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Brain asymmetry, or the structural and functional specialization of each brain hemisphere, has fascinated
neuroscientists for over a century. Even so, genetic and environmental factors that influence brain
asymmetry are largely unknown. Diffusion tensor imaging (DTI) now allows asymmetry to be studied at a
microscopic scale by examining differences in fiber characteristics across hemispheres rather than
differences in structure shapes and volumes. Here we analyzed 4 Tesla DTI scans from 374 healthy adults,
Keywords: including 60 monozygotic twin pairs, 45 same-sex dizygotic pairs, and 164 mixed-sex DZ twins and their
DTI siblings; mean age: 24.4years+1.9 SD). All DTI scans were nonlinearly aligned to a geometrically-
symmetric, population-based image template. We computed voxel-wise maps of significant asymmetries
(left/right differences) for common diffusion measures that reflect fiber integrity (fractional and geodesic
anisotropy; FA, GA and mean diffusivity, MD). In quantitative genetic models computed from all same-sex
twin pairs (N=210 subjects), genetic factors accounted for 33% of the variance in asymmetry for the inferior
fronto-occipital fasciculus, 37% for the anterior thalamic radiation, and 20% for the forceps major and
uncinate fasciculus (all L>R). Shared environmental factors accounted for around 15% of the variance in
asymmetry for the cortico-spinal tract (R>L) and about 10% for the forceps minor (L>R). Sex differences in
asymmetry (men>women) were significant, and were greatest in regions with prominent FA asymmetries.
These maps identify heritable DTI-derived features, and may empower genome-wide searches for genetic
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polymorphisms that influence brain asymmetry.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Asymmetries in brain structure and function have been studied for
over a century. Anatomical asymmetries give evidence for the
developmental and evolutionary origins of lateralized cognitive
functions and behavioral traits, such as language and handedness
(Lancaster et al., 2003; Toga and Thompson, 2003; Luders et al., 2005).

Structural brain asymmetries are influenced by both genetic and
environmental factors throughout life. The degree of anatomical
asymmetry depends to some extent on age (Sowell et al., 2002a), sex
(Luders et al., 2003; Witelson et al., 1992), and handedness (Narr et
al., 2007).

Aberrant asymmetries, reported in several brain disorders, may
indicate a derailment in processes that establish normal hemispheric
specialization. Some mental illnesses, such as schizophrenia, are
thought by some to arise due to a failure of normal functional
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lateralization (Crow, 1990; Narr et al, 2007; Hamilton et al., 2007)
although such a view is not universally accepted. Altered asymmetries
have been found in groups of patients with dyslexia (Beaton, 1997),
Williams syndrome (Thompson et al., 2005; Eckert et al., 2006), fetal
alcohol syndrome (Sowell et al., 2002b), Huntington's disease (Miihlau
et al, 2007), and multiple sclerosis (Koziol et al., 2005). Inherently
lateralized pathologies, such as temporal lobe epilepsy (where the
seizure focus is typically on one side of the brain only) may also be
assessed by mapping the level of brain asymmetry (Lin et al., 2006).

Asymmetries in the rate of disease progression have reported in
some, but not all, studies of degenerative diseases such as Alzheimer's
disease and mild cognitive impairment (MCI; Thompson et al., 2003;
Thompson et al., 1998; Morra et al., 2009). Taken together, all these
asymmetries heighten interest in possible differences in the vulner-
ability of the two hemispheres to various types of neuropathology and
age-related decline, and the origins of these differences.

Diffusion tensor imaging (DTI) offers a new opportunity to study
hemispheric differences in microscopic fiber characteristics. DTI is a
variant of magnetic resonance imaging, sensitive to directionally
constrained water diffusion that occurs preferentially along myelinated
axons (Basser and Pierpaoli, 1996). The fractional anisotropy (FA) of
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diffusion tends to be higher when fiber tracts are more directionally
coherent, or more heavily myelinated, and is a widely accepted index of
the microstructural integrity of white matter (Klingberg et al., 2000;
Beaulieu, 2002).

DTI studies in twins can be used to determine genetic and
environmental effects on fiber architecture. Monozygotic twins share
all their genes while dizygotic twins share, on average, half. Estimates
of the proportion of variance attributable to genes versus environ-
ment may be inferred by fitting structural equation models to data
from both types of twins. Twin MRI studies have already found that
genetic factors strongly influence several aspects of brain structure,
such as cortical thickness, and gray and white matter volumes
(Thompson et al., 2001; Styner et al., 2005; Hulshoff Pol et al., 2006;
Peper et al., 2007; Schmitt et al., 2008; Chou et al., 2009; Leporé et al.,
2008b; Brun et al., 2009). Even so, twin studies using DTI are still quite
rare (recent examples include Lee et al., 2009a,b; Kochunov et al.,
2010; Chiang et al., 2009b).

Here we used a twin design to map the 3D pattern of asymmetries
and to search for regions where these asymmetries are highly
heritable. Honing in on heritable DTI-derived signals may empower
genome-wide searches for specific contributing genes, by first
isolating regions where differences are heritable. This may alleviate,
to some degree, the enormous sample sizes and multiple comparisons
corrections that frustrate efforts to detect and replicate single-gene
effects on brain structure (Stein et al., 2010) and DTI (Chiang et al.,
2009b).

We set out to create the first DTI-based maps of asymmetries (left/
right hemisphere differences) for commonly-studied fiber character-
istics (FA, GA, MD) in a large, mixed-sex twin population (N=374).
Studies of fiber-level asymmetries may be confounded by known
asymmetries in brain shape, such as the natural petalias that make the
right frontal lobe protrude beyond the left (Toga and Thompson,
2003). It makes sense to reduce these pronounced macrostructural
differences across subjects before gauging the level of microstructural
asymmetry, especially in a mixed-sex population, where sex differ-
ences in anatomy may also be found (Brun et al., 2009). We therefore
adjusted, as far as possible, for the known structural differences
between hemispheres by aligning brains to a “symmetrized” mean
deformation target (MDT) created from the set of fractional
anisotropy images in the study.

As well as assessing genetic influences on diffusion asymmetry,
secondary (exploratory) analyses were also performed to assess any
effects of sex and 1Q.

Methods
Subjects and image acquisition

Structural and diffusion tensor (DT) whole-brain MRI scans were
acquired from 374 subjects with a high magnetic field (4 T) Bruker
Medspec MRI scanner. T1-weighted images were acquired with an
inversion recovery rapid gradient echo sequence. Acquisition para-
meters were as follows: TI/TR/TE=700/1500/3.35 ms; flip
angle = 8°; slice thickness =0.9 mm, with an acquisition matrix of
256 x 256 x 256. Diffusion-weighted images were also acquired using
single-shot echo planar imaging with a twice-refocused spin echo
sequence to reduce eddy-current induced distortions. Acquisition
parameters were optimized to provide the best signal-to-noise ratio
for estimation of diffusion tensors (Jones et al, 1999). Imaging
parameters were: 23 cm FOV, TR/TE 6090/91.7 ms, with a 128 x 128
acquisition matrix. Each 3D volume consisted of 55 2-mm thick axial
slices with no gap and 1.79x1.79 mm? in-plane resolution. 105
images were acquired per subject: 11 with no diffusion sensitization
(i.e., T2-weighted by images) and 94 diffusion-weighted (DW) images
(b=1149 s/mm?) with gradient directions evenly distributed on the
hemisphere. Scan time was 14.2 min. The subjects included 120 young

adult monozygotic (MZ) twins (60 pairs — 21 males, 39 females), 90
same-sex dizygotic (DZ) twins (45 pairs — 15 males, 30 females); and
an additional 164 mixed-sex dizygotic twins (i.e., one male and
female twin per pair) and any non-twin siblings for whom scans were
available. No subjects reported a history of significant head injury,
neurological or psychiatric illness, substance abuse or dependence, or
had a first-degree relative with a psychiatric disorder. In addition, all
subjects were screened, using a detailed neurocognitive evaluation
(de Zubicaray et al., 2008) to exclude cases of pathology known to
affect brain structure. In total, diffusion images from 374 (145 males,
229 females) right-handed young adults (mean age: 24.37 years, SD
1.94) were included in this study. Handedness was assessed in these
subjects based on 12 items from Annett's Handedness Questionnaire
(Annett, 1970).

Preprocessing and general overview

Each subject’'s T1-weighted MR and DWI images were edited to
remove extracerebral tissues. All skull-stripped structural T1-weight-
ed images were linearly aligned (with 9 degrees of freedom) to a
standard template to ensure alignment in space. The raw diffusion
weighted images were corrected for eddy-current induced distortions
using the FSL tool, “eddy_correct”. For each subject, the 11 eddy-
corrected images with no diffusion sensitization, also called the bg
images, were averaged. The average by maps were then aligned and
elastically registered to the subject's aligned T1-weighted structural
scan using a mutual information cost function (Leow et al., 2005) to
account for EPI induced susceptibility artifacts. Similar registrations
have been shown to be useful for EPI distortion correction (Huang et
al., 2008). The rest of the image processing steps, using the distortion
corrected sets of diffusion weighted images, are summarized in Fig. 1.
A mean deformation template image was created using fractional
anisotropy (FA) maps derived from the diffusion-weighted data
(detailed below). The FA images were registered directly to the target
and the resulting deformation fields were applied to all the anisotropy
maps to put them all into the same coordinate space. To further
ensure alignment of white matter tracts, the registered FA maps were
thresholded to include only those regions where FA>0.25. These
images were then registered to the thresholded template, and the
resulting deformation fields were reapplied to all the registered
anisotropy maps. Left-right asymmetries in the anisotropy maps were
calculated, and various group-wise statistical analyses were per-
formed. Voxel-wise statistics were used, as in many prior DTI studies
(Liu et al., 2009; Ardekani et al., 2007). These included quantitative
genetic analyses to estimate genetic and environmental contributions
to the observed differences. We expected genetic factors to play a
substantial role in the lateralization of the fiber anisotropy in language
association regions of the temporal lobe, including the arcuate
fasciculus (de Jong et al., 2009; Rodrigo et al, 2007). We also
predicted that the use of a symmetrized brain template as a
registration target might somewhat reduce the level of observed
asymmetry, by eliminating factors reflecting brain shape, such as the
level of petalia, or torquing, of the brain.

Anisotropy calculation and registration

DTI was introduced by Basser et al. (1994) to characterize the
anisotropy (directional preference) in the diffusion of water mole-
cules in brain tissue. In DTI, the MR signal attenuation due to water
diffusion in direction k decreases according to the Stejskal-Tanner
equation, if a Gaussian distribution is assumed: S(r) = So(r)e 2L
Here So(r) is the non-diffusion weighted baseline intensity in
direction r, Di(r) is the apparent diffusion coefficient (ADC), and by
is a constant depending on the direction k. Two of the many popular
scalar measures of fiber anisotropy include the fractional anisotropy
and geodesic anisotropy. Fractional anisotropy (FA) is one of the most
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Fig. 1. Flow chart of steps used to analyze DTI asymmetries. FA maps from all subjects were used to make a group “average-shape” brain, or mean deformation template (MDT), and
they were nonlinearly registered to this template. The deformation fields were also applied to maps of mean diffusivity (MD) and anisotropy (FA, GA) to align them all to the
common template. Statistical maps were made to show the mean level of asymmetry in different brain regions. Genetic analysis of the variance in fiber characteristics was performed

at each location in the brain.

widely used measures in DTI research. Geodesic anisotropy (GA) is a
measure more recently advocated by several groups (Batchelor et al.,
2005; Arsigny et al., 2006). Both measures are calculated from a local
tensor (3D Gaussian) approximation for Dy (r); GA assesses differ-
ences between tensors using a geodesic distance measure on the
manifold on which the tensors lie (Arsigny et al., 2006; Fletcher and
Joshi, 2004). Prior work on the genetics of fiber integrity suggested
that GA was slightly better able to detect genetic influences on the DTI
signal than FA (Lee et al., 2008, 2009a).

Diffusion tensors were computed from the 105-gradient diffusion-
weighted images using the FSL software (http://fsl.fmrib.ox.ac.uk/fsl/).
FA and GA scalar images of anisotropy, and mean (IMD), axial (AD) and
radial diffusivity (RD) measures were created for the 374 subjects from
the eigenvalues (N1, Nz, \3) of the symmetric 3 x 3 diffusion tensor (S).
The hyperbolic tangent of the GA (tanh GA or tGA) was also computed,
which takes values in the same range as FA, i.e., [0,1]:

e N e S Lo N

VAN N+ N (1)

MD =<\> = M
GA(S) = \/Trat:e(log5—<log5>1)2 (2)
(logS) = Trace(logS)
3
tGA = tanh GA=[0, 1]. 3)

Template creation and registration

To avoid misinterpreting any detected differences, it is helpful to
reduce the pronounced macrostructural differences when gauging
the level of microstructural asymmetry, especially in a mixed-sex

population. We therefore adjusted, as far as possible, for the known
structural differences between hemispheres by aligning brains to a
symmetrized mean deformation target (MDT) created from the set of
FA images. The choice of registration target is known to affect the
accuracy of region of interest (ROI) analyses (Wang et al., 2005), so
we created a symmetrical population-based (MDT) using nonlinear
fluid registration, as described in (Leporé et al., 2006, 2008a,b).
Several alternative methods to create an MDT have been proposed,
but here we used the method proposed by (Kochunov et al., 2001,
2002): the N 3D vector fields fluidly registering a specific individual
to all other N subjects were averaged and applied to that subject. This
way, the anatomy was geometrically adjusted while the image
intensities and anatomical features of that specific subject were
retained.

To construct a symmetric, population-based MDT, a random
selection of 32 (16 females/16 males) non-related subjects’ fractional
anisotropy images was used (calculated after by susceptibility
correction). This group was split into two subgroups of 16 (8
women in each). Within each subgroup, half the subjects (8 total, 4
women) were reflected across the midsagittal plane. All subjects in
the subgroups were then fluidly registered to a single subject target
within the group. In one group the target was selected to be a
mirrored image, while in the other the target was in the original
orientation. One group's target was female, the other male. In each
group, 8 of the 15 images aligned to the target were of the opposite
orientation to the target (original orientation or mirrored across the
midsagittal) and the other 7 were in the same orientation (see Fig. 2).
Once all images were registered to the designated target, the
deformation fields from all registrations within the group were
averaged and applied to the corresponding target to obtain the
within-group (MDT). The 2 group MDTs were the co-registered, and
averaged along with their mirror images to ensure a structurally
symmetric template on both a macro and microstructural scale.

In our prior work (Jahanshad et al., 2009), we found that using T2-
weighted images for registration purposes yields results similar to those
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Fig. 2. To create an MDT that was symmetrical by design, deformation fields - mapping images in their original orientation and others in the flipped orientation to the template —

were averaged and applied to the template.

obtained from using higher resolution T1-weighted images, with the
advantage that they are inherently in register with the diffusion-
weighted images from the same scanning session. To further ensure
alignment of the white matter regions of interest, in this study, we
decided to use a DTI-derived measure, the FA, to drive the registration.
This should reduce the bias in examining microstructural asymmetry by
greatly reducing the macroscopic misregistration of the white matter.
Other groups have proposed the use of multiple diffusion tensor based
channels may improve the process of template generation and reduce
the misregistration bias (Park et al.,, 2003, 2004).

FA maps for each of the linearly aligned 374 subjects were
registered to the final population averaged FA-based MDT using a 3D
elastic warping technique. This elastic registration enforces diffeo-
morphic mappings and uses mutual information as a cost function
(Leow et al., 2005). 3D deformation fields mapping each subject to the
MDT were retained and applied to the original FA, tGA, and MD maps.
To further ensure alignment of white matter regions of interest, the
FA-MDT as well as all whole-brain registered FA maps were then
thresholded to include only those regions where the FA was greater
than 0.25. The individual thresholded FA maps were then re-
registered to the thresholded MDT in the same way as the whole-
brain registration. The resulting deformation fields were once again

applied to the anisotropy maps. When transforming FA maps onto a
common template, strictly speaking, the FA values cannot be
absolutely preserved as they are trilinearly interpolated after they
are transformed through a displacement field. As such they will be
very slightly smoother than the raw data, but the smoothing will not
vary in a spatially biased way. The warping of FA maps through a non-
rigid transform will also slightly alter the relative volumes of different
brain regions, although this spatial normalization is deliberate and is
required for cross-subject averaging and comparisons. For region of
interest analysis, the JHU DTI atlas (Mori et al., 2005; Wakana et al.,
2007) was also mapped to the MDT using elastic registration. Tract
probability maps were thresholded to include all regions that had a
probability greater than 0.25 of being within a specific tract.

Creating asymmetry maps

Each aligned anisotropy map was mirrored across the midline
(Fig. 3), and the voxel-wise difference map between the original and
flipped images was created. In this new map, the left side of the image
represents the difference between the subjects' right and left hemi-
spheres; voxels on the other side of the image have the opposite sign.

Fig. 3. Maps of anisotropy asymmetry were created by reflecting every axial slice in the original image across midline and subtracting the flipped image from the original. Dark

regions represent negative values; brighter (e.g., white) regions represent positive values.
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Estimating genetic contributions

To determine the magnitude of the genetic contributions to fiber
asymmetry, three approaches were employed, each of which takes
advantage of the fact that monozygotic twins share all of their genetic
material while dizygotic twins share, on average, half. All genetic
analyses were performed on a subset of 210 subjects: 60 pairs of
monozygotic twins and 45 pairs of same-sex dizygotic twins.

First, voxel-wise maps were derived showing the intra-class
correlations (ICC) within MZ and DZ twins, ryz and rpz respectively,
to compute a simple measure of genetic effects: Falconer's heritability
estimate, h®>=2(rwz—rpz) (Falconer and Mackay, 1995) for the
asymmetry in FA, MD, and tGA. The intra-class correlations are
general measures of resemblance defined as the difference between
the mean squared estimates of the between-pair and within-pair
variance divided by the sum of the two. Falconer's heritability
measures differences between the correlations of the two types of
twins as an initial index of any genetic contribution to the overall
observed variance.

Next, average measures of the anisotropy difference were
examined in certain regions of interest (ROIs). For region of interest
analysis, the tract probability maps from the JHU DTI atlas (Mori et al.,
2005; Wakana et al., 2007) were mapped using elastic registration to
the symmetric MDT, and were thresholded to include regions where
the probability for the tract occurring at that voxel was greater than
0.25. As these tracts were already mapped to our symmetric template,
only portions of the tracts in one hemisphere were retained to
accurately assess inter-hemispheric differences. The tracts included in
the analysis were the anterior thalamic radiation, cortico-spinal tract,
cingulate gyrus, hippocampus cingulum, forceps major, forceps
minor, inferior fronto-occipital fasciculus, inferior longitudinal fascic-
ulus, superior longitudinal fasciculus, uncinate fasciculus, and the
temporal superior longitudinal fasciculus.

For each anisotropy measure, covariances for the average
asymmetry in the ROI were computed between the pairs of MZ and
DZ twins (Fig. 4). These were entered into a univariate structural
equation model to estimate additive genetic (A), shared environmen-
tal (C) and unique environmental (E) components of the variance in
asymmetry (Rijsdijk and Sham, 2002) using Mx modeling software
(http://www.vcu.edu/mx/).

Finally, voxel-wise A/C/E tests were computed for asymmetries in
the anisotropy measures, after determining the covariance between
the twin pairs using the same type of univariate structural equation
model to specify locations of heritable effects on fiber asymmetry. The
asymmetry was calculated for each subject and the covariance
between the members of the twin pairs was measured for each type
of twin (MZ and DZ) at every voxel, resulting in an observed
covariance matrix S for every voxel. These observed covariance
matrices may be computed for any variable (Z) modeled as in Eq. (4),
and a structural equation model (SEM) may be fitted to compare the

Fig. 4. Path diagram showing how various components in the structural equation model
are related between twins in a pair. a values are the only parameters that differ for each
type of twin: a=1 for the MZ group and a=0.5 for the DZ group. Registration and
measurement errors are included as part of the E component.

observed and expected covariances (3 in Eq. (5)) to infer the
proportion of the variance due to the A, C and E factors:

Z=0A+ cC + eE (4)

A, C, and E are latent (unobserved) variables and a, ¢, and e are the
weights of each parameter determined through optimization of 3 using
maximum likelihood fitting. The variance components combine to
create the total observed inter-individual variance, so that a®+c +
e?=1.

This form of SEM uses the maximum likelihood estimate (MLE;
Eq. (5)) with a »? null distribution to estimate genetic versus
environmental contributions to the variance, where m=1, the
number of observed variables, N, is the number of twin pairs used,
and S, is the expected covariance matrix for group g, with =1 for the
MZ group and a= 0.5 for the DZ group:

ML, = Ny{In |3, —In |S,| + tr(sg2g1)—2m} (5)

s = a?+7*+é (xaz—i-cz]‘
ad® + ¢ a4+ €

In structural equation modeling, the y? goodness-of-fit measure
determines a p-value for all specified regions of interest where the test
was performed, in this case either the lobar regions (for the regional
summaries) or at every individual voxel. This value indicates that the
model is a good fit to the data if p>0.05. However, to determine the
significance of a particular factor, such as A or C, the y? goodness-of-fit
values of the model may be compared to those for a model that does
not include the factor (i.e., to a C/E model to determine the
significance of the additional A factor, and to an A/E model to
determine the significance of the C factor), giving:

P(A) = Ko 1 (ACE) = (CE)]
P(C) = Xior [ X (ACE) = (AE)]

where y%pr ! denotes the inverse of the cumulative distribution
function for a chi-squared distributed variable with one degree of
freedom. In this case, low p-values express significant improvements
when adding a factor, which is consistent with the more standard
convention for p-values, and allows the resulting uncorrected p-value
maps to be assessed using false discovery rate analyses.

To account for the multiple comparison problem that arises when
testing a statistical hypothesis at every voxel, non-parametric permu-
tation tests were conducted based on the correlation values at each
voxel. Non-parametric permutation tests are widely used in imaging
(e.g.,Nichols and Holmes, 2002). We also confirmed the reliability of our
results by assessing whether statistical thresholding of the statistical
maps could be used to control the false discovery rate (FDR) at the
conventional 5% level (Benjamini and Hochberg, 1995; Genovese et al.,
2002; Lawyer et al., 2009). To visualize effect sizes in the maps, the
cumulative distribution function (CDF) of the p-values associated with
the intra-class correlations was computed and graphed. The p-values
were plotted against those p-values that would be expected from a null
distribution, in a Q-Q plot. If the CDF initially rises faster than 20 times
the null CDF, there is some non-zero statistical threshold that controls
the FDR at the 5% level. For null distributions (where no group
differences are detected), these plots are expected to fall approximately
along the y =x line. Larger deviations from this line represent larger
effect sizes; curves that rise at a rate steeper than y = 20x, show that the
corresponding maps are significant (in the sense of controlling the FDR)
after stringent multiple comparison correction.

As the A/C/E model is difficult to randomize to run permutation
tests, the p-values for determining the significance of adding the A and
C factors into the model were corrected for multiple comparisons by
finding the highest p-value threshold that controlled the FDR in the
map at 5%, where possible.

(6)
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Additional asymmetry analyses

In post hoc analyses, we examined whether the degree of
asymmetry in the anisotropy measures was associated with the
subject's sex or 1Q.

Asymmetry differences between the sexes

To determine if there were sex differences in fiber integrity
asymmetry, we compared fiber asymmetries in men versus women,
based on using the largest possible sample of unrelated subjects. 126
female subjects and 81 male subjects were used for this comparison.

) °.

0.7 O EE—

Standard
Deviation

Voxel-wise statistics of sex differences were calculated using
Student's t-tests. The false discovery rate was also controlled at the
5% level to correct for multiple comparisons.

Correlations between asymmetry and IQ

Three measures of intelligence were obtained from each subject;
the perceptual intelligence quotient (PIQ), the verbal intelligence
quotient (VIQ), and the full scale 1Q (FIQ).

Using asymmetry information from the entire group of subjects
with IQ information (N =358), statistics were computed at all voxels
to correlate the fiber integrity difference across the hemispheres with

0.7 OEEEm——

0.003
x103

Standard
Deviation

0

0.00025

Fig. 5. Average and standard deviation maps for FA, tGA, MD, axial and radial diffusivity from the 207 independent subjects used in this analysis. In the FA and tGA maps, fiber
anisotropy is higher, as expected, in the deep white matter tracts (corpus callosum, internal capsule and corona radiata), and the variance in the DTI-derived measures is higher in the
same regions (blue colors). The notation x 10> on the figure indicates that the range of the standard deviation color bar is 0 to 1.5x 1073,
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intellectual performance. We used a random mixed effects regression Anisotropy asymmetry

model for this analysis to account for the familial relation between

subjects. Fig. 6 shows the average difference in anisotropy measures
between hemispheres. Anisotropy differences exceeded 0.15 in
frontal and temporal regions — this number is the difference in the

Results mean FA between left and right hemisphere. FA values run from 0 to 1,
so the difference reaches ~1/6 of the allowable range. Percent
Population-based average maps of diffusion and anisotropy differences are not shown to avoid over-emphasizing differences in

regions with low anisotropy. Significant asymmetries were detected
Fig. 5 shows average FA, tGA and MD maps for all 207 independent after using FDR to correct for multiple comparisons, when comparing
subjects used in this analysis. registered images in their original orientation to their reflected

Mean
Asymmetry

Standard
Deviation

Mean
Asymmetry

0 0.00025

Standard
Deviation

[
0

Fig. 6. Average and standard deviation for FA, tGA, mean, axial and radial diffusivity asymmetry (left-right difference) maps are shown for 207 unrelated subjects. Only one twin per
pair was used to ensure independent sampling. The dorsolateral pre-frontal cortex (DLPFC) and Meyer's loop have strong asymmetries; also frontal lobe asymmetry is highly variable
(bottom row — blue colors). The notation x 10° on the figure indicates that the range of the top two color bars are 0 to 0.1 x 107, and 0 to 1.5 x 107>,



462 N. Jahanshad et al. / Neurolmage 52 (2010) 455-469

Table 1

FDR was controlled at the 5% level, showing that the observed asymmetries survived a
multiple comparison correction, when measured using any index above (FA, tGA, MD).
Around half of the white matter (defined as voxels with FA>0.25) showed a detectable
asymmetry.

FA tGA MD
FDR corrected p-value 0.0238 0.0243 0.0283
% significant 47.69% 48.62% 56.68%

images. The percentage of voxels significant after FDR correction is
shown in Table 1. In Fig. 7 the pairwise differences calculated from
Student's t-test across hemispheres are shown as maps of the t-
statistics and associated p-values.

Anisotropy asymmetry differences between sexes

Fig. 8 shows the average difference in fiber anisotropy across
hemispheres in analyses split by sex. Asymmetry maps for the two
sexes were compared, using a map of t-statistics. FDR confirmed sex
differences, but very few voxels had sufficient effect sizes to pass the
FDR threshold. The percentage of voxels within the brain found to be
significant, while still keeping the FDR at 5%, is shown in Table 2, and
is less than 1%. This result is formally significant, due to the large
sample, but may not be relevant in practice.

In a post hoc exploratory analysis, we examined the significance of
the variance in fiber asymmetry difference across the sexes using F-
tests and found a much greater effect in white matter (FA>0.25)
regions (Table 3).

Genetics of fiber asymmetry
Falconer's heritability maps were computed from the intra-class
correlations of the monozygotic and dizygotic twin pairs (Fig. 9). This

revealed regions of high heritability for asymmetry in some frontal
and temporal lobe regions.

Student’s t-test: t-map

150

To account for multiple comparisons, non-parametric permutation
tests were performed on a voxel by voxel level to avoid assuming
parametric null distributions for the statistics. Cumulative distribution
functions (CDFs) of the resulting significance values from the ICCs
were plotted against their expected null distribution (Fig. 10). This
reveals which results were significant overall when enforcing a false
discovery rate at the 5% level.

Fig. 11 shows an A/C/E analysis of variance components for mean
fiber measures in various white matter regions of interest (ROIs).
Asymmetries in the inferior fronto-occipital fasciculus and the
anterior thalamic radiation are highly genetically influenced
(a>=0.33 and a®>=0.37 respectively for FA). Both the forceps major
and the uncinate fasciculus showed genetic (a>=0.2 and a>=0.2,
respectively for FA) and common environmental (c*=0.05 and
c2=0.11, respectively for FA) components of variance contributing
to asymmetries. In contrast, the cortico-spinal tract and the forceps
minor showed larger proportions of asymmetry variance attributable
to shared environmental factors.

When the goodness-of-fit probability for the ACE model is greater
than p=0.05, it suggests a good fit (note that this is the opposite of
the usual p-value convention). All models shown in Fig. 11 had a
sufficient goodness-of-fit. For a few of the regions tested (not shown),
the ACE model did not fit. These included: for FA, the cingulum
(p=0.02) and the inferior longitudinal fasciculus (p =0.04) and for
MD: the inferior fronto-occipital fasciculus (p =0.02), and the inferior
longitudinal fasciculus (p=1x10"°). All tGA models fitted well.

Voxel-wise A/C/E tests were also performed to estimate the
genetic component of variance at each voxel. Voxels in temporal and
frontal lobe subregions showed highest genetic influences. Results
were similar for both anisotropy measures, although geodesic
anisotropy measures gave slightly higher measures of genetic
variance than FA (Fig. 12).

To account for multiple comparisons in the structural equation
models that calculate additive genetic and shared environmental
factors at every voxel, the model of the individual component of
interest p(A) and p(C) was calculated and FDR was performed on the

Student’s t-test: p-map

0.008

Fig. 7. Pairwise t-tests show regions with inter-hemispheric differences in FA and MD, based on comparing images in their original orientation with their reflected versions. These
maps visualize the effect size for the asymmetry (high in the DLPFC and Meyer's loop). The p-values and absolute value of t are shown from this test — |t] values are as high as 15. Over

50% of the brain's white matter (Table 1) shows detectable asymmetry.
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Fig. 8. Top row: Average FA asymmetry maps are shown for separate groups of 126 women and 81 men, all unrelated. One twin per pair was used, to ensure independent sampling
and avoid including correlated observations. Sex differences (last column) were detected in the degree of fiber asymmetry. Men showed greater asymmetries than women, but these
sex differences were detectable in <1% of the brain's white matter. Bottom row: The standard deviation for asymmetry in each sex is presented along with the resulting p-map after a
test for differences in within-group variance. Group differences in the variance of asymmetry are minor, but are more pronounced than the differences in asymmetry intensity itself.

resulting model to yield the probabilities of significance seen in
Table 5.

Fiber asymmetry and IQ correlations

As various measures of intelligence were obtained from all
subjects, as a post hoc test we examined possible correlations between
fiber FA asymmetry and IQ. For this exploratory test, we hypothesized
that greater fiber asymmetry might be associated with higher
performance IQ (and performance IQ in particular, which may depend
on processing speed more than the linguistic skills involved in verbal
IQ). ROI-based and voxel-wise random effects regression models were
fitted to the data. We used the entire sample of subjects with available
IQ information, fixed the effect of sex, and regressed out the random
effects due to familial structure. However, after multiple comparisons
correction using FDR in the entire white matter region, no overall
correlations were detected across the entire group of 358 subjects. We
consider this null finding worth reporting, as the sample size is large
for a DTI study.

Discussion

Our analysis of DTI asymmetries, in this large population (N=374
adults), had 3 main findings.

First, frontal and temporal regions had significant asymmetries in
FA. Frontal lobe FA is greater in the right hemisphere, but left temporal
lobe FA is greater than on the right. The mean difference in this large

Table 2

Sex differences in asymmetry. FDR was controlled at the 5% level, as a multiple
comparison correction. Even so, <1% of voxels fell below the statistical threshold
required to control the FDR.

sample reached 0.15 (which is very high, considering that FA runs on a
scale of 0 to 1). Second, in a regional analysis of FA asymmetry, genetic
factors accounted for 33% of the variance in asymmetry in the inferior
fronto-occipital fasciculus, 37% of the variance in the anterior thalamic
radiation, and 20% of the variance in the forceps major and the
uncinate fasciculus. Shared environmental factors accounted for ~15%
of the variance in the cortico-spinal tract and ~10% of the variance in
the forceps minor. Asymmetries are therefore influenced by both
genetic and environmental factors. Results were similar regardless of
the anisotropy measure used (FA versus tGA). Finally, the frontal lobe
FA asymmetry had higher variance in men than in women, but only a
small proportion of voxels showed sex differences in the average level
of asymmetry.

As expected from twin studies of brain structure (Brun et al., 2009;
Thompson et al., 2001), monozygotic twins showed higher similar-
ities in the intra-class correlation maps than dizygotic twins
suggesting that fiber asymmetries are genetically influenced. This is
in line with a large body of work by Annett, who proposed that there
might be a single “right-shift” gene influencing the degree of cerebral
dominance and lateralized behavior such as handedness (Annett,
1998).

A preliminary map of heritability, based on Falconer's heritability
formula (Fig. 9), crudely estimates the genetic proportion of variance
as twice the difference between the monozygotic twin correlations
and the dizygotic twin correlations. As this initial analysis detected

Table 3

These maps of differences in the variance of asymmetry between the sexes could be
thresholded at the above critical p-values while controlling the FDR at the 5% level, as a
multiple comparison correction. There were significant sex differences in the
population variance associated with fiber asymmetry (with significantly greater
asymmetry variance in men than women in the frontal lobe and in women than men
in temporal-parietal regions, on average).

FA tGA MD FA tGA MD
FDR corrected p-value 3.232x10°° 3.251x10°° 3.844x10~* FDR corrected p-value 0.0032 0.0030 0.012
% significant 0.0079% 0.067% 0.781% % significant 6.39% 6.21% 25.49%
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Fig. 9. Intra-class correlation maps for monozygotic and dizygotic twins along with Falconer's heritability maps for asymmetries in FA, and tGA. In general, monozygotic twins have

higher intra-pair correlations than dizygotic twins.

genetic involvement in fiber asymmetry, we fitted structural equation
models to data from ROIs (Table 4). Voxel-wise genetic models
confirmed the genetic effects on the frontal lobe asymmetries, and
also suggested high genetic contributions in some temporal lobe
regions.

Regions with high genetic contributions to fiber asymmetry were
also the regions where asymmetry is greatest. The finding that frontal
lobe FA is greater in the right hemisphere, but greater on the left for
the temporal lobes, confirm prior DTI reports of frontal and temporal
white matter asymmetries. In general, prior studies focused on
specific tracts, e.g., the cortico-spinal tract (Westerhausen et al., 2007)
and the arcuate fasciculus, which is involved in language processing
(de Jong et al., 2009; Rodrigo et al., 2007). A voxel-wise analysis
(Buchel et al., 2004) suggested left greater than right FA white matter
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Fig. 10. CDF plots of the distribution of the p-values obtained after non-parametric
permutation testing, to account for multiple comparisons. For all measures, MZ and DZ
twins showed significant intra-class correlations after multiple comparison correction
using FDR. The MZ twin effects were much greater as denoted by the higher FDR-
controlling critical p-values (i.e., the highest non-zero x-coordinate where the CDF
crosses the y=20x line). These probabilities were obtained from pre-selected brain
regions with average FA>0.25, to avoid analyzing voxels with very low anisotropy.

asymmetries in the arcuate fasciculus and found asymmetries
contralateral to the dominant hand (i.e., higher on the left in right-
handers) in tracts innervating the precentral gyrus (as expected,
given the crossing of the cortical motor circuitry). Frontal and
temporal white matter already show left greater than right FA in
early infancy (Dubois et al., 2008), suggesting greater myelination in
the left hemisphere. Some developmental studies found that frontal
FA differences between the two hemispheres diminish as the brain
develops, but temporal lobe asymmetries persist (Barnea-Goraly et
al., 2005). These asymmetries may relate to the functional lateraliza-
tion of higher-level cognitive processes such as spatial association and
language, but our regressions with global cognitive measures did not
reveal any associations.

Early studies of anatomical asymmetry noted a natural petalia
(torquing) of the brain, that shifts right hemisphere structures
anterior to their left hemisphere counterparts (Kimura, 1973; Toga
and Thompson, 2003). Post mortem studies found volumetric
asymmetries in the planum temporale, part of a temporal lobe
auditory and language processing area (Geschwind and Levitsky,
1968). More recently, a large MRI study of 142 young adults
confirmed leftward volume asymmetries in posterior language
areas, and rightward asymmetries in the cingulate gyrus and caudate
nucleus (Watkins et al., 2001). Surface-based analysis methods that
adjust for the effects of structural translocation in space (e.g.,
torquing) also found leftward asymmetries in the Heschl's gyrus
and planum temporale (Lyttelton et al., 2009). Deformation-based
morphometry studies have used the theory of random Gaussian
vector fields to detect brain asymmetries, and have been used to
detect statistical departures from the normal level of brain asymmetry
(also termed “dissymmetry”; Thirion et al., 2000; Lancaster et al.,
2003). In addition, some “apparently” lateralized effects in brain
mapping may arise due to hemispheric differences in the statistical
power to detect effects. This is inevitable, as the structures in the two
hemispheres have different patterns of anatomical variability
(Thompson et al., 1998; Fillard et al., 2007).
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Fig. 11. A/C/E genetic results for fiber asymmetry per lobe. The proportion of variance (ranging from 0 to 1) due to each factor is shown for each region of interest. Both anisotropy

measures show similar trends.

FA asymmetry had a higher variance in men than women, but
there was only limited evidence for differences in the overall level of
asymmetry (i.e., the sex difference formally passed the FDR criterion
for significance but showed differences in less than 1% of the brain).
Many studies report greater anatomical asymmetries in men than
women (reviewed in Toga and Thompson, 2003). A voxel-based MRI
study of 465 normal adults found sex differences in gray matter
volumes and concentrations but no effects of handedness on the level
of asymmetries (Good et al., 2001). In a small sample (N=20),
Szeszko et al. (2003) reported that women had higher FA in the left
frontal lobes compared to men, and a general leftward asymmetry of
FA. No hemispheric asymmetry was detected in men. The level of
leftward asymmetry in women was associated with better verbal
comprehension and memory functioning. This result is surprising,
given our finding of strong R>L asymmetry for FA; the magnitude of
this effect is quite large in our much larger sample of subjects. Our
finding of significant but limited sex differences could be due to our
efforts to create a template that minimizes the structural differences
between the hemispheres. This reduces the influence of “brain shape”
on the asymmetries, which may have diminished any sex differences.

With fMRI, Shaywitz et al. (1995) found significant sex differences
in the phonological processing of language. Brain activation in men
was lateralized to the left inferior frontal gyrus, while women
engaged more diffuse neural systems involving both the left and
right inferior frontal gyri. Men and women also have brain regions in

which regional volumes correlate with intelligence. Haier et al. (2005)
found that women showed more white matter and fewer gray matter
areas with volumes correlated with intelligence, when compared to
men. IQ correlates with FA in normal subjects, and both IQ and FA are
genetically influenced (Chiang et al., 2009a; Kochunov et al., 2009).
Because of this, we also regressed FA asymmetry against IQ, but no
correlations survived FDR correction. IQ may relate closely to FA in
specific brain regions, but not so much to its asymmetry.

A premise of any voxel-wise analysis of brain asymmetry is that
there is a structural homology between white matter structures in the
left and right hemispheres. For the major white matter tracts, such as
the corpus callosum, fornix, and optic radiations, this assumption is
tenable. The registration methods proposed here are likely to adjust
for any macroscopic shape differences that get in the way of pairing
homologous anatomy, where it exists, on both sides of the brain. Even
so, as in all studies mapping brain asymmetry, there will always be a
set of structures - cortical U-fibers for example - with no obvious
homologs in the other hemisphere. As such, differences in hemi-
spheric anatomy near the cortex may reflect not just a signal
difference from the same structure occurring in both hemispheres
but a lack of homology. These cases may ultimately be distinguishable
with tools that model and cluster each hemisphere's tracts as a graph,
with known connectivity and topological relations; in that case,
differences in tract composition between hemispheres would be
easier to identify.

Table 4

ACE summaries: sub-models (AE and CE) are compared to the full (ACE) model to test whether dropping a parameter resulted in significant differences in the chi-squared goodness-

of-fit value.
tGA Correlation (95% CI) Model fit: x? (dy? (df), p) ACE estimates

MZ DZ ACE  AE CE a® c e’

Anterior thalamic radiation 044 (034:0.77) 0.00 (0:044) 634 634 (0(1);1.00) 1015  (3.812(1);0.05) 038 0.00 0.62
Cortico-spinal tract 0.00 (0:037) 033 (0.08:0.72) 756 842 (0.854(1);036)  7.56 (0(1);1.00) 000 0.10 0.90
Cingulate gyrus 0.12 (0:0.53)  0.00 (0:0.38) 1.57 1.57 (0(1);1.00) 1.81  (0.242(1);0.62) 0.07 0.00 0.93
Cingulum 0.00 (0:021) 0.00 (0:039) 664 664 (0(1);1.00)  6.64 (0(1);1.00) 0,00 0.00 1.00
Forceps major 027 (0.05:0.66) 0.12 (0:057) 317 318 (0.009(1);0.92) 344 (0.263(1);0.61) 021 004 075
Forceps minor 0.12 (0:053) 0.23 (0:066) 1093 11.62 (0.693(1);0.41) 10.93 (0(1);1.00) 000 0.18 0.82
Inferior fronto-occipital fasciculus 043 (0.33:0.76) 0.12 (0:0.57) 8.47 8.47 (0(1);1.00) 11.83 (3.364(1);0.07) 042 000 0.58
Inferior longitudinal fasciculus 0.11 (0:0.52) 0.00 (0:0.27) 1175 11.75 (0(1);1.00) 1197 (0.224(1);0.64) 0.06 0.00 0.94
Superior longitudinal fasciculus (slIf) 029  (0.09:0.67) 0.00 (0:0.45) 6.51 6.51 (0(1);1.00) 731 (0.798(1);037) 024 0.00 0.77
Uncinate fasciculus 0.36 (0.22:0.72) 0.25 (0:0.67) 2.83 3.07 (0.242(1);0.62) 3.14 (0.312(1);0.58) 020 0.16 0.64
Temporal slf 0.12 (0:0.53)  0.00 (0:045) 354 354 (0(1);1.00) 372 (0.172(1);0.68) 0.09 000 091
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Table 5

FDR was computed from the probability maps for the individual components, p(A), p(C)
of the twin A/C/E structural model. Genetic effects were confirmed; environmental
effects were also detected.

p(A) p(C)
FDR corrected p-value for FA 0.000049 0.000048
FDR corrected p-value for tGA 0.000033 0.000037

FDR corrected p-value for MD - -

Methodological sources of variance in DTI data may also contribute
to the level of asymmetries seen here. Magnetic susceptibility gradients
occur at interfaces where tissue and air are in close proximity, and these
are known to cause geometric distortions in the frontal and temporal
poles. If severe, these distortions can cause a complete loss of signal, but
in most cases they only lead to a geometrical warping of the data that

can be corrected; here, we adjusted for it by using a mutual information
based 3D elastic warping approach. In individual cases, this distortion
could contribute to the level of asymmetry in the DTI signal, and to its
variance, but it is unlikely to produce a systematic pattern of asymmetry
that favors the left or the right side of the brain. Maps such as Fig. 8 (the
mean asymmetry of FA) are unlikely to be affected much by
susceptibility effects. These artifacts may contribute somewhat to the
variance in asymmetry, slightly depleting the true biological correla-
tions across members of a twin pair. Such artifacts would be lumped into
the E-term of our structural equation model (which contains variance
due to methodological error).

In addition, while the maps of DTI-derived measures (such as FA)
were spatially normalized across subjects, no global intensity
normalization was performed. We used each subject's raw FA
measures and did not adjust them for overall differences in mean
FA between subjects. In group analyses of PET scans, individual data
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Fig. 12. Voxel-wise genetic analysis using the A/C/E model shows that most of the asymmetry in fiber integrity is attributable to unique environmental influences, random
differences, and measurement error; in some frontal and temporo-parietal regions, ~50% of the differences across hemispheres are due to genetic differences. Geodesic anisotropy
measures may be marginally better for detecting genetic effects on fiber asymmetry, but maps for both DTI-derived indices were very similar.
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are commonly adjusted for overall (global) levels of activation or
ligand binding, but this is not typically done in DTI studies. It is
assumed that the FA is an absolute measure of fiber coherence, that is
associated with physiological parameters such as axonal conduction
speed, and with cognitive measures such as IQ. As a result, global
normalization is not usually applied and raw values are thought to
provide a fundamental measure of fiber coherence. Even so, it is
possible that local differences may, in part, reflect global differences in
FA, or its asymmetry, across subjects.

Our study had 3 main limitations. First, we registered the FA
images to a population averaged template created from the subjects’
FA images. The same registrations, based on the FA images, were
applied to all the DTI-derived maps, allowing us to structurally align
all the images in the same way. Even so, there may be a slight bias in
using a single anisotropy measure to drive the nonlinear registration,
and other measures could be used, individually or in combination
(Park et al., 2003, 2004). Several nonlinear registration algorithms
have been proposed for DTI. Studholme (2008) used DTI-derived
measures as constraints when aligning standard anatomical
images. Chiang et al. (2008) and Li et al. (2009) used orientation
and multivariate information in the full diffusion tensor to find
correspondences between DTI images.

Second, in this paper, we used voxel-based statistical maps,
focusing on highly anisotropic white matter regions. Other
approaches may also be helpful for selecting regions with high
anisotropy, such as the tract-based spatial statistics method (TBSS:
Smith et al., 2006). In TBSS, a skeletonized (one pixel thick) map of the
FA is created, and correspondences across subjects are based on
distance, rather than by computing a correspondence field for the
entire image. A third limitation of our study is that we do not fully
exploit the angular information in the 105-direction diffusion-
weighted images. Asymmetries in local diffusion geometry could
also be examined by analyzing the local 3D diffusion profile,
reconstructed using angular space deconvolution methods such as
the tensor distribution function (Leow et al., 2008). This could further
probe the sources of asymmetry after adjusting for confounds due to
the partial voluming and fiber crossings — inherent limitations of
scalar DTI-derived measures. One could then distinguish whether the
right greater than left asymmetries are due to higher fiber integrity in
the right hemisphere or whether the anisotropy levels on the left are
reduced due to a higher level of fiber crossings.
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