures of the ENIGMA
consortium (enigma.ini.usc.edu), with incorrectly delin-
eated structures excluded from the analysis (number of
excluded structures listed in Supplementary Table 2). For
each bilateral structure, we then computed a mean volume
using the left and right hemisphere volumes. The test—retest
reliability of imaging measures was estimated using intra-
class correlation coefficients (ICC; two-way mixed effects,
absolute agreement, single measurement) for a subset of
participants scanned twice (n =45, mean rescan interval
113.15+56.30 days).

Estimation of variance components

Saturated models were fit to the data to compare brain
volume means, variances, and covariances, as well as to

Fig. 1 Classic twin design. The
model partitions the variance

in a phenotype into additive
genetic (A), non-additive
genetic (D, e.g., dominance and
epistasis), common or shared
environment (C) and unique

or non-shared environment (E)
sources. a, d, ¢, and e represent
parameters estimates for A, D,
C, and E, respectively. In the
present study, the classic twin
model was extended to include
non-twin siblings (maximum of
two per family); only two family
members (twin 1 and twin 2)
are shown here

estimate correlations between MZ and DZ twin pairs.
Genetic and environmental variances in subcortical, cor-
tical, and ventricular volumes were then examined using a
classic twin study. Briefly, the classic twin design (Fig. 1)
contrasts the observed covariance between MZ twins and
DZ twins to partition the variance in a phenotype into
four sources: additive genetic (A), non-additive genetic (D,
e.g., dominance and epistasis), common or shared envi-
ronment (C), and unique or non-shared environment (E)
(Neale and Cardon 1992). Correlations between additive
genetic factors (A) are fixed to 1 for MZ and 0.5 for DZ
twins as MZ and DZ twins share 100% and (on average)
50% of their genetic material, respectively. For dominance
genetic effects (D), correlations are fixed at 1 for MZ twins
and 0.25 for DZ twins, and for common environment
effects (C), correlations are fixed at 1 for both MZ and DZ
twins. Unique environment effects (E) are uncorrelated
between twin pairs as this represents environmental influ-
ence affecting one twin only. Estimates of unique environ-
ment also include measurement error, as it is random and
unrelated to twin similarity. As C and D are confounded
in a classic twin study (C effects increase twin similarity;
D effects decrease twin similarity) they cannot be esti-
mated simultaneously (i.e., either an ACE or ADE model
is selected). Here, the classic twin model was modified to
include non-twin siblings (maximum of two per family) to
increase statistical power (Posthuma and Boomsma 2000).
The maximum-likelihood structural equation modelling
package OpenMx 2.13.2 (Neale et al. 2016) in R 3.5.3
(R Core Team 2019) was used to determine the combina-
tion of A, D, C, and E that best contribute to variance
in a phenotype, and covariance between individuals for
each phenotype. Akaike’s Information Criteria (AIC) (de

r=1(M2);0.5 (D7)

r=1(MZ); 0.25 (D2)

r=1MZzZ&D2)

Twin 1

Twin 2
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Leeuw 1992) was used to compare the fit of ACE or ADE
models (and also submodels containing only AE, CE,
and E variance sources) to find the most parsimonious
model (a smaller AIC value indicates a better model fit).
Adjustments for age and sex were included in the models
to remove the influence of these variables. 95% maximum-
likelihood confidence intervals were estimated for all vari-
ance measures through OpenMx.

Mean-standardised absolute variance

Estimates of raw/non-standardised variance for each phe-
notype were then standardised by the phenotypic mean. For
example, mean-standardised additive genetic variance (/,)
equals the additive genetic variance (V) divided by the phe-
notypic mean of the trait squared:
X

Mean-standardised genetic variance is also commonly
expressed as the coefficient of additive genetic variance
(CV,) (Hansen et al. 2011; Houle 1992), which is intrinsi-
cally related to the measure of mean-standardised genetic
variance used in the present study (I, = CVZA). I, is
favoured in studies of evolvability or artificial selection,
since it is interpreted as the expected percentage change
per generation under a unit of selection (Garcia-Gonzalez
et al. 2012; Hansen et al. 2003, 2011). Furthermore, we
scaled estimates of additional variance components (i.e.,
non-additive genetic, common environment, and unique
environment), as well as total phenotypic variance, by the
phenotypic mean to produce mean-standardised estimates
for these variance amounts. Lastly, we calculated relative
estimates of genetic and environmental variance by divid-
ing raw variance estimates by total phenotypic variance.
Both mean-standardised and relative variance estimates are
dimensionless units, which can be expressed as a percentage.
For comparison with a volumetric, non-brain phenotype, we
also estimated mean-standardised variance components of
body weight (kilograms).

Correction for total brain volume

Previous studies have shown associations between total
brain volume and the volumes of individual brain structures
(Renteria et al. 2014; Wen et al. 2016; Eyler et al. 2011).
To examine if variance in individual structure volumes is
simply a reflection of variation in total brain volume, we
recalculated the mean-standardised variance estimates after
removing the effects of a global covariate (i.e., total brain
volume; adjustments included in twin models).

@ Springer

Replication in an independent sample

Data from the Human Connectome Project (HCP: S1200
release) (Van Essen et al. 2012; Glasser et al. 2016) was
used as a secondary analysis sample. We excluded partici-
pants with incorrectly delineated cortical surfaces (n=3),
and participants that were third or higher order singleton
siblings (n=15) or half-siblings (7 =30). The final data set
consisted of 1075 adults (583 females, M =28.81 years,
SD=3.70 years), comprising of 152 monozygotic (MZ)
and 85 dizygotic (DZ) twin pairs, 16 unpaired twins, 208
siblings of twins (0-2 per family), and 377 members of sin-
gleton families (1—4 per family). MZ and DZ twin zygosity
was determined through genotyping, if available (215 of 237
pairs), otherwise by self-report (22 of 237 pairs). Details
relating to participant selection and MRI acquisition have
been reported elsewhere (Van Essen et al. 2012). All analy-
ses completed on the QTIM sample were undertaken on the
HCP data, including test—retest reliability on a sub-sample
of participants who were scanned twice (n =45, mean dura-
tion between first and second scan was 139.30 +68.99 days).

Results

For most volumes (36 out of 47), the AE model (specifying
additive genetic (A) and unique environment (E) variance
sources only) was the best fitting model (lowest AIC value;
Supplementary Table 3). The full ACE or ADE model was a
slightly better fit for the remaining 11 volumes. In addition,
the average of correlations between DZ pairs was very close
to one-half the average of correlations between MZ pairs
(Supplementary Table 2), which is the expected pattern if
twin similarity arises solely due to additive genetic effects.
Based on these results, and also for ease of interpretation
and comparison, we present results for AE models in the
main text. We note that our decision to drop D and C effects
could overestimate A effects for some brain volumes, and
we provide the full ACE/ADE models (where applicable) in
Supplementary Table 3. The average of estimates of mean-
standardised genetic variance (/,) in the QTIM data set were
highest for ventricular structures (6.29% compared to < 1%
for cortical and subcortical structure volumes), and consid-
erably higher than for body weight (2.85%) (Table 1, Sup-
plementary Fig. 1). Furthermore, mean-standardised genetic
variance for cortical and subcortical structures (0.98% and
0.77%, respectively) was, on average, higher than for total
brain volume (/, =0.44%).

Table 1 and Figs. 2a, 3a, d show estimates of /, ranged
from a low of 0.52% for the hippocampus to a high of
12.28% for the lateral ventricles, representing a 23.5-fold
range in mean-standardised genetic variance across the
brain structure volumes examined. However, this wide
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Fig.2 Absolute (mean-standardised) genetic (a) and environmen-
tal (b) variances (with 95% confidence intervals), as well as relative
genetic and environmental variance components (c¢) for cortical struc-
tures in the QTIM data set. Estimates are presented in descending
order of genetic variance. Mean-standardised genetic variance was
largest for the pericalcarine cortex, and smallest for the superior fron-
tal gyrus (a). Many structures had greater mean-standardised genetic
variance than total brain volume (21/34 structures with non-over-
lapping confidence intervals with total brain volume), and all corti-

range in I, was substantially reduced when the ventricular
structures were excluded (I, 0.52-2.01%, fourfold range),
and within each of the structural divisions we observed a
similarly reduced range in I,: cortical 3.4-fold (Fig. 2a),
subcortical 2.4-fold (Fig. 3a), ventricular 4.6-fold (Fig. 3d).

Environmental

cal structures had less mean-standardised genetic variance than body
weight. For the majority of structures, mean-standardised genetic
variance estimates were greater than corresponding environmen-
tal variance estimates, though 95% confidence intervals overlapped
for a number of structures (b). Moderate relative genetic variance
(h*~50%) was due to low mean-standardised genetic variance (e.g.,
pars triangularis, pars orbitalis, medial orbitofrontal) or high mean-
standardised environmental variance (e.g., temporal pole, entorhinal,
frontal pole)

For the majority of structures, mean-standardised genetic
variance estimates were greater than corresponding envi-
ronmental variance estimates, though 95% confidence inter-
vals overlapped for a number of structures (Figs. 2b, 3b, e;
Table 1). An exception to this was the frontal pole, where the

@ Springer
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Fig.3 Absolute (mean-standardised) genetic (a, d) and environ-
mental (b, e) variances (with 95% confidence intervals), as well as
relative genetic and environmental variance components (c, f) for
subcortical (top row) and ventricular (bottom row) structures in the
QTIM data set. Estimates are presented in descending order of mean-
standardised genetic variance. For subcortical structures, mean-stand-
ardised genetic variance was largest for the nucleus accumbens, and
smallest for the hippocampus (a). Mean-standardised genetic variance
estimates for the amygdala, putamen, globus pallidus, thalamus, and
hippocampus overlapped with the estimate for total brain volume. For

mean-standardised environmental variance estimate (which
includes measurement error) was significantly greater than
the corresponding genetic estimate [/, +95% CI 0.92%
(0.56, 1.29), Iy +95% CI 1.66% (1.45, 2.04)]. Structures

@ Springer

Environmental

ventricular structures, genetic and environmental variance was larg-
est for the lateral ventricles, and smallest for the choroid plexus (d,
e). Mean-standardised environmental variance was smaller than cor-
responding genetic variance for all subcortical (b) and ventricular
structures (e). Despite having the highest mean-standardised genetic
variance for their structure type, the nucleus accumbens (subcortical)
and lateral ventricles (ventricular) had more moderate relative genetic
variance (c, f) on account of the large environmental variance for
these structures

with low mean-standardised genetic variance (I, <0.75%)
had high test-retest estimates (ICC > 0.80; Supplementary
Table 2), suggesting that the low I, estimates were not a
result of large measurement error.
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There was 2.5-fold range in relative genetic variance
estimates (i.e., heritability) across brain structures (frontal
pole h% 36% to caudate h> 90%: Figs. 2c, 3c, d; Table 1); a
substantially smaller range compared to the 23.5-fold range
in mean-standardised genetic variance. The correlation
between mean-standardised and relative genetic variance
estimates for brain structures was not significant (Fig. 4).
Cortical and subcortical structures with high relative genetic
variance (h*>>75%) generally had more moderate mean-
standardised variance (/, range 0.55-1.02%), with high
mean-standardised and relative genetic variance found only
for the pericalcarine cortex (I, =2.01%, h*=85%). Moderate
relative genetic variance (W2 ~50%) was due to low mean-
standardised genetic variance (e.g., pars triangularis, pars
orbitalis, medial orbitofrontal) or high mean-standardised
environmental variance (e.g., temporal pole, entorhinal,
frontal pole). Relative genetic variance estimates for ven-
tricular structures, which had significantly higher mean-
standardised genetic variance (I, range 2.65-12.28%) than
cortical/subcortical structures [/, range 0.52-2.01%)],
ranged from 64 to 74%.

When we repeated the analysis with a global covariate
(total brain volume), all brain volumes had smaller mean-
standardised genetic variance estimates (Supplementary
Table 4). The average fold change between I, estimates with-
out and with adjustment for a global covariate was —1.76
for cortical, — 1.46 for subcortical, and — 1.07 for ventricular
volumes. Mean-standardised phenotypic variance estimates
were reduced to a similar extent for all structures follow-
ing adjustment for total brain volume (average fold change

QTIM
1.00
A A
'S
0.75
A A S

2
E
T 0.50
=
(]
T

0.25

0.00

1 3 10

Mean-Standardised Genetic Variance (%)

Cortical A

Fig.4 Plot of absolute (mean-standardised; /,) and relative (heritabil-
ity; h) genetic variance estimates in the QTIM (a) and HCP (b) data
sets, separated by structure type. Note that the x-axis is presented on

—1.43 for cortical, — 1.36 for subcortical, and — 1.05 for
ventricular volumes), and mean-standardised environmen-
tal variance estimates changed only slightly (average fold
change —1.08 for cortical, — 1.11 for subcortical, and — 1.02
for ventricular volumes). However, there was still significant
variance remaining for all volumes after correcting for total
brain volume, indicating that structures’ variance was not
simply total brain size variance. Furthermore, patterns of
mean-standardised variance (after adjustment for a global
covariate; Supplementary Figs. 2 and 3) were broadly con-
sistently with patterns of variance without adjustment for a
global covariate (Figs. 2, 3).

Replication using the HCP sample

Similar to the QTIM data set, estimates from AE models
(AE model best fitting for 33/47 volumes) are presented in
text, with estimates from ACE/ADE models presented in
Supplementary 5. Estimates of mean-standardised genetic
variance were, on average, similar in the HCP data set com-
pared to the QTIM data set (Table 1, Supplementary Fig. 1).
The lateral ventricles had the largest mean-standardised
genetic variance in the HCP data set, and this estimate was
substantially larger than in the QTIM data set [/, +95% CI
HCP 17.58% (15.24, 20.87), QTIM 12.28% (9.66, 15.00)].
Estimates of mean-standardised genetic variance for corti-
cal structures followed a similar pattern for both data sets
(Fig. 5), but some differences were present [e.g., temporal
pole I, +95% CI HCP 0.58% (0.41, 0.77), QTIM 1.44%
(0.99, 1.84)]. In both samples, mean-standardised genetic

b
HCP
1.00
A
A A
A
0.75 A
A
2
E
© 050
=
(0]
T
0.25
0.00
1 3 10
Mean-Standardised Genetic Variance (%)
Subcortical Ventricular

alog10 scale. The correlation between I, and 4% was 0.03 and 0.02 in
the QTIM and HCP data sets, respectively (both correlations were not
significant)
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Fig.5 Absolute (mean-standardised) genetic (a) and environmen-
tal (b) variances (with 95% confidence intervals), as well as relative
genetic and environmental variance components (c) for cortical struc-

variance in subcortical structures was largest for the nucleus
accumbens, with smaller estimates for the hippocampus and
thalamus (Fig. 6). Similar to QTIM, low mean-standardised
genetic variance estimates were unlikely to be the result of
large measurement unreliability (Supplementary Table 2),
and the correlation between mean-standardised and rela-
tive genetic variance estimates (i.e., heritability) was not
significant (Fig. 4). In addition, the effect of correcting for
total brain volume was similar to that in the QTIM data set
(Supplementary Table 5, Supplementary Figs. 4 and 5).

@ Springer

tures in the HCP data set. Estimates are presented in descending order
of mean-standardised genetic variance in the QTIM data set (Fig. 2)

Discussion

Here, for the first time in humans, we examine the mean-
standardised genetic and environmental variance in the size
of cortical, subcortical, and ventricular brain structure vol-
umes. In contrast to relative estimates (e.g., heritability),
which have been widely used in imaging genetics studies,
the mean-standardised approach does not scale raw vari-
ance components to total phenotypic variance. Instead, it
estimates the absolute genetic and environmental variance
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Fig.6 Absolute (mean-standardised) genetic (a, d) and environmen-
tal (b, e) variances (with 95% confidence intervals), as well as rela-
tive genetic and environmental variance components (c, f) for sub-

in a trait, and uses the phenotypic mean of the trait to scale
variance components. Thus, estimates of mean-standardised
variance are robust to other variance sources, and inform on
the strength of factors which maintain or deplete variability
in brain anatomy.

The most striking finding was the large mean-standard-
ised variance for the ventricular system (particularly the lat-
eral ventricles) compared to other brain structures, and that
this substantial variance in ventricular volume was largely
due to genetic factors. This is consistent with studies of

cortical (top row) and ventricular (bottom row) structures in the HCP
data set. Estimates are presented in descending order of mean-stand-
ardised genetic variance in the QTIM data set (Fig. 3)

mean-standardised phenotypic variance (Lange et al. 1997;
Allen et al. 2002), though estimates for lateral ventricle vol-
ume were substantially larger (40.32% and 47.75%, respec-
tively) than those of the present examination (QTIM 19.06%,
HCP 26.46%). This contrast is likely due to the small sample
sizes (n=115 and 46, respectively) and superseded imag-
ing methods of past studies. Here we showed that this high
phenotypic variance is mainly due to genetic factors, with
only a small amount of the variance attributed to the envi-
ronment. The finding of large mean-standardised genetic

@ Springer
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variance for ventricular volume (much larger than all other
brain structures) is somewhat unexpected, as it is substan-
tially higher than estimates for many morphological, life-
history, and complex behavioural traits (Miller and Penke
2007; Garcia-Gonzalez et al. 2012; Houle 1992; Coltman
et al. 2005). For instance, Hansen et al. (2011) report median
mean-standardised genetic variance estimates of around 1%
for weight-based size measures and life-history traits.

Why then would lateral ventricular volume show such
large variation? Ventricular enlargement is often consid-
ered a marker of tissue atrophy in both normal ageing and
disease (Apostolova et al. 2012; Nestor et al. 2008; Carmi-
chael et al. 2007; Thompson et al. 2006), but estimates in the
present study were of healthy adults. Previous studies have
suggested the large mean-standardised phenotypic variance
in the volume of the lateral ventricles reflects accumulated
variability in surrounding structures (Lange et al. 1997);
however, in the present study, we did not find large mean-
standardised variance for surrounding subcortical structures,
namely the hippocampus and caudate. The large variance
found for some life-history traits (e.g., reproductive success,
longevity) is typically explained by the composite nature of
these traits, which integrate variation across the lifespan.
Because of this, it is likely that a greater number of loci
(and more mutations), more environmental variables, and
the interactions between them, contribute to variation in
life-history traits (Houle 1992; Hansen et al. 2011; Miller
and Penke 2007). While not a life-history trait, the early
embryonic development of the ventricular system (Lowery
and Sive 2009), if influenced by many genetic and environ-
mental factors, could explain the large mean-standardised
variation in this structure.

The high mean-standardised variance (particularly
genetic) for ventricular structures could also represent a lack
of selection pressures (stabilising or directional) throughout
evolution. All else being equal, brain structures that have
been subject to strong selection should show less genetic
variance than structures under weaker selection, as selec-
tion should deplete additive genetic variance (Barton and
Keightley 2002). Hence, the larger mean-standardised
genetic variance for ventricular structures might suggest a
lack of strong selection, whereas the small genetic variance
found for limbic system structures such as the hippocampus
and thalamus might imply that the size of these structures
was under stronger selection across evolution. Indeed, the
contribution of genetic variants to human hippocampal vol-
ume was shown to be significantly greater in evolutionarily
conserved regions compared to other functional categories
of the genome (Hibar et al. 2017). Small variation for struc-
tures could further be interpreted in regards to canalisation:
a narrowing of variation to increase robustness to genetic
(and environmental) perturbations (Waddington 1942). From
this perspective, stabilising selection may have resulted in

@ Springer

brain structures that are crucial to physiological and/or cog-
nitive function evolving to a robust optimum. However, the
all-else-is-equal assumption is paramount to these infer-
ences. That is, for differences in genetic variance to reveal
historical associations with selection, genetic architecture
and other contributing factors should be comparable across
brain structures, and our knowledge is limited in this respect.
Conversely it is possible that high morphological variability
does not imply a lack of function or selection pressures (as
demonstrated by Kelly et al. (2018) in an examination of
male and female nipple size).

It is important to also consider the role of ontogenetic
(developmental) constraints when comparing variation
between traits. For instance, the smaller mean-standardised
genetic variance for cortical and subcortical brain struc-
tures (I, range 0.52-2.01%) compared to body weight
(I, =2.85%) might correspond to the stronger physical con-
straints over brain structure (which is constrained by the
skull, dura matter, and subarachnoid space) compared to
body weight (which can vary more freely). Interestingly, the
larger variation in body weight is likely not entirely due to
freely varying composition factors such as muscle, fat, and
organ mass, as estimates of mean-standardised phenotypic
variance for human skeletal weight [/, range 1.97-4.39%,
calculated from data reviewed by Wagner and Heyward
(2000)] fall between the estimates for mean-standardised
phenotypic variance in cortical/subcortical structures (Ip
range 0.63-3.31%) and body weight (I, =3.76%) in the pre-
sent study. Furthermore, the physical constraints imposed by
the limited space available within the cranium likely impacts
the variation of individual brain structures. As the ventricu-
lar system arises within the cavities of the primary brain
vesicles (Lowery and Sive 2009; Carpenter 2016; Fujii et al.
2016), it begins to develop before subcortical and cortical
structures. As a consequence, it may be under less strict
physical constraints and vary more freely than later develop-
ing structures.

Measures of mean-standardised variance may shed light
on the findings of past studies. ENIGMA, a worldwide con-
sortium of brain imaging scientists, has conducted meta-
analyses of case—control cohorts for a number of diseases,
including major depressive disorder (Schmaal et al. 2016,
2017), schizophrenia (van Erp et al. 2016), bipolar disorder
(Hibar et al. 2016) and attention deficit hyperactivity dis-
order (Hoogman et al. 2017). Of the subcortical structures
examined so far in these analyses, the hippocampus is the
only structure to show a statistically significantly difference
in the mean volume between patients and matched controls
across all disorders (Thompson et al. 2017), and is the only
subcortical structure to show a difference for major depres-
sive disorder (Schmaal et al. 2016). This is noteworthy in the
context of the present results, because mean-standardised
phenotypic variance estimates for the hippocampus were the
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lowest of the subcortical structures examined in the QTIM
and HCP data sets. Therefore, the common finding of mean
differences in hippocampal volume in all these analyses
could reflect in part, the increased statistical power granted
by the small variation present in (normal) hippocampal
volume, which makes group differences easier to detect.
The effect of normal variation and the sample size required
to detect group differences should not be underestimated,
especially as the high-price of in vivo imaging studies often
prohibit large sample sizes. We suggest that future studies
could carefully consider their research design and focus on
structures with minimal phenotypic variance to maximise
their statistical power.

The substantial mean-standardised environmental vari-
ance found for several structures should not be disregarded.
Though differences in measures of mean-standardised envi-
ronmental variance might be due to a range of factors (e.g.,
complexity of the phenotype, developmental constraint,
interaction with external environment, measurement error),
they are of great importance as they demonstrate that the
unusually low relative genetic variance (i.e., heritability)
of several brain structures (e.g., caudal anterior cingulate
h*=42% entorhinal cortex h*=44% were not a result of
unusually low levels of mean-standardised additive genetic
variance in these structures (e.g., caudal anterior cingu-
late I, =1.15%, Iz =1.59%; entorhinal cortex I, =1.42%,
I;=1.77%).

Mean-standardised variance estimates differed between
QTIM and HCP, though the patterns of variation were
similar. The most prominent difference between the sam-
ples was in the lateral ventricles (QTIM 7, =12.28%, HCP
1,=17.58%). Interestingly, even if participants are excluded
based on their ventricle-to-brain ratio (outliers at+3.29
SD excluded), mean-standardised variance estimates for
the lateral ventricles remain larger in the HCP data set
(I, =14.40%) compared to the QTIM data set (I, =11.99%).
These differences in genetic variance could reflect sampling
error due to the small sample size of twins used to distin-
guish genetic from environmental variance. However, esti-
mates of mean-standardised phenotypic variance (which are
more stable than genetic/environmental) for the lateral ven-
tricles also differed between the data sets (HCP I, =26.46%,
QTIM 1, =19.06%), suggesting that sampling error is
unlikely to be the main cause of this difference. As QTIM
is a predominantly Caucasian sample, it is possible that dif-
ferences in variance component estimates reflect the more
diverse ethnic and racial composition of the HCP sample,
which approximates that of the U.S. population (Van Essen
et al. 2013). Furthermore, the HCP data set is more varied
than the QTIM data set in terms of participants’ drinking
and recreational drug use history (Van Essen et al. 2013).
Differences in measurement error (reflected in test-retest
reliability ICCs) could additionally contribute to differences

in structure variability between the data sets (e.g., temporal
pole).

In the present study, we found no association between
mean-standardised and relative measures of genetic variance
for brain structure volumes. Though this was expected based
on studies of other biological and life-history traits (Houle
1992; Hansen et al. 2011), it was important to empirically
demonstrate this for human brain morphology. The lack of
a strong association between absolute and relative genetic
variance is significant, as it indicates that new insights into
brain development could be gained from changing the way
in which the variance components of brain structure are con-
sidered. For example, investigating amounts of mean-stand-
ardised variance (genetic/environmental) in brain structure
for healthy controls and patients could reflect differences
in the histogenetic processes underlying brain development
between these groups. While further research is required to
understand the implications of differences in mean-stand-
ardised absolute variance amounts, their usefulness may lie
in elucidating patterns of genetic variance in the brain not
visible through heritability estimates.

One limitation of mean-standardised absolute variance
measures is that only traits on ratio or log-interval scale
produce meaningful estimates (Hansen et al. 2011; Houle
1992), meaning that many human traits (e.g., intelligence)
are unsuitable for mean-standardised measures. This limi-
tation could be circumvented by future studies examining
individual task scores (e.g., number of correct responses)
rather than composite, factors scores. Curiously this has
been examined in chimpanzees (e.g., spatial memory,
1,=20.68%) (Woodley Of Menie et al. 2015), but not in
humans. Future studies could also use the multivariate
nature of morphological brain measures (Renteria et al.
2014; Wen et al. 2016; Eyler et al. 2011) to produce new,
multidimensional phenotypes, which will likely advance our
understanding of structural variation in the brain beyond the
univariate analyses of the present study.

This was the first comparison in humans of mean scaled
measures of absolute variance (genetic and environmental)
across brain structure volumes. We uncovered significant
and, in some cases, striking variation in variances across
different regions. This variation did not follow any obvious
patterns, precluding straightforward explanations. These
findings open important new lines of enquiry: namely,
understanding the bases of these variance patterns, and their
implications regarding the genetic architecture, evolution,
and development of the human brain.
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