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The genetic determinants of cerebral asymmetries are unknown. Sex differences in

asymmetry of the planum temporale (PT), that overlaps Wernicke's classical language area,

have been inconsistently reported. Meta-analysis of previous studies has suggested that

publication bias established this sex difference in the literature. Using probabilistic defi-

nitions of cortical regions we screened over the cerebral cortex for sexual dimorphisms of

asymmetry in 2337 healthy subjects, and found the PT to show the strongest sex-linked

asymmetry of all regions, which was supported by two further datasets, and also by
e for Psycholinguistics, Wundtlaan 1, Nijmegen 6525 XD, The Netherlands.
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analysis with the FreeSurfer package that performs automated parcellation of cerebral

cortical regions. We performed a genome-wide association scan (GWAS) meta-analysis of

PT asymmetry in a pooled sample of 3095 subjects, followed by a candidate-driven

approach which measured a significant enrichment of association in genes of the ‘ste-

roid hormone receptor activity’ and ‘steroid metabolic process’ pathways. Variants in the

genes and pathways identified may affect the role of the PT in language cognition.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The planum temporale (PT), a triangular shaped area on the

superior surface of the posterior temporal lobe, has long been

recognized as one of the most anatomically asymmetrical re-

gions of the human cerebral cortex (Geschwind & Levitsky,

1968). In most people the PT on the left side is larger than the

right (Galaburda, 1993; Steinmetz, 1996), although varying

definitions of the precise structure have resulted in different

estimates of its asymmetry (Galaburda, 1993; Shapleske,

Rossell, Woodruff, & David, 1999). The left PT overlaps with

Wernicke's classically defined language region (Geschwind &

Levitsky, 1968), which is part of the broadly left-lateralised

speech and language network present in the majority of peo-

ple. At least some of the PT is regarded as secondary auditory

cortex in terms of cyto-architecture (Shapleske et al., 1999).

The PT has been characterized as a computational hub for

processing spectrotemporal variation in auditory perception

(Griffiths & Warren, 2002), as well as having a role in mapping

acoustic speech signals to frontal lobe articulatory networks

(Hickok & Poeppel, 2007), and in auditory attention (Hirnstein,

Westerhausen, & Hugdahl, 2013).

Given these important roles of the PT in speech and lan-

guage, and its asymmetrical nature in the typically developed

brain, there has been much interest in whether individual

differences in PT asymmetry are associated with traits that

involve changes in language cognition, including dyslexia,

reduced verbal ability, and schizophrenia (Eckert et al., 2008;

Frank & Pavlakis, 2001; Hasan et al., 2011; Kawasaki et al.,

2008; McCarley et al., 2002; Oertel et al., 2010; Shapleske

et al., 1999; Sommer, Ramsey, Kahn, Aleman, & Bouma,

2001). These studies have shown that alterations in PT

asymmetry may be relevant to some etiological subtypes of

these complex traits, although are not necessarily a universal

feature of them (Bishop, 2013). It also remains unclear to what

extent associations between PT asymmetry and language-

related cognitive disorders may arise from shared genetic,

versus environmental, influences.

In fact the molecular and developmental basis of human

brain asymmetry is almost completely unknown, as are the

causes of variation in cerebral asymmetries within the popu-

lation. Althoughpresent to a degree in other primates (Gannon,

Holloway, Broadfield, & Braun, 1998; Lyn et al., 2011), a

population-level bias towards leftward PT asymmetry is pro-

nounced in the human brain and is already visible in third

trimester foetuses (Bossy, Godlewski, & Maurel, 1976). Various

other studies have shown foetal and infant asymmetries in the

perisylvianregion, sylvianfissure,andsuperior temporal sulcus
(Dubois, Benders,Cachia, etal., 2008,Dubois, Benders, Lazeyras,

et al., 2010;Habaset al., 2012;Kasprianetal., 2011; Li et al., 2013).

These early developmental asymmetries clearly indicate a role

for genetic mechanisms, but very few individual genes have so

far been implicated in any aspect of lateralization of the human

brain (Francks et al., 2007; Ocklenburg, Beste, & Gunturkun,

2013; Scerri et al., 2011; Sun et al., 2005; Sun & Walsh, 2006).

Language lateralization appears to develop largely indepen-

dently of early embryonic mechanisms that pattern left-right

asymmetry of the viscera (heart, lungs etc.; Tanaka, Kanzaki,

Yoshibayashi, Kamiya, & Sugishita, 1999). Genetic studies of

PT asymmetry therefore offer a potential route to discovering

novel, fundamentalmechanisms that underlie lateralization of

the human brain, which provides a basic organizing principle

for much of human cognition (Gunturkun, 2003).

Males have sometimes been reported to show a subtle

mean increase in leftward lateralization of the PT relative to

females (de Courten-Myers, 1999; Good et al., 2001; Shapleske

et al., 1999). Consistent with this, foetal testosterone levels

have been linked to gray matter volumes within some puta-

tively, sexually dimorphic regions of the human brain,

including the PT (Lombardo et al., 2012). Prenatal testosterone

levels have also been implicated in language delay in males

(Whitehouse et al., 2012). However, some studies have not

found an effect of sex on PT asymmetry (Watkins et al., 2001),

and a meta-analysis of thirteen earlier studies did not find

significant evidence for sexual dimorphism of PT asymmetry

(Sommer, Aleman, Somers, Boks, & Kahn, 2008). Publication

bias was suggested to have established a sex difference of PT

asymmetry in the literature (Sommer et al., 2008; Watkins

et al., 2001). Furthermore, a recent review concluded that

overall results from studies on regional grey matter distribu-

tion, using voxel-based morphometry (VBM), indicate no

consistent differences between males and females in

language-related cortical regions (Wallentin, 2009).

In this study we used region-of-interest probability masks

derived from the HarvardeOxford (HO) atlas (distributed with

the FSL software package; http://fsl.fmrib.ox.ac.uk/fsl/), to

perform a large-scale analysis of sex differences for human

cerebral asymmetries, mapped over the entire cerebral cortex,

in 2337 healthy human subjects. We refer to this method

hereafter as HO. We unambiguously confirmed asymmetry

within and around the PT as a subtly, sexually dimorphic trait,

and this pattern replicated in two additional population sam-

ples. We then performed genome-wide association scanning

(GWAS) for PT regional asymmetry in three datasets derived

from a total of 3095 subjects from the Netherlands and Ger-

many, and used the results to test for an enrichment of

http://fsl.fmrib.ox.ac.uk/fsl/
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association in genes involved in steroid hormone biology,

motivated by the sexual dimorphism of the trait. We also

explored the brain-wide effects on grey matter volume of an

individual polymorphism that was suggestively associated

with PT asymmetry (rs785248, p ¼ 1.6*10�7, see below), since

wedonotnecessarily expect genetic effects to localize solely to

cortical regions as defined in specific brain atlases.
2. Methods

2.1. Study datasets

TheBrain ImagingGenetics (BIG)studywas initiated in2007and

comprises healthy volunteer subjects, including many univer-

sity students, who participate in studies at the Donders Centre

for Cognitive Neuroimaging, Nijmegen, The Netherlands

(Franke et al., 2010). At the time of this study the BIG subject-

pool consisted of 2337 self-reported healthy individuals (1248

females) who had undergone anatomical (T1-weighted) MRI

scans, usually as part of their involvement in diverse smaller-

scale studies at the Donders Center, and who had given their

consent to participate in BIG. Their mean age was 27.2 years

(SD¼ 12.6; range 18e83). Furthermore, a subset of 242 subjects

had undergone a brain MRI scan at least twice. Fifty percent of

the rescans took place within 181 days of the first, with the

mean elapsed time being 320 days (SD¼ 360). At the time of the

first scan, their mean age was 24.2 (SD ¼ 7.7; range ¼ 18e72).

For the genetic analysis, genome-wide SNP genotype data

were available from 1276 of BIG subjects (see below for geno-

typing details). Their mean age was 22.9 years (SD ¼ 3.8;

range ¼ 18e35), and 748 of these subjects were female.

The Study of Health in Pomerania (SHIP) is an on-going,

longitudinal, population-based study in north-east Germany,

aimed at describing the prevalence of common diseases, and

their risk factors. Subjects from the two independent surveys

SHIP-2 (the second follow-up of the baseline study SHIP-0) and

SHIP-TREND (baseline of the second survey) had undergone a

whole-body MRI scan, as well as genotyping for common

polymorphisms. For more detailed information about the

dataset, see (Volzke et al., 2011). For our analysis we were able

to include 935 subjects from SHIP-2 (497 females) with a mean

age of 56.7 years (SD ¼ 12.8; range ¼ 31e89) and 888 subjects

from SHIP-TREND (495 females) with a mean age of 50.3 years

(SD ¼ 13.6; range ¼ 21e81).

2.2. Image acquisition

MRI data in BIG were acquired with either a 1.5 Tesla Siemens

Sonata or Avanto scanner or a 3 Tesla Siemens Trio or TimTrio

scanner (SiemensMedical Systems, Erlangen, Germany). Given

that images were acquired during several smaller-scale
Table 1 e Overview of the different scanning parameters used i

Study sample TR/T1/TE/saggital-slices parame

BIG 2300/1100/3.03/192; 2730/1000/2.95/176; 2250/8

2250/850/3.93/176; 2250/850/3.68/176; 2300/110

2300/1100/2.92/192; 2300/1100/2.96/192; 2300/1

1940/1100/3.93/176 and 1960/1100/4.58/176
studies, the parameters used were slight variations of a stan-

dard T1-weighted three-dimensional magnetization prepared

rapid gradient echo sequence (MPRAGE; 1.0 � 1.0 � 1.0 mm

voxel size). See Table 1 for an overview of scanning parameters

used in BIG. For the SHIP datasets, all MRI images were ob-

tained on a 1.5 T scanner (MAGNETOM Avanto; Siemens

Medical Systems, Erlangen, Germany) using a standard T1-

weighted MPRAGE sequence (TE 1900.0, TR 3.4, Flip angle 15�,
1.0 � 1.0 � 1.0 mm voxel size) (Hegenscheid et al., 2009).

2.3. Image processing

For the analysis of cortical asymmetries MR images were pre-

processed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) in

BIG, SHIP-2 and SHIP-TREND. The ‘Segment’ function was

used with the default settings to obtain the bias-field cor-

rected, modulated, normalised and warped tissue class im-

ages for the grey matter. All of the default options and

parameters related to this pipeline can be found on chapter II,

‘Spatial processing’, of SPM8's manual (http://www.fil.ion.ucl.

ac.uk/spm/doc/manual.pdf).

Volumetricmeasureswere thenextractedbytheapplication

of the probabilistic HO Cortical Structural Atlas that defines 48

cortical regions on a normalized brain (as distributed with the

FSL software package http://www.cma.mgh.harvard.edu/fsl_

atlas.html). The cortical parcellations for this atlas were origi-

nally described in (Goldstein, Goodman, et al., 1999, Goldstein,

Seidman, et al., 2007). We split each of the 48 regions of the

HOatlasat thecentreof the left-rightaxis, toproduce48 regions

for each cerebral hemisphere. No other manipulation of the

atlas or of its probabilistic regionswas applied. For each region,

we then performed a voxel-wise sum of grey matter volumes,

weighted by the probability of each voxel belonging to that

specific cortical region. Thirty segmented images were inspec-

ted visually using FSLView (http://fsl.fmrib.ox.ac.uk/fsl/

fslview/) to check for gross errors of segmentation or in the

application of the HO atlas, but no errors were identified.

For each cerebral cortical region, volumetric differences

between the left and right were expressed as an Asymmetry

Index (AI), calculated by the formula (L�R)/(LþR),where L and

R were the left and right regional grey matter volumes

respectively. The values of the AI could range theoretically

from �1 to þ1, with negative values denoting a rightward

asymmetry, positive values a leftward asymmetry and zero in

the case of perfect volume symmetry. Note that regional

asymmetries present in the HO atlas would necessarily influ-

ence the mean AIs that we measured in our datasets (see

below). However, our focus was on individual and group dif-

ferences inAIs rather than the grandmean, as the left and right

perisylvian regions were already known to differ systemati-

cally in their anatomy on average. For measuring individual

and group differences we needed our left and right atlas
n the BIG sample.

ters Scanners Field strength

50/2.95/176;

0/3.03/192;

100/2.99/192;

Sonata/Avanto,

Trio/Trio Tim

1.5 T (N ¼ 634);

3 T (N ¼ 642)

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/doc/manual.pdf
http://www.fil.ion.ucl.ac.uk/spm/doc/manual.pdf
http://www.cma.mgh.harvard.edu/fsl_atlas.html
http://www.cma.mgh.harvard.edu/fsl_atlas.html
http://fsl.fmrib.ox.ac.uk/fsl/fslview/
http://fsl.fmrib.ox.ac.uk/fsl/fslview/
http://dx.doi.org/10.1016/j.cortex.2014.07.015
http://dx.doi.org/10.1016/j.cortex.2014.07.015
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definitions to be as closely anatomicallymatched aspossible to

our subject data, and therefore we did not create a left-right

averaged template to define the PT, as this fails to adequately

capture the systematic anatomical differences between the

two sides. In addition we intended to follow up significant ge-

netic associations with individual differences in PT asymme-

try, as defined by the asymmetrical HO atlas, by testing the

effects of the associated polymorphisms in a brain-wide grey

matter VBM analysis without use of atlas-based regional defi-

nitions, sincewedo not necessarily expect genetic effects to be

limited tooneanatomical regionasdefined inaparticularatlas.

Thus thePTAIderived fromtheHOatlas is auseful initial probe

for genetic analysis, but individual genetic effects on this AI

then require further analysis to better understand their local-

ization.We return to this issue inmore detail in theDiscussion.

Exclusion of outlier values (more extreme than 3.5 SD from

the mean), correction for covariates (sex, age, total brain vol-

ume (TBV), scanner field strength, and scanner), and residual

extraction, was done in SPSS (IBM SPSS v.20). We did not

include handedness as a covariate because handedness itself

is a partly heritable trait (Medland et al., 2009), and it was

therefore important to retain any shared variance of hand-

edness with PT asymmetry, for the purposes of genetic anal-

ysis of PT asymmetry.

VBM analysis (Ashburner & Friston, 2000) was performed

within the VBM8 pipeline and toolbox (http://dbm.neuro.uni-

jena.de/vbm/), implemented in SPM8 (http://www.fil.ion.ucl.

ac.uk/spm/). All sites followed VBM8's default procedures.

First, T1-images were bias-field corrected and segmented into

gray, white matter and cerebro-spinal fluid. VBM8's default

procedure uses adaptive maximum a posteriori estimations

and a hidden Markov random field to account for partial vol-

ume effects and increase the signal to noise ratio (Cuadra,

Cammoun, Butz, Cuisenaire, & Thiran, 2005). Then, the

segmented images were normalized to standard space (as

defined by the Montreal Neurological Institute; MNI) by high-

dimensional DARTEL warping (Ashburner, 2007). The result-

ing images were modulated by the non-linear part of their

DARTEL warp field and smoothed with an 8 mm FWHM

Gaussian smoothing kernel, providing for an analysis of

relative differences in regional GM volume, corrected for in-

dividual brain size. A more detailed description of this stan-

dard protocol can be found in the VBM8 manual (http://dbm.

neuro.uni-jena.de/vbm8/VBM8-Manual.pdf).

2.4. Parcellation of cortical regions

For amethodological validationwe also performed automated

parcellation of cerebral cortical regions using the FreeSurfer

package (Fischl et al., 2002) and according to the Destrieux

atlas (Destrieux, Fischl, Dale, & Halgren, 2010), within the

‘-recon-all’ processing pipeline, and using default parameters.

This yielded volumetric measures for 74 cortical regions in

each hemisphere, for which we also derived AIs and adjusted

for covariates as above.

2.5. Regional asymmetry mapping by sex

Within the BIG population we used independent sample

t-tests to assess sex differences in regional AIs (IBM SPSS
v. 20). Significance levels were conservatively Bonferroni-

corrected for all AIs. We did not test for sex differences on

bilateral volumes of cerebral cortical regions, as it is well

known thatmales have larger brains on average than females,

and this was broadly reflected over the cerebral cortex in our

datasets (data not shown).

2.6. TBV and asymmetry in the PT region

This analysis was performed in the BIG dataset. We estimated

TBV as the voxel-wise sum of the grey matter and white

matter probabilities, produced by the segmentation done by

SPM8. We then assessed the correlations of sex and TBV with

the HO PT AI using Pearson correlation analysis (IBM SPSS v.

20). We also assessed the correlation of TBV with the HO PT AI

after removing the effect of sex as a linear covariate, and the

correlation of sex with the HO PT AI after removing the linear

effect of TBV.

As a confirmatory approach we also assessed the sexual

dimorphism of the PT AI using themodulated, non-smoothed,

grey matter images produced by the VBM8 pipeline. Because

these images were modulated by the non-linear part of the

DARTEL field, this results in an assessment of relative vol-

umes corrected for overall brain size.

2.7. Genotyping

Genotyping of BIG was performed using the Affymetrix

Genome-Wide Human SNP Array 6.0 (Affymetrix Inc., Santa

Clara, CA, USA). Genotype calls were made using the Birdseed

algorithm (Rabbee and Speed 2006). Samples were excluded

that had call rates lower than 90% and that showed deviant

values of genome-wide heterozygosity (Purcell et al., 2007), as

this can indicate the presence of genotyping artifacts. Single

nucleotide polymorphisms (SNPs) with a minor allele fre-

quency below 1% or that failed the HardyeWeinberg equilib-

rium test at a threshold of p� 10e6were also excluded (Purcell

et al., 2007). The resulting markers were then adjusted to the

forward strand, as to avoid any ambiguity problems in sub-

sequent steps. A 2-step imputation protocol was followed, in

order to use the genotyped set of markers to infer the geno-

types at millions of additional positions in the human

genome. We used the software MACH for haplotype phasing

and minimac for the final imputation (Howie, Fuchsberger

et al. 2012; Li, Willer et al. 2010), with the 1000 Genomes Phase

1.v3 EUR reference panel (The 1000 Genomes Consortium,

2012). All monomorphic markers were removed from the

reference dataset. Individual genotype calls that had an

imputation certainty lower than 90% were removed, as were

markers with an overall quality score below .3 R2. As a final

quality filter, onlymarkerswith nomore than 5%missing data

were selected. At the end of these procedures, genotypes were

available for 1276 subjects from BIG, for 6,131,824 SNPs

spanning the genome.

Genotyping of the SHIP-2 and SHIP-TREND samples was

done on two different platforms, the Affymetrix Genome-

Wide Human SNP Array 6.0 and Illumina Human Omni 2.5,

respectively. In SHIP-2 the genotype calling was performed

with the Birdseed algorithm and samples were excluded with

call rates lower than 86%. For SHIP-TREND, calls were done on

http://dbm.neuro.uni-jena.de/vbm/
http://dbm.neuro.uni-jena.de/vbm/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://dbm.neuro.uni-jena.de/vbm8/VBM8-Manual.pdf
http://dbm.neuro.uni-jena.de/vbm8/VBM8-Manual.pdf
http://dx.doi.org/10.1016/j.cortex.2014.07.015
http://dx.doi.org/10.1016/j.cortex.2014.07.015
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the GenomeStudio Genotyping Module v1.0, and excluded

samples had a call rate lower than 94%. For both samples,

markers that failed HardyeWeinberg equilibrium (p < 10e4)

were removed, as well asmarkers that hadmore than 20% and

10% missing data in SHIP-2 and SHIP-TREND, respectively.

Imputation of non-observed genotypes was performed on

both samples separately, but with the same protocol. The

reference panel used, as for the BIG sample, was an all poly-

morphic 1000 Genomes Phase 1.v3 EUR panel (The 1000

Genomes Consortium, 2012). A two-step approach was used,

performed with the software IMPUTE v2.1.2.3 (Howie, Don-

nelly et al. 2009). This resulted in genotypes for 17,533,349

markers in 932 subjects for SHIP-2 and 17,585,496 markers in

829 subjects for SHIP-TREND.

2.8. GWAS

We carried out GWAS using the HO PT AI as a quantitative

phenotype, in each of the three datasets, and for males and

females separately. In each dataset, only markers that had a

minor allele frequency higher than 1%, that were in Har-

dyeWeinberg equilibrium (p > 5*10�6), and had a missing

genotype rate lower than 5%, entered the analysis. The asso-

ciation tests were done by linear regression of the HO PT AI on

the genotype status separately at each SNP, in an additive

genetic model, as implemented in PLINK v1.07 (Purcell et al.,

2007).

2.9. GWAS meta-analysis

The six sets of GWAS results (i.e., for each of the 3 datasets,

and separately for males and females) were meta-analysed

per SNP using the ‘sample size’ approach in the software

METAL, described in (Willer, Li, & Abecasis, 2010). Put briefly,

the meta-analysis pools the probabilities of a genetic effect at

each SNP, across each contributing dataset, and weighted by

each dataset's sample size, while considering the direction of

the allelic effect on the quantitative trait. We chose this

method because our six GWAS differed in terms of sex, mean

subject age, and other aspects of subject recruitment, so that

we wished to avoid assuming an equivalence of estimated

genetic effect sizes across datasets and sexes. Finally, we

considered only results from SNPs that were present in each

of the datasets, resulting in 5,285,490 SNPs genome-wide.

2.10. GWAS candidate pathway enrichment analysis

We tested for an enrichment of association with PT asym-

metry, of genes involved in steroid hormone biology, using the

software INRICH (Lee, O'Dushlaine, Thomas, & Purcell, 2012).

Briefly, this approach identifies distinct regions of linkage

disequilibrium (LD) in the genome that show association with

a trait of interest, below a threshold of nominal significance

(we used p ¼ .001). The regions of LD are mapped to genes,

which are assigned to defined gene sets that represent

biological pathways, processes or groups according to prior

gene-functional data. Then, regions of LD are shuffled across

the genome by permutation (10,000 permutations), to arrive

at an empirical measurement of how often the real-data

pattern of association within pathways would be observed
by chance alone. This approach is robust to the effect that a

gene's or gene set's genomic size has on its probability of

containing nominally significant associations. The parame-

ters and options we used were as follows; flanking regions þ/-

100 kb; minimum number of genes in pathway 10; maximum

200.

As input we used the results from each of the six GWAS

separately, before merging the statistical evidence for each

pathway using the “sample-size” approach described earlier

(Willer et al., 2010). The p value for each pathway was then

adjusted by Bonferroni correction to compensate for multiple

testing over 17 gene sets (see below). A practical constraint

that arose from this approach was that we needed to use the

LD structure from only one of the datasets (we chose BIG), but

there is no reason to expect substantial differences in the

genomic distribution of LD between the Dutch and North

German populations. We used the Gene Ontology (GO;

Ashburner et al., 2000) as our source of assignments of genes

to biological pathways. We searched the GO annotation file

provided with INRICH for all pathways containing the search

terms ‘androgen’, ‘estrogen’, ‘progesterone’, ‘steroid’. 72

pathways were found, of which 16 fulfilled the criteria for

association enrichment testing. These pathwayswere ‘Steroid

hormone receptor activity’, ‘Steroid binding’, ‘Steroid

biosynthetic process’, ‘Androgen biosynthetic process’, ‘Ste-

roid metabolic process’, ‘Androgen metabolic process’, ‘Ees-

trogen metabolic process’, ‘Steroid hydroxylase activity’,

‘Estrogen receptor binding’, ‘Steroid hormone receptor sig-

nalling pathway’, ‘Estrogen receptor signalling pathway’,

‘Androgen receptor signalling pathway’, ‘Response to pro-

gesterone stimulus’, ‘Response to estrogen stimulus’,

‘Response to steroid hormone stimulus’ and ‘Androgen re-

ceptor binding’.

We also created one additional, custom gene set that

comprised the genes listed by (Chakrabarti et al., 2009). This

was a manually created gene set containing key genes

involved in androgen and estrogen biology.

2.11. Meta-VBM analysis of the rs785248 polymorphism

We performed a whole-brain VBM analysis of grey matter

volume using the genotypes of the SNP rs785248 within a

multiple regression, separately for each of the three datasets

and the two sexes. See the Results for an explanation of the

choice of this SNP for this analysis. Genotypes were coded as

0, 1 or 2 (i.e., under an additive genetic model) and age and sex

were used as covariates (variation in brain volumehad already

been accounted for in pre-processinge see section 2.3). In BIG,

regressors for scanner field strength and scanner were also

included as covariates. The resulting statistics were then

merged across datasets, separately for each sex and voxel,

using the “sample-size” approach described above (Willer

et al., 2010). The same approach was then used to meta-

analyse both sexes together. To correct for multiple testing

across voxels, a false discovery rate (FDR) correction was

applied to maintain the family-wise error rate (FWE) at .05

(Genovese, Lazar, & Nichols, 2002). We did not account for

multiple testing across males, females, and the sexes com-

bined, since this did not affect the results or interpretation

(see below).

http://dx.doi.org/10.1016/j.cortex.2014.07.015
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3. Results

3.1. Sex and cerebral cortical asymmetry

Table 1 shows descriptive statistics of the HO left and right

grey matter volumes, and AIs, for regions of the cerebral

cortex at which the AI showed a significant mean difference

between the sexes (Data for all regions, regardless of an effect

of sex on the AI, are given in Supplementary Table A.1). The PT

showed the strongest sexually dimorphic asymmetry out of

all 48 cortical regions (Table 1). The probabilistic definition of

the PT by the HO atlas is illustrated in Fig. 1. The voxels with

high probability formapping to the PT correspond closelywith

post mortem, neuroanatomical definitions of this structure

(Geschwind & Levitsky, 1968; Shapleske et al., 1999; Tzourio-

Mazoyer, Simon, et al., 2010). The scan-rescan correlation for

the PT AI was high, r ¼ .91, despite the heterogeneity of

scanner and scanning parameters in the BIG dataset, indi-

cating that this heterogeneity had a negligible impact on the

measured trait variance. Males had a more pronounced
Fig. 1 e The planum temporale as defined with the HO probabi

sagittal (right) views. The sagittal views show the left PT in 4 di

voxel probability of belonging to the PT. The image is of a BIG

average AI of .130).
leftward PT asymmetry than females (Fig. 2). Twelve addi-

tional cortical regions also showed significant mean differ-

ences of their AIs between the sexes (Table 1). These regions

were widely distributed over the cerebral cortex, although

they included several temporal regions close to the PT (and for

which the regional probability maps sometimes overlapped

with that of the PT), such as the anterior divisions of the

middle and superior temporal gyri (Table 1). The two popu-

lation datasets, SHIP-2 (935 subjects) and SHIP-TREND (888

subjects), also supported the PT as having a sexually dimor-

phic asymmetry, and the magnitudes of the effects of sex in

these datasets were consistent with the effect in BIG (Table 2).

SHIP-2 and SHIP-TREND showed decreased PT volumes

compared with the BIG dataset (Table 3), but these decreases

were consistent with the effect of age on PT volume. Within

BIG, we observed linear decreases of PT GM volume with

increased age (Supplementary Figure A) that resulted in a

volumetric reduction of 13% between the ages of 27 and 53,

which are the mean ages of the BIG and SHIP datasets,

respectively.
lity mask, from coronal (top left), axial (bottom left), and

fferent slices. The different colours of the mask indicate the

subject for whom the PT AI was .137 (i.e., close to the BIG

http://dx.doi.org/10.1016/j.cortex.2014.07.015
http://dx.doi.org/10.1016/j.cortex.2014.07.015


Fig. 2 e Density plot of the HO planum temporale asymmetry index (PT AI), in the BIG dataset, separately by sex.
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3.2. Cortical parcellation with FreeSurfer

With FreeSurfer, the PT showed the third most sexually

dimorphic mean AI out of 74 regions defined in the Destrieux

atlas, and the neighbouring posterior ramus of the lateral

sulcus showed the most significantly sex-linked mean AI

(SupplementaryTableA.2). However, the FreeSurfer-Destrieux

definition of the PT deviates substantially from the classical

neuroanatomical definition of this region by extending beyond

the horizontal plane to include the vertically-oriented planum

parietale (PP; see Supplementary Figure B). Thismergingof two

neighbouring regions in the FreeSurfer-Destrieux atlas was

done on the basis of reported cytoarchitectonic similarities

between these two regions (Destrieux et al., 2010; Shapleske

et al., 1999). However, the asymmetry of the PP was previ-

ously found to vary independently of that of the PT (Jancke,
Table 2 e Means and standard deviations of grey matter volume
atlas regions in the BIG dataset that showed a significant effect of
Table S1 for a description of all regions.

HO Males

Left Right AI Le

Planum Temporale 2035 (278) 1543 (208) .137 (.036) 1807

Subcallosal cortex 1759 (194) 2063 (246) �.079 (.021) 1587

Cingulate gyrus, posterior

division

3851 (408) 5223 (606) �.151 (.017) 3448

Superior temporal gyrus,

anterior division

1002 (125) 1020 (124) �.009 (.032) 882

Parietal operculum cortex 2071 (269) 1851 (246) .056 (.034) 1872

Lateral occipital cortex,

inferior division

6393 (714) 6036 (645) .028 (.025) 5848

Frontal medial cortex 1765 (219) 2123 (286) �.092 (.021) 1637

Occipital pole 5254 (695) 5433 (734) �.017 (.028) 4779

Middle temporal gyrus,

anterior division

1596 (185) 1528 (179) .021 (.031) 1416

Paracingulate Gyrus 4782 (598) 5301 (761) �.050 (.022) 4420

Supracalcarine cortex 791 (107) 1372 (189) �.268 (.029) 708

Cuneal cortex 1628 (220) 2466 (354) �.204 (.028) 1465

Cingulate gyrus,

anterior division

4138 (473) 5863 (769) �.171 (.022) 3781
Schlaug, Huang, & Steinmetz, 1994), so that the FreeSurfer-

Destrieux merging of these two regions provided a measure

that was of limited utility for our further purposes. In addition,

the sexual dimorphism of PT asymmetry was weaker for

FreeSurfer-Destrieux than for HO, and only one of the SHIP

datasets showed a significant effect of sex on PT asymmetry

using the FreeSurfer-Destrieux definition (Supplementary

Table B). We therefore focussed only on the HO measure of

PT asymmetry for subsequent analysis.

3.3. TBV and PT asymmetry

Men's brains are well known to be larger on average than

women's, and we therefore analysed the link between sex and

the HO PT AI in relation to the potentially confounding effect

of TBV, using the BIG dataset. Males had a mean TBV of
s (mm3), and Asymmetry Indexes (AI), for HarvardeOxford
sex on theAI after correction formultiple comparisons. See

Females t-test of AI by sex

ft Right AI t-score p-value Adj. p-value

(242) 1406 (178) .124 (.038) 9.05 <.001 <.001
(177) 1889 (222) �.087 (.021) 8.36 <.001 <.001
(367) 4727 (543) �.156 (.017) 7.57 <.001 <.001

(107) 915 (104) �.018 (.032) 6.95 <.001 <.001

(236) 1704 (214) .047 (.030) 6.82 <.001 <.001
(623) 5463 (568) .034 (.024) �5.52 <.001 <.001

(198) 1990 (267) �.096 (.020) 5.49 <.001 <.001
(585) 4890 (647) �.011 (.031) �4.77 <.001 <.001
(155) 1370 (149) .016 (.029) 4.11 <.001 .002

(505) 4926 (634) �.053 (.021) 3.77 <.001 .008

(91) 1216 (154) �.264 (.028) �3.75 <.001 .009

(183) 2196 (290) �.199 (.030) �3.69 <.001 .011

(407) 5389 (655) �.175 (.021) 3.64 <.001 .013

http://dx.doi.org/10.1016/j.cortex.2014.07.015
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Table 3 e Comparison of Planum Temporale (PT)
measures, obtained with HO, across the 3 study datasets.
Mean lateral volumes (inmm3), and Asymmetry Index (AI)
means, are given by sex. The p value is shown for testing
the effect of sex on the AI.

BIG SHIP-2 SHIP-TREND

Left PT Males 2035 (278) 1686 (275) 1751 (270)

Females 1807 (242) 1525 (224) 1574 (234)

Right PT Males 1543 (208) 1290 (201) 1334 (196)

Females 1406 (178) 1187 (162) 1226 (174)

PT AI Males .137 (.036) .132 (.034) .135 (.035)

Females .124 (.034) .124 (.036) .124 (.33)

p value <.001 <.001 .002
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1315.6 ml, SD 104.6. The female mean TBV was 1171.6 ml, SD

90.0. There was a slight correlation between TBV and PT AI

(r ¼ .129, p < .001). The correlation between PT AI and sex was

r ¼ �.184, p < .001 (negative r because males were coded as 1,

females as 2). After regressing TBV out of the PT AI, the cor-

relation with sex was slightly decreased, at r ¼ �.108, though

still highly significant, p < .001. After regressing sex out of the

PT AI, then TBV and the PT AI were no longer significantly

correlated (r ¼ .020, p ¼ .34). Consistent with these findings,

the correlation between sex and PT AI from the non-linearly

modulated GM images (corrected for brain size) was

r ¼ �.111, p < .001. These analyses showed that TBV could not

explain the majority of the effect of sex on PT asymmetry.
3.4. Genetic analysis

The gene set STEROID HORMONE RECEPTOR ACTIVITY

(GO:0003707) showed a significant enrichment of association

in the GWAS results, p ¼ .013 after adjusting for multiple

comparisons across all of the tested pathways. The specific

genes in this pathway that contributed to the measured

enrichment were: ESR1, ESR2, ESRRA, ESRRG, MED12, MED4,

NROB1, NR1D2, NR1H3, NR2C1, NR2C2, NR2E1, NR2F1, NR3C2,
Fig. 3 e Manhattan plot of GWAS meta-analysis for the HO plan

represents the chromosomes laid end-to-end, from short to lon

Y-axis shows the pointwise significance of association. The hori

association (p ¼ 1*10¡6; no result reached genome-wide signifi
NR4A3, NR5A2, PGR, PGRMC2, PPARA, PPARD, PPARG, RORA,

RORB, RXRB, RXRG, THRB and VDR.

In addition, the gene set STEROID METABOLIC PROCESS

(GO:0008202) also showed a significant enrichment of associ-

ation, p ¼ .014 corrected for the multiple pathways tested. In

this case, the genes contributing to this association were:

ABCA1, AKR1B1, APOB, APOF, CUBN, CYP17A1, CYP19A1,

CYP21A2, CYP2A6, CYP2B6, CYP2C19, CYP2C9, CYP2D6,

CYP2E1, CYP3A5, CYP3A4, HDLBP, HSD17B3, HSD17B6,

HSD19B3, LSS, MBTPS1, NPC1L1, OSBPL10, OSBPL3, OSBPL6,

OSBPL7, OSBPL9, PCSK9, SC4MOL, SOAT1, SRD5A1, SREBF1,

STAR, STARD5, SULT1A4, SULT1B1, SULT1E1, SULT2B1,

UGT1A8, UGT1A1, VLDLR and WWOX.

The GWAS meta-analysis did not identify any individual

SNP that surpassed the commonly agreed threshold for calling

genome-wide significance of an individual association

(threshold p ¼ 5*10�8; Fig. 3). There were 4 SNPs that showed

suggestive association at a significance level below 1*10�6:

rs74462483 (p ¼ 1.1*10�7), rs785248 (p ¼ 1.6*10�7), rs1971444

(p ¼ 7.4*10�7) and rs17074257 (p ¼ 8.6*10�7).

The SNP rs74462483 is an intergenic variant on chromo-

some 13, ~50 kb away from LINC00559 (long intergenic non-

protein coding RNA 559) and mir-622 (microRNA 622), with a

minor allele frequency (MAF) of .055 (imputation r-square .92

in BIG). rs785248 is located on chromosome 2 within an intron

of C2orf88 (MGC13057) and has a MAF of .29 (imputation r-

squared >.99 in BIG). The messenger RNA of C2orf88 has been

shown to be up-regulated in response to knockdown of the

progesterone receptor gene in decidualizing endometrial tis-

sue (Cloke et al., 2008), but otherwise little is known of the

potential biological functions of C2orf88. rs1971444 is an

intergenic variant on chromosome 6, ~50 kb upstream of

CDYL, with a MAF ¼ .28 (imputation r-squared ¼ 1.0).

rs17074257 is an intergenic variant located on chromosome 4,

and is ~2 kb downstream of DCTD and has a MAF of .27

(imputation r-square .97 in BIG). The protein encoded byDCTD

catalyses the deamination of dCMP to dUMP, the nucleotide
um temporale asymmetry index (PT AI). The X-axis

g arms, in ascending numerical order from left to right. The

zontal line represents the threshold we used for suggestive

cance). Shading represents the different chromosomes.

http://dx.doi.org/10.1016/j.cortex.2014.07.015
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substrate for thymidylate synthase (Weiner et al., 1995).

Table 4 shows themagnitudes of the putative effects for these

4 SNPs in each of the datasets, separately by sex. Each of these

4 SNPs showed a negative direction of effect in each dataset

and sex, meaning that the minor allele was associated with a

decrease in leftward PT asymmetry. However, the effectswere

not always statistically significant across all of the datasets

and sexes. Of the 4 SNPs, rs785248 showed the most consis-

tency in evidence for association across datasets and sexes,

with a significant, negative effect of theminor allele in 4 of the

6 analyses (see Table 4).

3.5. Meta-VBM analysis of rs785248

This SNP was selected for brain-wide grey matter VBM asso-

ciation analysis due to the relative consistency of its effect on

the PT AI across datasets and sexes, and in light of the link

between C2orf88 and the progesterone receptor (Cloke et al.,

2008). This analysis revealed that the effect of this SNP on

the PT AI stemmed from a right-sided superior temporal effect

that was present in both genders and mapped fairly consis-

tentlywith theHO definition of PT (Fig. 4). In addition, a cluster

of significant voxels was also found in the right inferior frontal

lobe (Fig. 5).
4. Discussion

GWAS for asymmetry of the PT offers the potential to identify

novel molecular and developmental mechanisms that are

involved in lateralizing the human brain, for aspects of func-

tion that include language. Sexual dimorphism of PT asym-

metry has been reported (de Courten-Myers, 1999; Good et al.,

2001; Shapleske et al., 1999), but also not found by some

studies (Sommer et al., 2008; Wallentin, 2009; Watkins et al.,

2001). A sex difference in PT asymmetry would suggest ste-

roid hormone-related genes and pathways as specific candi-

dates for involvement in this asymmetry.

4.1. Asymmetry of the PT is sexually dimorphic

In the BIG dataset we screened over the cerebral cortex for

regions that showed a mean difference in asymmetry be-

tween males and females, using probabilistic definitions for

regions of interest. We found that the PT as defined by the HO

atlas showed the strongest sexually dimorphic asymmetry of

any cortical region, which remained significant when

adjusted conservatively for multiple testing over all cortical
Table 4 e Standardized regression coefficients and p-values, wit
showed p < 10¡6 in the GWAS meta-analysis. Bold values are th

rs74462483 rs785

Beta p Beta

BIG Females ¡.343 .001 �.03

Males �.248 .073 ¡.209

SHIP-2 Females ¡.396 .006 ¡.145

Males �.276 .06 ¡.21

SHIP-T Females �.235 .092 ¡.189

Males �.205 .138 �.136
regions. Males showed stronger leftward PT regional laterali-

sation than females, which was consistent with some of the

larger, previous studies where a sex difference has been re-

ported (de Courten-Myers, 1999; Good et al., 2001; Shapleske

et al., 1999; see also a recent study by Ruigrok et al. (2014)

showing females to have larger volumes of the right PT than

males). The same sexual dimorphism in PT AI that we

observed in BIG was also found in the two SHIP datasets,

comprised primarily of older adults from north Germany,

which totalled 1823 subjects. Of interest to researchers of

brain lateralization, handedness was not associated with PT

asymmetry; we report elsewhere the results of screening over

the entire cerebral cortex in relation to handedness

(Guadalupe et al., 2014).

The largest previous study that did not identify a significant

sex effect on PT asymmetry (Sommer et al., 2008)was based on

meta-analysis of data from 13 separate studies, representing

807 subjects in total. Publication bias was suggested to have

established a sex effect on PT asymmetry in the literature

(Sommer et al., 2008). Ours is the first study of cerebral cortical

asymmetry to have included data from thousands of subjects,

while also using relatively uniform methods, and across

individually large datasets. The SHIP datasets were

population-based samples, thus with minimal selection bias

for, or against, potentially confounding factors such as hand-

edness or psychiatric disease. We therefore conclude that a

subtle sexual dimorphism of asymmetry within and around

the PT is a true feature of the general human population.

Men's brains arewell known to be slightly larger on average

thanwomen's (Good et al., 2001; Stein et al., 2012), and we also

observed this in our datasets. The question arises whether

larger brains tend to be more asymmetrical for some regions,

independently of sex, which could be a potential confound in

measuring sexual dimorphisms of asymmetry (Josse, Herve,

Crivello, Mazoyer, & Tzourio-Mazoyer, 2006; Tzourio-

Mazoyer, Petit, et al., 2010). While we found evidence that

TBV was weakly correlated with PT regional asymmetry, this

correlation could not account for the majority of the effect of

sex on the asymmetry, and was no longer significant after the

effect of sex was removed. We therefore conclude that sex

affects asymmetry of the PT via mechanisms that are largely

distinct from those determining overall brain size.

The segmentation and normalization steps in the SPM

analysis relied on prior information derived equally from both

males and females (SPM8 manual; Mazziotta, Toga, Evans,

Fox, & Lancaster, 1995), and the HO atlas was also derived

from amixed sample of 21males and 16 females (Makris et al.,

2006; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).
hin each dataset and separately by sex, for the 4 SNPs that
e nominally significant statistics.

248 rs1971444 rs17074257

p Beta p Beta p

.593 �.105 .064 ¡.198 >.001

.002 �.089 .196 ¡.186 .008

.041 ¡.247 .001 �.087 .226

.004 ¡.158 .036 �.096 .189

.006 �.08 .25 �.091 .186

.067 ¡.195 .009 �.122 .095

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
http://dx.doi.org/10.1016/j.cortex.2014.07.015
http://dx.doi.org/10.1016/j.cortex.2014.07.015


Fig. 4 e Results of the grey matter VBM analysis of rs785248. Images are shown from 3 different slices, centered on the

posterior part of the superior temporal lobe. Depicted in red-orange-yellow (according to their meta-analysed z-score) are

the significant voxels after FDR correction brain-wide, while blue shades indicate voxel-wise p values less than .001 but

which did not remain significant after FDR correction. Column (a) depicts the results from males only, column (b) from

females and column (c) the results from males and females meta-analysed.
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Nonetheless a possible concern is that systematic sex differ-

ences in our datasets, for example in gyrification patterns or

tissue misclassification, may have contributed to a sex dif-

ference beingmeasured in the PTAI. As the effect of sex on the

PT AI contributed only 1.2 ~ 1.6% of its variance, it was not

feasible to assess these possibilities by visual inspection. Vi-

sual checks for gross segmentation errors, or errors in the

application of the HO atlas, were carried out for thirty images

in the BIG dataset, but in order to characterise a subtle bias

explaining 1.2 ~ 1.6% of trait variance then hundreds of images

would need to be inspected and measured in detail, and ac-

cording to criteria that are not clear. Given that the direction of

sex effect on the PT AI that wemeasured agrees with previous

neuroanatomical studies when a sex difference was found (as

discussed above), we consider it unlikely that an artifact of the

image processing pipeline was a main driver of the sexual

dimorphism in our data.
The optimised segmentation protocols that we used

(Ashburner & Friston, 2005) has its own general limitations

regarding such issues as misalignment, the use of templates

that are not study-specific, and the degree of non-linear

registration (Ashburner, 2009). In order to achieve an

adequately powered GWAS meta-analysis, a combined sam-

ple of thousands of participants was required (Cantor, Lange,

& Sinsheimer, 2010). It was not therefore practical to assess

within each dataset how study-specific templates or varying

parameters in the optimised protocol might have affected the

measurements of cortical asymmetries.

4.2. HO probability map measures individual differences
in PT regional asymmetry

The HO atlas was derived from manual segmentations of sets

of reference brain images (Destrieux et al., 2010; Goldstein,

http://dx.doi.org/10.1016/j.cortex.2014.07.015
http://dx.doi.org/10.1016/j.cortex.2014.07.015


Fig. 5 e Results of the grey matter VBM analysis of rs785248. Images are shown from 3 different slices, centered on the

inferior part of the prefrontal lobe. Depicted in red-orange-yellow (according to their meta-analysed z-score) are the

significant voxels after FDR correction brain-wide, while blue shades indicate voxel-wise p values less than .001 but which

did not remain significant after FDR correction. Column (a) depicts the results from males only, column (b) from females and

column (c) the results from males and females meta-analysed.
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Goodman, et al., 1999; Goldstein, Seidman, et al., 2007). It

therefore contained asymmetrical definitions for structures

that showed different sizes or locations between the left and

right hemispheres in the reference dataset (including the PT;

Fig. 1). Accordingly, the measurement of average regional

asymmetries in our samples would reflect left-right differ-

ences present in the atlas. For detecting cerebral asymmetries

with automated methods, some groups have chosen to work

from artificially created, left-right symmetrical atlases, e.g.,

(Kawasaki et al., 2008). However, our study was focused on

comparing relative degrees of asymmetry between subjects

and groups, i.e., using the individual and group-level differ-

ences in the AI, regardless of the mean population level of

asymmetry. The use of a ‘real-world’ asymmetrical atlas,

rather than an artificially symmetrical atlas, was therefore

appropriate for our study, as it had the advantage that

regional identification was likely to be more accurate for

structures that were asymmetrical both in the atlas and, on

average, in our datasets. We did not aim to measure absolute
levels of asymmetry, nor confirm a mean population-level

asymmetry of any of the regions under study. In addition,

we followed up an interesting SNP association with the HO PT

AI by performing brain-wide grey matter VBM association

analysis without use of atlas-defined regions of interest (see

below). Thus the PT AI derived from an asymmetrical atlas

acted as a useful probe for GWAS, but one which necessarily

required following up with an atlas-free approach for associ-

ation signals of interest.

The HO regional probability masks were not constrained in

their application by local anatomical features specific to each

subject, hence we considered the resulting measures of grey

matter volume and asymmetry to reflect regions that were

somewhat more inclusive than the target anatomical struc-

tures as named in the HO atlas. This expectation was

consistent with our observation of no subjects having greater

right than left PT volumes, in contrast to classical neuroana-

tomical studies of the PT which have reported larger right PTs

in aminority of subjects (Shapleske et al., 1999). The complete

http://dx.doi.org/10.1016/j.cortex.2014.07.015
http://dx.doi.org/10.1016/j.cortex.2014.07.015
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PT region as defined by HO is larger and more inclusive than

the classically defined structure, and therefore indexes a

slightly broader regional asymmetry around the posterior

sylvian fissure (Fig. 1). However, much of the broader region in

the HO atlas was defined at relatively low probability for in-

clusion in the region, and had correspondingly reduced

weight in calculating our volumetric estimates, while the

‘higher probability’ voxels corresponded closely with clas-

sical, neuroanatomical definitions of the PT (Fig. 1; Shapleske

et al., 1999). The maximum voxel-wise probability for map-

ping to the PT was 74% in the HO atlas (Fig. 1), illustrating the

anatomical variability of the region in the reference brains

used for this atlas.

In twice-scanned subjects, for the HO PT AI, we found that

the proportion of shared variance between first and second

scans (r-squared) was 81%. This was encouraging for subse-

quent genetic mapping with this trait, because the repeat-

ability of a measure sets an upper limit on the proportion of

trait variance that can be attributed to genetic factors, and has

direct implications for the power to detect the effects of

polymorphisms in GWAS. Large-scale genetic studies depend

on automated methods of image analysis for processing data

from very large subject collections, for which manual check-

ing is not an option (Stein et al., 2012). The high repeatability

of the HO PT AI, and the consistency of the effect of sex across

the datasets that we analysed, indicated that this measure

is largely robust to heterogeneity of scanners and scanning

parameters, and therefore would be appropriate for even

larger GWAS meta-analyses incorporating further datasets.

A practical approach in future genetic mapping may

involve the use of multivariate approaches (Ferreira & Purcell,

2009) for analysing asymmetries across multiple, neighbour-

ing regions that are defined within a given atlas, or across

multiple atlases as implemented in different automated

image analysis methods. However, multivariate approaches

are not necessarily straightforward to apply in the context of

meta-analysis across multiple datasets.

4.3. Genes involved in steroid hormone biology influence
population variance in PT asymmetry

Genes in the GO sets “Steroid Hormone Receptor Activity” and

“Steroid metabolic process” were significantly enriched for

SNPs showing associationwith the PTAI, aftermeta-analysing

the results from males and females in the BIG and SHIP

datasets. We hypothesise that variants in genes involved in

steroid hormone pathways are likely to be downstream

modifiers of PT asymmetrical development, rather than

directly implicating early embryonic mechanisms that ‘break

symmetry’ in the human CNS. Such mechanisms are

currently unknown, but are apparently somewhat distinct

from those that initiate embryonic left-right patterning of the

viscera (heart, lungs etc.; Tanaka et al., 1999). People with left-

right situs inversus of the viscera are reported to have similar

rates of left-lateralised language dominance to people with

normally patterned viscera (Tanaka et al., 1999). Visceral

asymmetry appears to arise as a consequence of the homo-

chirality (biased handedness) of amino acid molecules in

living systems, that together create ‘handed’ cilia leading to a

unidirectional, leftward fluid flow within the embryonic node
(Shinohara et al., 2012; Takaoka, Yamamoto, & Hamada, 2007;

Yoshiba et al., 2012), and ultimately to different gene expres-

sion cascades on the two sides of the body. Human CNS

asymmetries may also arise from analogous molecular/bio-

physical asymmetries, but the core mechanism is unknown.

Steroid hormone pathways do not present an obvious ‘sym-

metry breaking’ mechanism. Furthermore, sex clearly has

only a modifying effect on the population-level asymmetry

within and around the PT, that is nonetheless present and

pronounced in both sexes. Therefore, insofar as steroid hor-

mone biology may contribute to the effect of sex on these

asymmetries, we conceive of the influence in terms of devel-

opmental modulation, rather than a core mechanism that

triggers directional CNS asymmetry.

The GWAS meta-analysis also yielded four suggestively

associated individual SNPs. The one which showed the most

consistent effect across samples and sexes was rs785248,

located within an intron of the uncharacterised gene tran-

script C2orf88 which has been shown to be affected by

manipulation of the progesterone receptor in decidualizing

endometrial tissue (Cloke et al., 2008). This additional, poten-

tial link to steroid hormone biology is intriguing in the context

of our other genetic findings. TheC2orf88 gene is not contained

within the GO sets of “steroid hormone receptor activity” or

“steroid metabolic process” genes, and therefore the associa-

tion at C2orf88 and the enrichment of association within these

GO sets are independent findings that arose from our data.

As there is little reason to expect that a genetic effectwill be

limited only to one brain region as definedby a particular atlas,

we followed up the associationwithin C2orf88with brain-wide

greymatter VBM-basedmeta-analysis. This approach allowed

a detailed examination of the putative effect of this locus

which was free from considerations relating to HO regional

definitions and atlas asymmetries. Nonetheless, the results

corroborated the HO-based findings and showed rs785248was

associated with the PT AI by affecting GM volume within the

right superior temporal region (Fig. 4). While this effect was

not significant within each sex separately, when merged by

meta-analysis, the putative effect within C2orf88 was seen for

a set of voxels across the right superior temporal gyrus,

matching closely the HO definition of PT, as well as within the

right medial inferior frontal gyrus (Fig. 5).

The proportion of variance in HO PT AI attributable to

rs785248 was roughly .8%, a figure which was largely stable

across each of the meta-analysed datasets and both sexes.

The concordance of effect size across the datasets supports

validity of this potential association, and .8% of trait variance

is a realistic size of effect on what is presumably a multifac-

torial trait that has many contributing genetic and environ-

mental influences (Singleton, Hardy, Traynor, & Houlden,

2010; Stein et al., 2012). Our results clearly rule out the possi-

bility that there exist individual genetic influences on PT

regional asymmetry that account formore than a tiny fraction

of overall trait variance. This finding is particularly discordant

with single-gene theories of human cerebral asymmetry and

language (Berlim, Mattevi, Belmonte-de-Abreu, & Crow, 2003).

Given the PTs central role in language cognition, variants in

the individual genes and steroid-related gene set that we have

identified should now be investigated as modifying effects on

language and reading performance in clinical and population

http://dx.doi.org/10.1016/j.cortex.2014.07.015
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samples. We recommend the use of gene-set-based ap-

proaches for such follow-up investigations, such as that we

have used here (Lee et al., 2012) in which subtle effects of in-

dividual variants may be detected in combination. Our data

also indicate that larger-scale GWAS meta-analysis of PT

regional asymmetry should be pursued, incorporating addi-

tional study populations.

An important possibility, for future study, is that sex-

linked structural asymmetries in younger females might be

dynamically linked to the menstrual cycle, and/or the use of

oral contraception which often contains progesterone. Cycle

phase-dependent changes in steroid serum levels have been

correlated, using functional MRI, with the volume and later-

alization of brain activations related to a semantic task,

including within the superior temporal cortex (Fernandez

et al., 2003). Increased progesterone was linked to more

bilateral activation for this task (Fernandez et al., 2003).

Menstrual cycle-linked changes in amygdala morphology

have also been observed (Ossewaarde et al., 2011). PT leftward

asymmetry was slightly reduced in the females of the BIG

dataset (many students) as compared to the SHIP datasets

(many of whom will have been post-menopausal), which we

speculate is consistent with a progesterone-mediated reduc-

tion in superior temporal asymmetry.
4.4. Additional sexually dimorphic cerebral asymmetries

Our screen over the entire cerebral cortex for sexually

dimorphic asymmetries also identified other sex-linked re-

gions, additional to the PT, some of which have not previously

been highlighted in this context (such as the cingulate gyrus).

These sex-linked asymmetries were widely distributed over

the cortex, and individual differences in these asymmetries,

across subjects, were not strikingly correlated with one

another (data not shown). The discovery of these additional,

sexually dimorphic asymmetries illustrates the power of

systematic studies in thousands of subjects to pinpoint subtle

group differences. With further validation of their relation to

sex, these regional asymmetries may also be considered as

candidates for the kinds of genetic analysis that we have

performed here in relation to the PT region.
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