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Abstract

Recently, carriers of a common variant in the autism risk geN&NAP2 were
found to have altered futional brain connectivity using functional MRI. Here we
scanned 328 young adults with hifield (4-Tesla) diffusion imaging, to test the
hypothesis that carriers of this gene variant would have alsémecturalbrain
connectivity. All participants (20females, 119 males, age: 23.42t17 SD years) were
scanned with 10gradient high angular diffusion imaging (HARDI) at 4 Tesla. After
performing a wholérain fiber tractography using the full angular resolution of the
diffusion scans, 70 cortical suriabased regions of interest were created from each
i ndi vi dagistdredl anatonucal data to compute graph metrics for all pairs of
cortical regions. In graph theory analyses, subjects homozygous for the risk allele (CC)
had lower characteristic pathrigth, greater smalvorldness and global efficiency in
whole brain analyses, as well as greater eccentricity (maximum path length) in 60 of 70
nodes in regional ahges. These results were not reducible to differencemne
commonly studiedraits suchas fiber density or fractional anisotropy. This is the first
study to link graph theory metrics of brain structural connectivity to a common genetic
variant linked with autism and will help us understand the neurobiology of circuits

implicated in risk forautism.
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Introduction

Many neuropsychiatric disorders are thought to involve disrupted brain
connectivity, but very little is known about what causes brain connectivity to vary in
human populations. Total brain volunmoSthuma et al., 20PQcorticalthickness
(Schmitt et al., 2008Thompson et al., 200land measures of white matter integrity
derived from DTI(diffusion tensor imaging)Chiang et al., 2009; Chiang et al., 2611
Pfefferbaum et al., 20Qare all under moderately strong genetic conBglanalyzing
very large cohorts (on the order of 20,000 subjeciit) MRl and genomavide scans
(JL Stein et al., 2011 we recently discovered commonly carried genetic variants that are
associated with differences in brain structure. As these stuighieshed the genome for
effects of up to a million SNPs, very large samples were needed to reduce the risk of false
positive associations. An alternative approach is to study candidate genes already
associated with disease risk. For instance, youngadholtswc ar ry t he Al zhei me
allele CLU-C have lower white matter integrity in DTI scans of the brain, as measured by
fractional anisotropy (Braskie et al., 2Q1In addition, common variants in the growth
factor genesBDNFandNTRKJ, are also associatavith altered white matter integrity,
making it possible to predict a small proportion of individual differences in brain
integrity by genotging multiple common variants (Kohannim et al., 20These early
DTI genetics studies have generally mappedibrdaegrity using maps of fractional
anisotropy, either broadly across the br&ragkie et al., 2001 or in specific brain
regions Chiang et al., 2009; Mclintosh et al., 2008; Winterer et al., 200&8thods that
assess brain connectivity may be usefidauging how these variants affect white matter

organization overall. Even so, no studies have yet linked graph metrics of structural brain
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connectivity to any specific genetic variants. Power to detect gene effects is limited in
small samples, so we su#d a fairly large cohort of twins (118 identical twin pairs, 183
fraternal twin pairs, 27 netwin siblings) with high angular resolution diffusion imaging

(HARDI), at a relatively high magnetic field (4 Tesla).

The recently discovered autism risk geGBITNAP2 encodes CASPR2, or
contactinassociated proteilike 2, a member of the neurexin superfamily of
transmembrane proteins. CASPR2 is involved in clustering vefjatgs potassium
channels (kK1.1) at the nodes of Ranviedttauss et al., 200&erres et al., 2008
CASPR2 has a suggested developmental role as a cell adhesion molecule responsible for
neuroblast migration and laminar organizatidrk{ng et al., 2008Bakkaloglu et al.,
2008;Vernes et al., 2008In a study of an Amish family, a délen mutation in
CNTNAP2was linked with a disorder with many hallmarks of autism, involving seizures,
language difficulties, and impaired social abilit{€srauss et al., 2006Subsequent
research in both autistic and languaggaired (but nofrautistig populations has
discovered further support th@NTNAP2s associated with autismlarca et al., 2008;
Arking et al., 2008; Bakkaloglu et al., 2008)d language abilityNarca et al., 2008;
Vernes et al., 2008A recent study characterizi@NTNAP2knockout mice found
behavioral deficits characteristic of autismamely, seizuresas well as neuronal
migration abnormalities, reduced interneuron density, and abnormahaéuneiwork
activity (Pefagarikano et al., 20LICNTNAP2expression is higls in the frontal and
temporal lobesAbrahams et al., 2007; Arking et al., 2008; Bakkaloglu et al., 2008;
Vernes et al., 20Q8areas responsible for language abilities, particularly in the left

hemisphereRaynes et al., 1998supporting the link betweeCNTNAP2and language
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function. Stein and colleagues found th&MTNAP2SNP (rs2710102) was associated

with increased risk for selective mutism, an anxiety disorder in which a child is unable or
unwilling to speak in certain situations, despite haviogmal language abilities in other
situations. This disorder is similar, in some respects, to autism; they both involve

characteristic deficits in language and social interactibtis $tein et al., 2011

In a recent analysis d@finctionalbrain connectiuy using functional MRI, Scott
Van Zeeland and colleagues (2010) compared risk andistoallele carriers of
CNTNAP2(rs2710102) in a cohort consisting of both autistic and typically developing
children(ScottVan Zeeland et al., 20L0Children with thegenetic risk allele did not
show the same lefaiteralized pattern of mPH@nedial prefrontal cortexjonnectivity as
nontcarriers. This association was consistent with prior research liGAINAP2to
language ability. Scot¥an Zeeland et al. also fodrstronger longange anterior
posterior connections in the noisk subjects and stronger shoaihge frontal lobe
connectivity in the atisk subjects. As shaerange connections are typically pruned and
long-range ones are strengthened over the coldirdevelopment{Dosenbach et al; 2010;

Huttenlocher, 1990 this may be evidence of delayed development in those at risk.

Graph theory can quantify brain connectivity at the network level. This branch of
mathematics for describing and analyzing graphexamines brain networks as
collections of nodes (i.e., specific brain regions) and edges (connections between those
regions) Eporns et al., 2004The complex web of brain structural or functional
connectivity may be quantified using a number of key patara to summarize network
characteristics. Path length, for example, is a measure of the distance (i.e., number of

edges) betweeone brain region and another (Rubinov & Sporns, 208%etwork with



Page 7 of 54

Brain Connectivit

ty in Healthy Carriers of the Autism

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Altered Structural Brain Connectivi

a shorter average path length is considered to be @fitoient in £rms of information
transfer (Bullmore & Sporns, 20R9/Ne recently found these metrics to lagitable in

this same sample (Dennis et al., 2011

Here we set out to investigate how variation DNITNAP2SNP (rs2710102)
might relate to graptheoretical measures from diffusioveighted MRI. Further impetus
for this work came from a recent report that found an association between a different
CNTNAP2SNP (rs7794745) ahfractional anisotropy (FA) (Tan et al., 2Q1Tan and
colleagues found loar FA in individuals homozygous for the risk allele in a number of
regions implicated in autism, including the cerebellum, fusiform gyruspital and
frontal cortices (Tan et al., 20L@5iven this prior success in linking a different
CNTNAP2SNP with $ructural connectivity, we decided this might be a promising
method for understanding the results of Stath Zeeland and colleagues, who found an
association between o@NTNAP2SNP (rs2710102) and alterations in functional
connectivity. Functional anstructural connectivity are closely related, with functional
connectivity existing between areas that are structurally connected; yet functional
connections may exist where no structural connectigiss @ioney et al., 2009Results
from these differentnodalities may assess different types of connectivity, but they are

complementary and together generate a more complete picture of brain networks. In

some cases but not others, differences in functional synchronization may be explained by

detectable diffegnces in structural connections. Additionally, findings from different
modalities may discover general principles of neural organization from multiple very
different modalities, such as network hubs, smaltld properties, as well as metrics of

efficiencyand resilience to disruptioRrior researclassociatingcNTNAP2with
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cognitive or behavioral traits focused on autistic populatioqpeoplewith known

language difficultiesTo test if this very common genetic variant leads to detectable brain
differences outside of populations with language or developmental disorders, we focused
on healthy adults with normal variations in language abiityScottVan Zeeland and
colleagues, 2010, were able to find and repliGMdNAPH® s associ ati on with
connedtivity in a population of both autistic and typically developing children, we
hypothesizedhat wemight be able taletect differences in the structural networks of
healthy normal carriers of t@NTNAP2risk allele (rs2710102)n this study, we
assesselboth global and hemisphespecific brain network properties. We recently
reported on genetically influencézft-right asymmetries in white matter tracts

(Jahanshad et al., 201@iven those asymmetries, we expected that the relationship
betweerlCNTNAP2and network measures might differ by hemispher€&MENAP2s

linked withlanguage abilitfAlarct et al., 2008 Vernes et al., 2008 agenerally a left
lateralized functionBaynes et al., 1998As such, we tested for effects on each
hemisphere indegmdently.

Materials and Methods

Participants

Participantsvere recruited as part of ay®ar research project examining healthy
young adult Australian twins using structural MRI and DTI with a projected sample size
of approximately 1150 at completiodg Zubicaray et al., 20080Our analysisncluded
328 righthanded subjects (208omen/119 men, average age=23.4, SD=2.17). This
population included 118 monozygotic (MZ) twins, 183 dizygotic (DZ) twins, and 27 non

twin siblings, from 183amilies The populatn was racially homogenouk00% of
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subjectavereCaucasian. In studies of genetic variationgemeticallyhomogenous
population is pref@bleto avoid incorrectly ascribing effects to alleles that have different
frequencies idifferent racial/ethnic grups. Subjects were screertecexcludethose

with a history of significant head injury, neurological or psychiatric iliness, substance
abuse or dependence, or had a-filesgree relative with a psychiatric disorder. All
participants were rightanded,aa s sessed by 12 items on t
QuestionnaireAnnett et al., 1970 Study participants gave informed consent;
institutional ethics committeed the Queensland Institute of Medical Research, the

University of Queensland, the Wesley Hospgtiad at UCLAapproved the styd

Establishing Zygosity and Genotyping

Zygosity wasestablished objectively by typing nine independent DNA
microsatellitepolymorphisms (polymorphism information content > 0.7), ustagdard
PCR methods and genotyping.dR#ts were crossheckedvith blood group (ABO, MNS,
and Rh), and phenotypic data (hakin, and eye color), giving an overall probability of
correcizygosity assignment > 99.99%. Genomic DNA samples were analyzed on the
Human616Quad BeadChip (llluminagccording to the manufacturers protocols
(Infinium HD Assay; Super Protocol Guide; Rev. A, May 2008). For our SNP of interest,
rs271010247 (20%) were homozygous for the rask allele (TT)111(47.4% subjects
were heterozygous for the risk alleled), while 76 (324%) subjects were homozygous

for the risk allele CC).

Scan Acquisition

he

An
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Whole-brainanatomicabndhigh angular resolution diffusiamages(HARDI)
were collected with a 4T Bruker Medspec MRI scannerw€ightedanatomicalmages
were acqued with an inversion recovery rapid gradient echo sequence. Acquisition
parameters were:IMTR/TE = 700/1500/3.35ms; flip angle = 8 degrees; slice thickness =
0.9mm, with an acquisition matrix of 256x256. Diffusiseighted images (DWI) were
also acquird using singleshot echo planar imaging with a twioefocused spin echo
sequence to reduce eddyrrent induced distortions. Acquisition parameters were
optimized to provide the best sigrtatnoise ratio for estimation of diffusion tensors
(Jones et al1999. Imaging parameters were: 23cm FOV, TR/TE 6090/91.7ms, with a
128x128 acquisition matrix. Each 3D volume consisted of-B&2thick axial slices
with no gap and 1.79x.1.79 rinm-plane resolution. 105 images were acquired per
subject: 11 with no difision sensitization (i.e., F&eighted lgimages) and 94 diffusien
weighted (DW) imagesb(= 1159 s/mrf) with gradient directions evenly distribdten

the hemisphere. Scan tirfad the HARDI scarwas 14.2 min.
Cortical Extraction and HARDI Tractography

Connectivity analysis was perimed as in Jahanshad et al. (Jahanshad et al).2011
Briefly, non-brain regions were automatically removed from eaclw&ighted MRI scan,
and from a T2veighted image fromthe DWIsetsi ng t he F(BMRIB o0 o |
Softwae Library,http://fsl.fmrib.ox.ac.uk/fsl/). A trained neuroanatomical expert
manually edited the Flveighted scans to further refine the brain extraction. Total brain
volume estimates were obtained from the manually edited full brain, makiding
cerebal, cerebellar, and brain stem regions. Allwéighted images were linearly

aligned using FSL (with 9 DOF) to a common spatelifies et al., 1998with Imm

ABETQC
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isotropic voxels and a 220x220x220 voxel matrix. Raw diffusisaighted images were
correctedfoeddy current distortions using the
(http://tsl.fmrib.ox.ac.uk/fsl/). For each subject, the 11 edaolyected images with no
diffusion sensitization were averaged, linearly aligned and resampled to a downsampled
version of their coesponding T1 image (110x110x110, 2X2X2mm). Averagegliaps

were elastically registered to the structural scan using a mutual information cost function

(Leow et al., 200pto compensate for Efiduced susceptibility artifacts.

35 cortical labels per hesphere, as listed in the DesikHil liany atlagDesikan
et al., 2008, were automatically extracted from all alignedwéighted structural MRI
scans using FreeSurfdrt{p://surfer.nmr.mgh.harvard.eflul'he DesikarKilliany atlas
lists 34 cortical regions per hemisphere that are based on the main cortical gyri, and
FreeSurfer adds the insula to make a total of 35 cortical regions for each hemisphere. A
full list of the regions included is found in Jakhad et al., 2011. Other parcellations are
possible, and some may be more sensitive in principle to picking up gene effects. Prior
work by our lab found that connectivity maps based on these 70 regions can be used to
detect genetic influences on brain ceations (in terms of gross heritability rather than
SNP effects), so we planned our SNP analyses based on this parcellation (Joshi et al.,
2010; Jahanshad et al., 2011). The DeskKalrany atlas has been widely used for
structural connectivity analysiginey et al., 2009; Hagmann et al., 2010). Even so,
there is ongoing work in the field aiming to optimize the cortical parcellation for network
analyses, and to understand how different parcellation schemes may influence different
kinds of network measuréZalesky et al., 2010; Bassett et al., 20K a linear

registration is performed by the software, the resultingv€lghted images and cortical

FSL
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models were aligned to the original T1 input image space and-sampled using
nearest neighbor interpolati (to avoid intermixing of labels) to the space of the DWIs.
To ensure tracts would intersect cortical labeled boundaries, labels were dilated with an

isotropic box kernel of 5 voxels.

The transformation matrix from the linear alignment of the mgamage to the
T1-weighted volume was applied to each of the 94 gradient directions to properly re
orient the orientation distribution functions (ODFs). At each HARDI voxel, ODFs were
computed using the normalized and dimensionless ODF estimator, derigdibr
imaging (QBI) in Aganj et al., 2010 We performed HARDI tractography on the
linearly aligned sets of DWI volumes using these ODFs. Tractography was performed
using the Hough transform method as describedgadj et al., 201} Briefly,
tractogrgphy was performed after a linearly aligning and scaling the DWI data to
anatomical (Tiweighted) image space. As a linear transform was applied to the diffusion
weighted images, we also reoriented the gradient table so that the tract tracing algorithm
could correctly follow the dominant direction of diffusion. The table of gradient vectors
was corrected to reflect the nonrigid transformation by applying the same transformation
to each directional gradient vector. Running tractography aft@ieating themages, as
we did here, might slightly affect the SNR (sigt@hoise ratio) of the diffusion signals,

as it would act as a very mild spatial filter on the data.

Elastic deformations obtained from the EPI distortion correction, mapping the

averagdyimagetothe Tiwei ght ed i mage, were then appliec

coordinates for accurate alignment of the an

2,000-10,000 useable fibers (3D curvelkibers were filtered to eliminate those likely to
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be erroneous. Allluplicate fibers were removed; those with a very small number of

points (<5) were considered unreliable and were also removed.

For each subject, a full 70%70 connectivity matrix was created. Each element
described the proportion of the total number oéffbconnecting each of the labels;
diagonal elements of the matrix describe the total number of fibers passing through a
certain cortical region of interegts these values were calculated as a propottitrey
were normalized to the total number ofdib traced for each individual participant, so

that results could not be skewed by raw fiber count.

Graph Theory Analyses

On the 70x70 matrices generated above, we used the Brain Connectivity Toolbox
(Rubinov & Sporns, 201Mhttps://sites.google.com/a/lmaconnectivity
toolbox.net/bct/Hometo computewo standard measures of nodal brain connecfivity
regional efficiency (EREG) and eccentricity (ECC). EREG is the global efficiency
computed for each node and is relatthe clustering coefficient (La@& Marchiori,

200]). ECC is the longest characteristichplength for any given node (Spor2602).

We also computefive standard measures gibbalbrain connectivity characteristic

path length (CPL), mean clustering coefficient (MCC), global efficy (EGLOB),
smallworldness (SW), and modularity (MODR@binov & Sporns, 20)0CPL is a

measure of the average path length in a network, path length being the minimum number
of edges that must be traversed to get from one node to arld®€ris a measre of

how many neighbors of a given node are also connected to each other, in proportion with

the maximum number of connections in the netwB&LOB is inversely related to CPL,
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networks with a small average CPL are generally more efficient than thibskangie

average CPLSW represents the balance between network differentiation and network
integration calculated as a ratio of local clustering and characteristic path length of a
node relative to the same ratio in a randomized network. We createddl@ted

random networksThe ratio of the clustering coefficient in our network to the clustering
coefficient in the simulated random networks was denotddrblgda The ratio of the

CPL in our network to the CPL in the simulated random network was demptsEinma

These measures were generated in the same way as the others, integrated across a range,
and are listed in the results tables alongside MCC and CPL but were not entered into any
association analyse8lOD is the degree to which a system can bealsuded into

smaller netwdks (Bullmore & Bassett, 20)0The equations to calculate each of these

measures can bdeund in Rubinov and Sporns

One step in graph theory analysis is selecting a threshold for the network, termed
the sparsity. Networks withsparsity of 0.2 retain only 20% of the connections of the
Afslplar sityo network. Selecting a single spar
network measures, so we computed measures at multiple sparsities, and integrated across
that range to generateore stable score®/e calculated these meassifer the whole
brain over a range of sparsities @.3, in0.01 increments), and calculated theaare
under the curve of those tihta points to generate an integrated score for each measure.
23 participantgeompleted 2 separate scanning sessions 3 months apart in which DTI data
were collected. The measures were calculated for both scans for each of these participants
over the whole range of sparsities, and we found that the ran§e30g2ve the most

stablenetwork measuresupplementary Figure 1shows the calculations of all five
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network measures plotted footh groups across the sparsity range® These graphs

show that at very low sparsities the graphs are not stable, while we know that higher
sparsiies ardess biologically plausible (Sporns, 2Q1Ve also calculated the network
measures for the left and right hemispheres indeperyd@vd hypothesized that we

would find evidence of altered structural connectivity between the two groups and thus
started with global graph theory measures of connectivity. We calculated efficiency on a
regional level by considering these measures at each node, to see whether our results
were attributable to differences in certain brain regions. For these regionaleseas
calculated the measures over the same range of sparsities and integrated over that range.
We calculated eccentricity on a regional level as well. Weosh hocassociation
analyses on the raw fiber density matrices to see if there were ovieabmtes in
connectivity but also ran the analyses on a subset of connections, just those with one

terminus in the frontal, parietal, or temporal cortex.

Association Controlling for Relatedness

We performedh mixed-model regression for each network meadofind the
association of the SNP while incorporatinpadelaccounting fofamily relatedness
(Kang et al., 2008 When family members are analyzed, the relatedness among members
of the sample must be taken into account, and each individual carneateel as
independent as some share part (in the case of siblings and DZ twins) or all (MZ twins)
of their genome. This analysis was performed using Efficient MMedel Association
(EMMA,; http:/mouse.cs.ucla.edu/emma/ithin the R statistical package (version 2.9.2;
http://www.r-project.org). A symmetric n xn kinship matrix was constructed to describe

the relationship of every subjectat others. A kinship matrix coefficient of 1 denoted
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the relationship of each subject to him/herself; the coefficient for MZ twins within the
same family was 1; the coefficient for DZ twins and siblings within the same family was
0.5; and the coefficierior subjects not in the same family was 0. Ancestry outliers were
removed, so no additional modeling was used in the kinship matrix to adjust for
population genetic structure between familise association of SNP rs271010as

tested for all network meares described aboaecording to the formula:
y=XDb+Zu +e.

Herey is a vector representing the network propextys a matrix of fixedeffects
containing the genetic effect of the SNP for each sulgected additively or using other
models that colmne genotype groups; see aboar)l a constant terrb;is a vector
representing the fixed effect regression coefficieats, an identity matrixy is the
random effect with Var) %K, éhereK is the kinship matrix; andis a matrix of

residual effets with Varg) =2l.(Age and sex were included as covariates.
FDR Correction for Multiple Comparisons

All results were controlled for multiple comparisons using the standard FDR
(false discovery rate) method (Benjamini et al., J995e FDR is the exgrted
proportion of false positives among results that are declared significant. Simply setting
the alpha at a value of 0.05 implies that 5% of results are expected to be false positives.
An FDR g-value of 0.05, as used in this paper, implies that, orageeacross

experiments, 5% of results declared significant are expected to be false positives.
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Results

Carriers of two (CC) but not just one (CT) risk allele havegher risk of speech
development delay and/or impairment (see SNPedia, at
http://www.snpedia.com/index.php/Rs27101L0khus, we coded our analyses in a
recessive fashion (with respect to the major risk allele), where individuals homozygous
for the risk allele formed one group, and thbterozygous for the risk allele or carrying
no copies of the risk allele formed the other graegaph theory measures depend on a
choice of threshold on the strength of connectivity, which may be thought of as a sparsity
level: pruning away weaker coections leads to a sparser network model. To avoid this
dependency, which could lead to arbitrary thresholding effects in the results, connectivity
measures were integrated across a range of sparsitigs3)).as this range was the most
stable in an irial analysis (see Methods section for definitions, 8opgplementary
Figure 1). This range of sparsities also makes sense biologically, as deatetsh a
number of studies (Sporns, 2Q1All the analyses below were run on integrated scores

calculatedn this way.

Results Whole Brain Measures

We testedassociationsf the rs271010ZNTNAP2SNPwith five commonly
studiednetwork measuregharacteristic path length (CPL), mean clustering coefficient
(MCCQC), global efficiency (EGLOB), smaWorldness (8/), and modularity (MOD). The
allele dose at the SNP (i.e., the number of risk alleles) was significantly associated with
the characteristic path length in the whole brain structural netwetkX7,p=0.0069), as

well as smaHlworldness l§=-0.6,p=0.00068 and global efficiencyli=-0.09,p=0.00099)
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in the left hemisphere and tgbal efficiency in the right hemisphete=(0.077,

p=0.0056). Herd represents the unnormalized slope of the regression coefficient, where
the atrisk group is coded as 0 ancthonratrisk group is coded as 1. These results
remained significant after correcting for multiple comparisons using the falsavery

rate (FDR) procedure (Benjamini et al., 1986ross all 15 tests performed (5 in the left
hemisphere, and 5 in theyht hemisphere, and 5 for whole brage0.05. Individuals
homozygous for the risk allele (N=99) had greater global efficiency in both hemispheres
and greater smalorldness in the left hemisphere. Individuals carrying one or no copies
of the risk allelgN=229) had a greater characteristic path length in the whole brain
structural network. The whole brain results, with significant results bolded, along with
average values for each group, are showrainle 1. They are visualized iRigure 1 and

Figure 2.

Results Regional Efficiency

Our association analysis of the rs27100NTNAP2SNP with the regional
efficiency of each node, integrated across sparsitied yelded results in 11 of 70
nodes that passge0.05 but did not pass the more stringenRR&rrection. These
results, along with average values for each group, are sholiabla 2 To preserve

space, only nodes passipg0.05 are presented irable 2

Resultg Eccentricity

To more fully examine the distribution of path lengths in the ndtwee tested
the effect ofCNTNAP2on eccentricity, a nodal measure of the maximal shortest path

length for each node, meaning the length computed between that node and the farthest
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node it is connected to. Given the significant results in characterbhidgngth, global
efficiency, and smatlvorldness, all of which are related to path length, we decided to
look further into other measures related to path length. Of course these are not entirely
independent analyses, and should be considered post hegmarhtory. Our analyses

of theassociations between the rs27100XTNAP2SNP and the eccentricity of each
node, integrated across sparsities3,2yielded significant results for 60 of the 70 nodes,
30 in the left hemisphere and 30 in the right heimese, as seen fgure 3 (g<0.05).

These results are displayedrigure 3 along with averages and resultarandp values

in Table 3. To preserve space, only nodes pasgi#@05 are presented Trable 3.

Posthoc Analysig Additive and Dominant Modie

Based on evidence that only carriers of two risk alleles (CC) are affeeted (
SNPedia, abhttp://www.snpedia.com/index.php/Rs2710},0&e started with a recessive
model, with carriers of the @ genotype forming one group and those with CT or TT
forming the other. However, we also naost hocanalyses with the other two possible
models: additive, in which each genotype forms one group, and dominant, in which the
CC and CT genotypes form one gpoand participants with the TT genotype form the
other groupln the additive model, we detected significant associations between allele
dose and characteristic path length in the whole brain netlwstk1(0,p=0.0096), and
global efficiency =-0.062,p=0.00041) and smaWorldness l§=-0.34,p=0.0030) in the
left hemisphere. The globpbst hoaesults that survive multiple comparisons correction
are presented ihable 4(g<0.05).For the whole brain measuresthe dominant model,
none of the measures keesignificantly associated with the allele dose at the SNP. For

the regional efficiency analyses, the additive model yielded results in 14 pe@ed5),
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as shown irBupplementary Table 1.The dominant model yielded results in 5 nodes as
well (p<0.05). Neither of these passed FDR correction. These results can be seen in
Supplementary Table 2 For the analysis of nodal eccentricities, in the additive model
there were results in 64 of 70 nodes that passed FDR correction. Six nodes were found to
be significant here that were not originally found in the recessive model, and two were
not found in the additive model that were found with the recessive. The two nodes that
were significant in the recessive model but not in the additive model were the left
fusiform and right insula. The six nodes that were significant in the additive model but
not in the recessive model were the left inferior parietal lobule, left isthmus of the
cingulate, left supramarginal gyrus, right bank of the superior temporal sulcus, right
cuneus, and right pericalcarine cortex. In the dominant model, there were no significant

associations with group membership.

Posthoc Analysig Fiber Density in Frontal, Parietal, and Temporal Lobes and FA

We had initially analyzed whether our two grouliered in their whole fiber
density matrices, that is, the number of fibers per unit volume connecting each node, and
found no significant differences. Given the promising findings suggesting associations
with global and nodal network measure® ranpost hoctests on the fiber density in the
frontal and temporal lobes, wheB&NTNAP2gene expression is enrichesbfahams et
al., 2007;Arking et al., 2008Strauss et al., 2006; Vernes et al., 2088s0, ScottVan
Zeeland et al. had found associationsveen this gene and measures of functional
connectivity in the frontal and parietal lobes so we included parietal nodes in this analysis
as well. The nodes counted in this subset are list8dpplementary Table 3.There

was a trend for greater fiber dégsn the nonrisk subjects in all three lobes, but these
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results did not pass FDR correctidie also checked whether our two groups differed in
fractional anisotropy (FA) or apparent diffusion coefficient (ADC) along tracts
connecting each node and faumo association for any of the connections. One reason
we focused our genetic analysis on FA was that we had completed a series of earlier
papers that aimed to find out which Bdérived measures were most highly heritable. In

a twin sample scanned withTl) it is possible to estimate the proportion of variance in a
measure that is attributable to genetic variation, by examining covariances between
different types of twins (mona@nd dizygotic). In these early analyses, FA was found to
be highly heritabléLepore et al., 2008) and so were the 3 diffusion eigenvalues when
treated as a multivariate vector (Lee et al., 2009a). The full tensor was also highly
heritable, so long as the meaning of heritability was appropriately redefined using a Lie
group metrido measure tensor differences (Lee et al., 2009b, 2010). As FA was more
highly heritable than mean diffusivity, we preferred to use it as the target for our
subsequent genetic association analyses (Braskie et al., 2011, Jahanshad et dh, 2012).
addition we weighted our fiber density matrices to emphasize those tracts that are
expected to be more heavily myelinated by multiplying our fiber density and FA matrices
elememwise; even so, we found no associations betvd¢nNNAP2dose and those

values. Thusthe global and nodal network differences in carriers of the risk gene were

not readily reducible to effects omore commometwork properties, such as fiber density.

PostHoc Analysig Interhemispheric Connections

Given evidence that individuals withteam may have abnormalities in
interhemispheric connectivity (Just et al., 2007), we generated 35x35 matrices of

interhemispheric connections for all participants. We analyzed these for differences in
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fiber density for these interhemispheric connectiot®&é&en the two groups, and found

no significant differences that passed FDR correction. We also analyzed whether the
number of interhemispheric connections present differed between the groups, meaning
the number of elements in the 35x35 matrix where >958tilpfects had nereros

entries, again finding no significant differences

Discussion

In this study, we found that carriers of a common variant in the autism risk gene,
CNTNAP2had differences in structural brain connectivity computed from-figdth DTI.
Graph theory measures differed in individuals homozygous for the risk allele. This
higherrisk group had shorter characteristic path length in the whole brain network,
greater smalivorldness and greater global efficiency in the left hemisphere aatkegr
global efficiency in the right hemisphere. These results may seem ctinigve given
findings of higher efficiency but higher efficiency in structural networks may reflect
more random connectionsintheagkr oup 6s br ai n nevrisdhavék s, as
highlevels of global efficiency (Bullmore & Sporns, 2Q00Burther analysis at the nodal
level revealed that the homozygousiak participants had greater eccentricity across 60
of 70 network nodes in the noisk participants, and borderlisggnificant results
(passe<0.05 but not FDR correction) in regional efficiency in 11 of 70 nodes. A final
analysis attempted to further simplify the results by assessing FA and fiber density
differences, but did not detect associations with thasecommonfiber measures. In
other words, several global and nodal properties of the structural network were different
in carriers of the risk gene, but they were not attributabfedie commorcharacteristics

of fibers, such as fiber density or FA. A largample size might detect differences in FA
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in carriers of the risk gene, but our findings suggest that differences are more prominent

at the network level.

In their recent study, Scettan Zeeland et al., (2010) found thaCLBITNAP2
SNPwas associated i differences in the functional connectivity of frontal and parietal
cortical networks, including effects on the strength of slaotl longrange connections
to the frontal and parietal cortex. In this case the range reflected the physical distance
between two regions, while in graph theory, distance instead reflects the number of paths
between one node and another. While path distance and physical distance are not the
same, they both indicate distance between one brain region and another. As this is the
property measured by characteristic path length and global efficiency using graph
theoretical methods, we hypothesized that we could assess corresponding measures from
structural networks using DTI, and that these measures might be altered in carhiers of t
CNTNAPZ2isk allele. We found that carriers did have altered structural connedtiagy
measured by a number of graph theory metritss may partly underlie the alterations

in functional connectivity.

Smallworldness is a welleveloged concept fsm graph theory (Watts &
Strogatz, 1998that has more recently & applied to brain networks (Sporns et al.,
2004). A network with high smaflvorldness has high local clustering and a short
characteristic path length. Subjects homozygous for the risle &lad greater small
worldness and greater global efficiency in their left hemispheres, which are both driven in
part or wholly by shorter characteristic path lengths. Risk subjects also had higher global
efficiency in the right hemisphere as well as gfrocharacteristic path length on a whole

brain level. As there were no significant differences in clustering, differences in path
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length may drive the observed differences in siwallldness. Greater efficiency in those

at risk is unexpected, as Hagmanile (2010) found greater efficiepas development

progressednd Pollonini et al. (2010) found decreased globatiefficy in autistic

subjects However, Hagmann et al. based their calculations on 1/ADC (apparent diffusion
coefficient), while we baseaolurs on fiber density, and Pollonini et al. was an MEG study

with Granger causality, so the comparison is not direct. A ramgwork has high

efficiency (Bullmore & Sporns, 2009but it may not be functionally advantageous if the

proper connections aret made. Neural network complexity is typically achieved by a

balance of randomness and regulairigt either extreme, you have a system less able to

learn because it is either never stable enough to remember or nelse #zough to

adapt (Sporns, 24). A more random network, while having a shorter average path

length, will be less complex, and arguably further from ideal in terms of brain fun&tion.

more random network, while having a shorter average path length, will be less complex,

and may noteflect the organization found in real functional brain networks. Individuals

di ffer widely in brain structure and functi o
not typical of functional circuitry in the brain. A random network, with no stability in

time or | ogical set up, does not tend to mak
resources (Chialvo, 2010)hile additional studies are required, higher global efficiency

may reflect more random connections in the structural networks of-thsk atarticipants

as random networks have low path lengths.

Based on our global results, we decided to look further into various nodal
measures of connectivity. In thgsest hodests, we did find a significant association

betweenCNTNAP?2allele dose and the eentricity at 60 of 70 nodes, with noisk
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carriers having greater eccentricity across all nodes. Eccentricity is the distance, in paths
traversed, between a given node and the node faftbestt (Sporns, 2002 Non-risk
participants had greater ecageity across most of the brain. Studies of eccenyrioi

brain networks are few (Pollonini et al., 20 Hhd have not generated any significant
results so far, so we have little context for these results. However, given that they are
across a majorityfanodes in the brain, they could underlie the global trends we found as
well. We found 11 nodes with borderline significant differences (passed p<0.05 but not
FDR correction) in regional efficiency, 8 of which were in the frontal lobe, 2 in the
temporal Itbe, and 1 in the parietal lobe. These are the areas @hAMAP2expression

is especially enriched\prahams et al., 2007; Arking et al., 2008; Strauss et al., 2006;
Vernes et al., 2008&nd where Scelvan Zeeland found differences functional

connectvity.

In attempting to discover a simpler underlying cause of these results, we looked
into possible differences in the fiber density matrices of the two groups. We had initially
ruled out differences in overall connectivity by running our analys@NdFNAP2on the
whole fiber density matrices. However, in trying to understand our results of greater
global efficiency and shorter characteristic path length in the risk allele carriers, we
decided to look only at those connections with at least one termitiis frontal, parietal
or temporal lobes. While we did find a trend for greater fiber density in theistion
subjects in a large number of frontal, parietal and temporal connections, these results did
not pass FDR correction. Tan and colleagues (20djuxcted a study of a different
CNTNAP2SNP, rs7794745, in a large cohofthealthy subjects as weRegional gray

and white matter volumes were lower in those homozygous for the risk allele. We will
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continue to search for an explanation for our unexgaetthdings but currently they do

not appear to be reducible to more simple measures of structural connectivity.

Our findings relating a common risk variantGNTNAP2with structural
connectivity suggests that the protein it codes for, CASPR2, may Heedva white
matter tracstructure. This seems likely as CASPR2 has a role in nheuroblast migration
(Strauss et al., 200@nd in stabilizing K+ channeis the juxtaparanodal region (Poliak
et al, 1999; Poliak et al., 20DENTNAPZ2isk allele carriersnay have aberrant
neuroblast migration or K+ channel clustering early in development; this may even
underlie the differences we see in structural connectivity. Abnormal neuronal migration
early in development could lead to altered development of whitemigding to the
changes we see. Abnormal K+ channel clustering could affect axonal physiology for
developing tracts, perhaps even affecting overall tract strudthestecent study
characterizing th€NTNAP2knockout found, along with various behavidnallmarks of
autism, neuronal migration abnormalities including abnormal clustering of neurdres in t
deep layers of the cortex (Pefagarikano et al., 20CNTNAPZ2is a risk gene for autism
but it also has effects in naautistic populations with langga disorders. It may be more
appropriate to consider as a risk gene for language difficuléid®y component of
autism. A disorder as complex and varied as autism most likely results from a
constellation of genetic variations interacting with environtalenfluences $zatmari et
al., 2007. The SNP rs2710102 @NTNAP2Zmay be one of these polymorphisms that,
when combined with others, could increase risk for autism by increasing susceptibility to
language difficulties. In this paper, our focus was ffectes of CNTNAP2on brain

structural connectivity. Understanding why a gene increases risk for a disorder is as
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crucial as determining that it increases risk in the first place, as a more mechanistic
understanding is necessary for ultimately developitgrwentions. Here we discovered a
mechanistic clue that might explain the association bet@®EINAP2and autism and
language disorders. This altered connectivity may represent an intermediate phenotype
for one source of language difficulties. Our partits were a large cohort of twins

screened for psychiatric disorders and developmental conditions; thus, they fall within the

normal range of language ability.

Of the three different models, the recessive model yielded the strongest results.
We chose thisnodel based on information that individuals with the CC genotype have an
increased risk of language impairment (http://www.snpedia.com/index.php/Rs2710102).
However,Scotvan Zeel andbs study s ug@HWOAPRSNP a do mi
Vernes et al., @08, found that a haplotype of 9 SNPs including @WINAP2SNP had
a dominant effect, but no other studies have produced evidence on the dominance of
CNTNAP2s2710102 by itselfOur analyses were in healthy subjects, while previous
studies have been autistic or language impaired participants, sdellewed our
analyses witlpost hodests to check the other two models in case the effect differed in

our healthy population.

Conclusions

In this study, the first to link graph theory measures of brairctsiral
connectivity with a specific genetic variant associated with autism, we searched for
structural differences that might contribute to the reported effe@8IONAP20n

functional networks. In our large cohort of healthy adults, the SIENAP2SNP was

na
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also associated with detectable differences in structural connectivity. In comparing
findings from different imaging modalities, these efforts are leading to a better
understanding of genetic liability for autism and related disorders. Our resuifis pdor
work on the effects dENTNAPZ2on brain structure but also raise new questions
regarding the underlying difference. A new approach to neuroimaging genetics is
combining multiple polymorphismisin the same or different genesvhen testing for
associations with phenotypes, leading toreased predictive accuracy (Hibar et al., 2011;
Chiang et al., 201)bStudies using this method have already been conducted or@anoth
autism risk gene (Kohannim et al., 201Hat was a top hit in a generwide scan for

risk alleles (Anney et al., 20LCNTNAPZs classified as an autism risk gene but we
have shown that it has effects in a healthy population as well. These results will further
our understanding of how vulnerabilities for various geneticallyanfted disorders are

displayed in the brain.

Acknowledgements

Funding: This study was supported by the National Institute of Child Health and
Human Development (RO1 HD050735), and the National Health and Medical Research
Council (NHMRC 486682, 1009064) uatralia. Genotyping was supported by NHMRC
(389875). Additional support for algorithm development was provided byROH
grantsEB008432EB008281, EB007813 and P41 RR013642. NJ was fundedyinby
the NLM (T15 LM07356), AWT was funded partially btlye HCP (JO1 MH093763.

Author contributions : K.L.M., G.1.d.Z., G.M., N.G.M., and M.J.W. collected the data.
E.L.D.,N.J., J.D.R., J.A.B. and P.M.T. analyzed the data. E.L.D., N.J., and P.M.T. wrote

the initial manuscript draft. All authors contributed ¢évisions and commented on drafts.



Page 29 of 54

29

The authors have no competing financial interests.

Author Disclosure Statement

References

"1004d S1y1 W4y o y4ip Aew uosOA paysiignd eulyay] uonsslIod jood pue BunipaAdoo obsepun 01 BA sey Ing ‘uoiealignd Jo) paideade pue pamainal-isad usaqg sey apnle siy L

(7900 TTOC URIG/680T 0T :10p) 2dVNLND U v_w_%xw__woﬁm chcnuu uﬁu_wm 1D AyrfesH ul AJIAIDBUUOD Ukl [BINDNIS PR}V



Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

Page 30 of 54

30

Abrahams, B.S., Tentler, D., Perederiy, J.V., Oldham, M.C., Coppola, G.,
Geschwind, D.H(2007). Genomavide analyses of human perisylvian cerebral
cortical patterning. PNAS. 104, 17849854,

Aganj, I., Lenglet, C., Jahanshad, N., Yacoub, E., Harel, N., Thompson, P.M.
Sapiro, G. (2011). A Hough transform global probabilistic approach tiphet
subject diffusion MRI tractography. Med Image Analysis. 15-428.

Aganj, I., Lenglet, C., Sapiro, G., Yacoub, E., Ugurbil, K. Harel, N. (2010).
Reconstruction of the orientation distribution function in singled multiple

shell gball imagirg within constant solid angle. Magn Reson Med. 64 ;563
Alarct, M., Abrahams, B.S., Stone, J.L., Duvall, J.A., Perederiy, J.V., Bomar,
J.M., Sebat, J., Wigler, M., Martin, C.L., Ledbetter, D.H., Nelson, S.F., Cantor,
R.M. Geschwind, D.H. (2008). hkage, association, and gesepression
analyses identify CNTNAP2 as an autisosceptibility gene. The Am J of
Human Genetics. 82, 15[5b9.

Annett, M. (1970). A classification of hand preference by association analysis.
British J of Psychology. 61, 36®1.

Anney, R., Klei, L., Pinto, D. et al. (2010). A genomie scan for common
alleles affecting risk for autism. Human Molecular Genetics. 19,4082.

Arking, D., Cutler, D., Brune, C.W., Teslovich, T.M., West, K., Ikeda, M., Rea,
A., Guy, M, Lin S., Cook Jr., E.H., Chakravarti, A. (2008). A common genetic
variant in the neurexin superfamily member CNTNAP2 increases familial risk of

autism. The Amer J of Human Genetics. 82,-164.



Page 31 of 54

Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

10.

11

12

13.

14.

31

Bakkaloglu, B., O'Roak, B., Louvi, A., Gupta, A.R., Ateh, J.F., Morgan, T.M.,
Chawarska, K., Klin, A., ErcaBencicek, A.G., Stillman, A.A., Tanriover, G.,
Abrahams, B.S., Duvall, J.A., Robbins, E.M., Geschwind, D.H., Biederer, T.,
Gunel, M., Lifton, R.P., State, M.W. (2008). Molecular cytogenetic analysis a
resequencing of contactin associated preliga 2 in autism spectrum disorders.
The Am J of Human Genetics. 82, 1653.

Bassett, D.S., Brown, J.A., Deshpande, V., Carlson, J.M., Grafton, S.T. (2011).
Conserved and variable architecture of humanenhnatter connectivity.
Neurolmage. 54, 1262279.

Baynes, K., Eliassen, J., Lutsep, H.L., Gazzaniga, M.S. (1998). Modular
organization of cognitive systems masked by interhemispheric integration.
Science. 280, 90205.

Benjamini, Y., Hochberg, Y(1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc B. 573@89
Braskie, M., Jahanshad, N., Stein, J., Barysheva, M., McMahon, K., de Zubicaray,
G.l., Martin, N.G., Wright, M.J., Ringan, J.M., Toga, A.W., Thompson, P.M.
(2011). Common Alzheimer's Disease Risk Variant Within the CLU Gene Affects
White Matter Microstructure in Young Adults. J of Neuroscience. 31, -67G40.
Bullmore, E., Bassett, D. (2010). Brain Graphs: Grapiadels of the Human
Brain Connectome. Reviews in Advance37

Bullmore, E., Sporns, O. (2009). Complex brain networks: graph theoretical
analysis of structural and functional systems. Nature Reviews Neuroscience. 10,

186-198.



Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

15.

16.

17.

18.

109.

20.

Page 32 of 54

32

Chialvo, D.R. (20@). Emergent complex neural dynamics. Nature Physics. 6,
744-750.

Chiang M.C., McMahon K.L., de Zubicaray G.I., Martin N.G., Toga A.W.,
Wright M.J., Thompson P.M., Hierarchical Clustering of the Genetic
Connectivity Matrix Reveals the Network TopologfyGene Actim on Brain
Microstructure, ISBR011b.

Chiang, M:C., Avedissian, C., Barysheva, M., Toga, A., McMahon, K., de

Zubicaray, G.l., Wright, M.J. Thompson P.M. (2009). Extending Genetic Linkage

Analysis to Diffusion Tensor Images to Map SinGlene Effects on Brain Fiber
Architecture. Med. Image Comput. Comput. Assist. Interv. MICCAI 12j 508.
Chiang, M:C., McMahon, K.L., de Zubicaray, G.l., Martin, N.G., Hickie, I.,
Toga, A., Wright, M.J., Thompson, P.M. (2011a). Genetics of white matte
development: A DTI study of 705 twins and their siblings aged 12 to 29.
Neurolmage. 54, 2308317.

de Zubicaray, G.I., Chiang, MC., McMahon K.L., Shattuck, D.V., Toga, A.W.,
Martin, N.G., Wright, M.J., Thompson, P.M. (2008). Meeting the challeafes
neuroimaging genetics. Brain Imaging and Behavior. 2;28:8

Dennis, E.L., Jahanshad, N., Toga, A., Brown, J., Rudie, J., Bookheimer, S.,
Dapretto, M., Johnson, K., McMahon, K., de Zubicaray, G., Martin, N., Wright,
M., Thompson, P., Heritabilitgf structural brain connectivity network measures
in 188 twins, poster presented at the 41st Annual Meeting of the Social for

Neuroscience, Washington, D.C., 12 to 16 November 2011.



Page 33 of 54

Brain Connectivit

ty in Healthy Carriers of the Autism

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Altered Structural Brain Connectivi

21

22,

23.

24,

25,

26.

27.

33

Desikan, R.S., S@onne, F., Fischl, B., Quinn, B.T., Dickerson B&cker, D.

et al. (2006). An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neurolmage. 31, 968
980.

Dosenbach, N.U.F., Nardos, B., Cohen, A.L., Fair, D.A., Power, J.D., Church,
J.A., Nelson, S.M., Wig, G.S., Vogel, A.C., LessBehlaggar, C.N., Barnes, K.A.,
Dubis, J.W., Feczko, E., Coalson, R.S., Pruett, J.R., Barch, D.M., Petersen, S.E.,
Schlaggar B.L. (2010). Prediction of individual brain maturity using fMRI.
Science. 329, 131361.

Hagmann, P., Sporns, O., Madan, N., Cammoun, L., Pienaar, R., Wedeen, V.J.,
Meuli, R., Thiran, J.P. Grant, P.E. (2010). White matter maturation reshapes
structural connectivity in the late developing human brain. PNAS. 107, 18067
Hibar D., Kohannim, O., Stein, J.L., Chiang M.C., Thompson P.M., Multilocus
genetic analysis of brain images. Submitted to Frontiers in Statistical Genetics and
Methodology, August 1 2011.

Holmes, C.J., Hoge, R., Collins, L., Woods, R., Toga, AW. Evar, @998).
Enhancement of MR images using registration for signal averaging. J Comput
Assist Tomogr. 22, 3233.

Honey, C.J., Sporns, O., Cammoun, L., Gigandet, X., Thiran, J.P., Meuli, R.,
Hagmann, P. (2009). Predicting human resstage functionatonnectivity from
structural connectivity. PNAS. 106, 202540.

Huttenlocher, P.R. (1990). Morphometric study of human cerebral cortex

development. Neuropsychologia. 28, 5327.



Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

28.

29.

30.

3L

32

33.

Page 34 of 54

34

Jahanshad, N., Aganj, |, Lenglet, C., Jin, Y., Joshi, A., Bawngshd., McMahon,
K.L., de Zubicaray, G.l., Martin, N.G., Wright, M.J., Toga, A.W., Sapiro, G.,
Thompson, P.M., High angular resolution diffusion imaging (HARDI)
tractography in 234 young adults reveals greater frontal lobe connectivity in
women, ISBI 2011.

Jahanshad, NKohannim, O.Hiber, D.P., Stein, J.L., McMahon, K.L., de
Zubicaray, G.l., Medland, S.E., Montgomery, G.W., Whitfield, J.B., Martin, N.G.,
Wright, M.J., Toga, A.W., Thompson, P.M. (2012). Brain structure in healthy
adults is related teerum transferrin and the H63D polymorphism inkiiée

gene. PNAS. In press;4

Jahanshad, N., Lee, A., Barysheva, M., & McMahon K.L., de Zubicaray, G.I.,
Martin, N.G., Wright, M.J., Toga, A.W., Thompson, P.M. (2010). Genetic
influences on brain asymetry: A DTI study of 374 twins and siblings.
Neurolmage. 52, 458609.

Jones, D.K., Horsfield, M.A., Simmons, A. (1999). Optimal strategies for
measuring diffusion in anisotropic systems by magnetic resonance imaging. Magn
Reson Med. 42, 51525.

Joshi, A.A., Lepore, N., Joshi S., Lee, A.D., Barysheva, M., de Zubicaray, G.1.,
Wright, M.J., McMahon, K.L., Toga, A.W., Thompsdd.M. (2010). A genetic
analyss of ortical thickness in 372 twins, IEEE, 2010.

Just, M.A., Cherkassky, V.L., Keller,A., Kana, R.K., Minshew, N.J. (2007).

Functional and anatomical cortical underconnectivity in autism: Evidence from an



Page 35 of 54

Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

34.

35.

36.

37.

38.

39.

35

fMRI study of an executive function task and corpus callosum morphometry.
Cerebral Cortex. 17, 958361.

Kang, H.M., Zaitlen, N.A., Wae, C.M., Kirby, A., Heckerman, D., Daly, M.J.,
Eskin, E. (2008). Efficient control of population structure in model organism
association mapping. Genetics. 178, *1023.

Kohannim, O., Hibar, D.P., Stein, J.L., Jahanshad, N., Rajagopalan, P., Toga,
A.W., Jack Jr. C.R., Weiner, M.W., de Zubicaray, G.l., McMahon, K.L., Hansell,
N.K., Martin, N.G., Wright, M.J. Thompson, P.M., Genased LASSO for Image
Association (GLIA): Discovery and Replication of Gene Influences on Brain
Structure. Neurolmage. Sultted, 2011.

Kohannim, O., Jahanshad, N., Braskie, M.N., Stein, J.L., Chian@,.MReese,
A.H., Hibar, D.P., Toga, A.W., McMahon, K.L., de Zubicaray, G.l., Medland,
S.E., Wright, M.J., Thompson, P.M. (2011). Personalized prediction of white
matter inegrity by genotyping multiple common genetic variants (N=395 DTI
study). Molecular Psychiatry. Submitted.

Latora, V. Marchiori, M. (2001). Efficient behavior of smelbrld networks.

Phys Rev Lett. 87:198701.

Lee AD, Lepore N, Brun CC, Barysheva M, Chou YY, Chiang MC, Madsen SK,
McMahon KL, de Zubicaray Gl, Wright MJ, Toga AWhompson PM2009a).

The Multivariate A/C/E Model and the Genetics of Fiber Architecti@BI, 2009,
1-4.

Lee AD, Lepore N, Brun CC, Chou YY, Barysheva M, Chiang MC, Madsen SK,

de Zubicaray Gl, McMahon KL, Wright MJ, Toga AWhompson PM2009b).



Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

40.

41.

42.

43.

44,

Page 36 of 54

36

TensorBased Analysis of Genetic Influences on Brain Integrity using DTI in 100
Twins, Medical Image Cmputing and Computer Assted Intervention, MICCAI
2009 1-8.

Lee AD, Lepore N, de Leeuw J, Brun CC, Barysheva M, McMahon KL, de
Zubicaray Gl, Martin NG, Wright MJThompson PM2010). Multivariate
VarianceComponents Analysis in DTISBI 201Q 1-4.

Leow, A., Huang, ., Geng, A., Becker, J., Davis, S., Toga, A., Thompson, P.
(2005). Inverse consistent mapping in 3D deformable image registration: its
construction and statistical properties. Inf Process Med Imaging, 15083
Lepore N, Brun CC, Chou YY, Lee AD, Barysheva M, de Zubicaray Gl,
Meredith M, McMahon K, Wright MJ, Toga AW,hompson PM2008).Multi -

Atlas TensoiBased Morphometry and its Application to a Gen8tudy of 92
Twins, MICCAI 2008 Workshop on Mathematical Foundations of Computational
Anatomy(MFCA).

Mcintosh, A.M., Moorhead, T.W.J., Job, D., Lymer, G.K.S., Muioz Maniega, S.,
McKirdy, J., Sussman, J.E.D., Baig, B.J., Bastin, M.E., Porteoyugvans, K.L.,
Johnstone, E.C., Lawrie, S.M. Hall, J. (2008). The effects of a neuregulin 1
variant on white matter density and integrity. Molecular Psychiatry. 13-1054
1059.

Pefagarikano, O., Abrahams, B.S., Herman, E.l., Winden, K.D., Gdalyahu, A.
Dong, H., Sonnenblick, L.I., Gruver, R., Almajano, J., Bragin, A., Golshani, P.,

Trachtenberg, J.T., Peles, E., Geschwind, D.H. (2011). Absence of CNTNAP2



Page 37 of 54

Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

45,

46.

47.

48.

49,

50.

51

37

leads to epilepsy, neuronal migration abnormalities, and core angiatad

deficits. Cell. 147, 25-246.

Pfefferbaum, A., Sullivan, E.V., Carmelli, D. (2001). Genetic regulation of
regional microstructure of the corpus callosum in late life. NeuroReport. 12,
1677 1681.

Poliak, S., Gollan, L., Martinez, R., Custer, A., Einheber, S., Salzer, J.L
Trimmer, J.S., Shrager, P., Peles, E. (1999). Caspr2, a new member of the
Neurexin superfamily, is localized at the juxtaparanodes of myelinated axons and
associated with K+ channels. Neuron. 24, 10847.

Poliak, S., Salomon, D., Elhanany, H.p8aay, H., Kiernan, B., Pevny, L.,

Stewart, C.L., Xu, X., Chiu, & ., Shrager, P., Furley, A.J.W., Peles, E. (2003).
Juxtaparanodal clustering of Shaki&e K+ channels in myelinated axons

depends on Caspr2 and TAGJ Cell Biology. 162, 1149160.

Pollonini, L., Patidar, U., Situ, N., Rezaie, R., Papanicolaou, A.C. Zouridakis, G.
Functional connectivity networks in the autistic and healthy brain assessed using
Granger causality, IEEE, 2010.

Posthuma, D., De Geus, E.J.C., Neale, M.C., HuldPolffH.E., Baaré W.E.C.,
Kahn, R.S., Boomsma, D. (2000). Multivariate genetic analysis of brain structure
in an extended twin design. Behavior Genetics. 30;38BL

Rubinov, M. Sporns, O. (2010). Complex network measures of brain connectivity:
usesand interpretations. Neurolmage. 52, 10%%9.

Schmitt, J.E., Lenroot, R.K., Wallace, G.L., Ordaz, SyldraK.N., Kabani, N.,

Greenstein, D., Lerch, J.P., Kendler, K.S., Neale, M.C., Giedd, J.N. (2008).



Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

52,

53.

54.

55.

56.

S7.

Page 38 of 54

38

|l dentiycation of genetically mediated
pediatric twins and siblings. Cereb. Cortex. 18, 171347.

ScottVan Zeeland, A., Abrahams, B., Alvarézetuerto, A., Sonnenblick, L.,

Rudie, J., Ghahremani, D., Mumford, J.A., Poldrack, R.A., Dapretto, M.,
Geschwind, D.H., Bookheimer, S.Y. (2010). Altered Functional Connectivity in
Frontal Lobe Circuits Is Associated wittariation in the Autism Risk Gene
CNTNAP2. Science Translational Medicine. 26.1

Sporns O. Graph theory methods for the analysis of neural connectivity patterns,
In: Neuroscience Databases. A Practical Guide, Kdater R ed. (Kliwer, Boston,
MA, 2002)pp. 171186.

Sporns, O., Chialvo, D.R., Kaiser, M., Hilgetag, C.C. (2004). Organization,
development and function of complex brain networks. Trends in Cognitive
Sciences. 8, 41825.

Sporns, O., Networks of the Brain (The MIT Press, Cambridge, 20A1).

Stein, J.L., Medland, B., Vasquez, A.A., et al. (20L1Common genetic
polymorphisms contribute to the variation in human hippocampal and intracranial
volume. Nature Genetics. Submitted.

Stein, M.B., Yang, EZ., Chavira, D.A., HitchcockC.A., Sung, S.C., Shgn-

Blum, E. Gelernter, J. (20L1A common genetic variant in the Neurexin
superfamily member CNTNAP2 is associated with increased risk for selective

mutism and social anxiefelated traits. Biol Psychiatry. 69, 8331.

cor



Page 39 of 54

Brain Connectivit

ty in Healthy Carriers of the Autism

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Altered Structural Brain Connectivi

58.

59.

60.

61

62.

63.

64.

39

Straus, K., Puffenberger, E., Huentelman, M., Gottlieb, S., Dobrin, S., Parod, J.,
et al. (2006). Recessive symptomatic focal epilepsy and mutant contactin
associated proteilike 2. The N Engl J of Med. 354, 1370

Szatmari, P., Paterson, A., Zwaigenbalumret al. (2007). Mapping autism risk

loci using genetic linkage and chromosomal rearrangements. Nature genetics. 39,
319-328.

Tan, G., Doke, T., Ashburner, J., Wood, N., Frackowiak, R. (2010). Normal
variation in fronteoccipital circuitry and ceteellar structure with an autism
associated polymorphism of CNTNAP2. Neurolmage. 53, 1I@RM.

Thompson, P.M., Cannon, T.D., Narr, K.L., van Erp, T., Poutanen, V.P.,

Huttunen, M., Lonngvist, J., Standertskipldrdenstam, C.G., Kaprio, J.,

Khaledy, M, Dai | , R., Zoumalan, C.1., Toga,

brain structure. Nat. Neurosci. 4, 123258.

Vernes, S.C, Newbury, D.F, Abrahams, B.S., Winchester, L., Nicod, J., Gorszner,
M., Alarct, M., Oliver, P.L., Davies, K.E., Geschwind,H, Monaco, A.P.,

Fisher, S.E. (2008). A functional genetic link between distinct developmental
language disorders. The N Engl J Med. 359, 2X345.

Watts, D.J. Strogatz, S.H. (1998). Collective dynamics of 'swalld' networks.
Nature. 393, 44@42.

Winterer, G., Konrad, A., Vucurevic, G., Musso, F., Stoeter, P., Dahmen, N.

A.

(2008). Associ at i oi(NB®]) dgefewari@idnwihnd neur egu

subcortical medial frontal microstructure in humans. Neurolmage. 40778.2



Page 40 of 54

40

"1004d S1y1 W4y o y4ip Aew uosOA paysiignd eulyay] uonsslIod jood pue BunipaAdoo obsepun 01 BA sey Ing ‘uoiealignd Jo) paideade pue pamainal-isad usaqg sey apnle siy L

Zalesky, A., Fonito, A., Harding, I.H., Cocchi, L., Yicel, M., Pantelis, C.,

65.

Bullmore, E.T. (2010). Whoterain anatomical networks: Does the choice of

nodes matter? Neurolmage. 50, 3&B.

(7900 TTOC URIG/680T 0T :10p) 2dVNLND U v_w_ﬁw

WS NV ay) Jo SUED AUesH ul ANIALOSUUOD UrIg [eInidnis paiel|y
JAOSUUOD UReId



Page 41 of 54

ug' 41
o
82/
e
= Global Measures - Recessive model
o
*;—3 Whole Brain
= Non-risk
,\g Measure Risk average (CC) o?c;_l san:v:rr)age b p value
%8 CPL / lambda 17.5/10.09 17.67 / 10.16 0.17 | 0.0069
)
§§ MCC / gamma 8.57 /13.74 8.35/14.27 -0.2 0.21
%E EGLOB 6.16 6.1 | -0.049 0.032
§§ SW 13.52 14 0.51 0.021
§%’ MOD 5.64 5:53 -0.09 0.12
L C
= Left Hemisphere
=
39/'; CPL / lambda 19.16 / 10.67 19.04 / 10.69 -0.11 0.17
g% MCC / gamma 6.13/17.64 6.16 /17.10 0.038 0.54
§§ EGLOB 5.6 5.51 -0.09 | 0.00099
;’_‘g SW 16.57 15.96 -0.6 | 0.00068
g_:‘, MOD 4.54 444 | -0.098 0.16
Eg, Right Hemisphere
S g% CPL / lambda 19.02 / 10.62 18.95/10.66 | -0.084 0.3
832 MCC / gamma 6.35/17.37 6.36/17.24 | 0.02| 079
é%’é EGLOB 5.64 5.56 | -0.077 | 0.0056
-%Eg SW 16.33 16.14 -0.17 0.31
O
m-%é MOD 4.39 4.28 -0.11 0.079
og " . .
2 Regional Efficiency — Recessive Model
o= . :
I3 Risk average | Non-risk average
§§ Node (cC) (CT and TT) b p value
25
>
‘§§ L caudal anterior cingulate 9.20 8.77 | -0.44| 0.0061
=}
gf— L caudal middle frontal 8.24 7.78 | -0.45| 0.0062
(@]
S:’:é L pars triangularis 5.63 5.56 | -0.060 0.048
g‘g L superior frontal 6.63 6.72 | 0.094 | 0.0034
§§ L superior parietal 6.32 6.40 | 0.080 0.0046
1= L frontal pole 5.36 5.04 | -0.27 0.016
215 R inferior frontal 6.11 6.02 | -0.078 0.013
g% R pars triangularis 5.75 5.66 | -0.097 0.017
?(% R rostral anterior cingulate 6.00 5.90( -0.11 0.0074
o3 R superior temporal 6.02 5.97 | -0.056 0.036
g R frontal pole 5.33 493 | -0.34 0.012
8
<
Q
=
&
82
e
'_



Brain Connectivit

ty in Healthy Carriers of the Autism

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Altered Structural Brain Connectivi

42
Eccentricity
Risk Nonrisk
Node average| average (CT b p value
(CO) and TT)
L banks of the superior temporal sulcug

(lime green) 12.81 15.33 2.4 0.013
L caudal anterior cingulai@urple) 14.21 16.28 2.1 0.011
L caudal middle frontgdark blue) 16.66 18.79 2.1 0.0078
L cuneugmagenta) 20.96 22.40 1.5 0.026
L entorhinalgreen) 21.17 22.38 1.3 0.011
L fusiform(dark magenta) 21.30 22.34 1.0 0.014
L inferior temporalmagenta) 21.66 22.89 1.3 0.012
L lateral occipitaflight blue) 21.66 22.95 1.3 0.013
L lateral orbitofrontaldark blue) 21.16 22.37 1.3 0.0017
L lingualmagenta) 21.63 22.69 1.1 0.023
L medial orbitofronta(gold) 21.09 22.05 1.0 0.0072
L middle tempora(red) 21.72 23.06 1.3 0.012
L parahippocampdpale yellow) 21.53 22.79 1.3 0.011
L paracentra(gold) 21.25 22.30 1.1 0.0046
L pars opercularigdark blue) 21.93 23.18 1.3 0.017
L pars orbitaliorange) 22.00 23.41 1.4 0.026
L pars triangularigred) 21.78 23.15 1.4 0.013
L pericalcaring(pink) 21.67 22.77 1.1 0.025
L pastcentral(gold) 21.70 22.83 1.1 0.025
L posterior cingulatéblue) 21.23 22.20f 0.93 0.014
L precentral(blue) 21.41 22.45 1.0 0.013
L precuneugyellowgreen) 21.38 22.28 0.9 0.026
L rostral anterior cingulatéark purple) 21.36 22.38 1.0 0.018
L rostral middle frontalorange) 21.50 22.73 1.2 0.0075
L superior fronta(red) 21.29 22.23| 0.93 0.017
L superior parietalgreen) 21.50 22.48 1.0 0.024
L superior temporafforest green) 21.71 22.91 1.2 0.015
L temporal polddark blue) 21.85 23.17 1.3 0.017
L transverse tempordtark blue) 21.98 23.53 1.4 0.032
L insulglime green) 21.53 22.45 0.9 0.038
R caudal anterior cingulat@urple) 21.46 22.58 1.0 0.021
R caudal middle frontgtark blue) 21.37 22.42 1.0 0.013
R cuneugmagenta) 21.77 2310 1.3 0.017
R fusiform(dark magenta) 21.19 22.22 1.0 0.011
R inferior parieta(yellow) 21.44 22.46 1.0 0.023
R inferior tempora{magenta) 21.55 22.72 1.1 0.031
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R isthmus of the cingulai@me green) 21.28 22.39 1.0 0.017
R lateral occipitaflight blue) 21.45 22.47 1.0 0.02
R lateral orbitofronta{dark blue) 21.17 22.25 1.0 0.013
R lingualmagenta) 21.42 22.47 1.0 0.025
R medial orbitofronta{gold) 21.02 22.03 1.1 0.0034
R middle temporafred) 21.80 23.01 1.2 0.034
R parahippocampdpale yellow) 21.41 22.70 1.3 0.0078
R paracentrafgold) 21.35 22.36 1.0 0.017
Rpars opercularigdark blue) 21.83 23.21 1.3 0.025
Rpars orbitaligorange) 21.80 23.44 1.8 0.0093
Rpars triangularigred) 21.83 23.09 1.3 0.03
R postcentra(gold) 21.46 22.59 1.1 0.015
R posterior cingulatéblue) 21.36 22.26| 0.87 0.026
R precentral(blue) 21.34 22.29| 0.92 0.022
R precuneugyellow-green) 21.33 22.29| 0.91 0.024
R rostral anterior cingulatédark purple) 21.41 22.54 1.1 0.013
R rostral middle fronte(orange) 21.46 22.55 1.1 0.019
R superior fronta(red) 21.29 22.25| 0.93 0.019
R superior parietalgreen) 21.39 22.35| 0.92 0.024
R superior temporalforest green) 21.79 23.04 1.3 0.021
R supramarginal(green) 21.61 22.74 1.1 0.019
R temporal polddark blue) 21.45 23.19 1.8 0.0027
R transverse tempordgtark blue) 22.24 23.57 1.3 0.042
R insulglime green) 21.45 22.40f 0.93 0.027

Regional results showingNTNAP2SNP associations with node eccentricity

Global Measures - Additive model
Whole Brain
Measure cC CcT T b p value

Characteristic

path length 17.47 17.68 17.7 0.10 0.0096

Left Hemisphere

Global efficiency 5.56 5.52 5.53 -0.062 0.00041
Small-worldness 16.32 16.04 16.14 -0.34 0.003

Figure and Table Captions




Brain Connectivit

) ) livity in Healthy Carriers of the Autism]| - . )
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

)f?isk Gene, CNTNAP2 (doi: 10.1089/brain.2011.0064)

Altered Structural Brain Connectivi

Page 44 of 54

44

Table 1: Global results fron€NTNAP2association analysis for integrated graph theory
metrics for whole brain and left and right hemispheres separately. Significant results are

bolded. Results pass FDR correction for multiple carnspns across all Jsvalues.

Figure 1. Global results o€ENTNAP2association with graph theory metrics for the

whole brain. The radius of each node is proportional to the inverse pividae for the
comparison between risk (CC) and misk (CT, TT)subjects in the measure of

eccentricity. Thus, larger radii indicate nodes showing significant differences between the
two groups. Significant nodes are in blue, 1significant nodes in white. Nodes are

labeled with numbers: the legend on the figure hsimbers as they correspond to

regions in each hemisphere. Additionally, differences in paths are shown in this figure.
Paths that both risk and noisk groups have are in gray, those only present in risk group
are in red, and those only present in-niak group are in green Nodes are labeled with
numbers; legend in figure lists numbers in each hemisphere as they correspond to regions.
Figures 1and2 were generated at sparsity = 0.25, usingUCLA Multimodal

Connectivity Packagenh(tps://github.com/jaywn81/umcp.

Figure 2: Global results o€ENTNAP?2association with graph theory metrics for each
hemisphere separately. Askigure 1, larger radii indicate nodes showing significant
differences between the two groups in the measure of eccentricity.i&ghiiodes are
in blue, nonrsignificant nodes in white. Gray paths were present in both groups, red in
risk only, and green in nemsk only. Nodes are labeled with numbers; legend in figure

lists numbers in each hemisphere as they correspond to regions.
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Figure 3: Image of nodes showing association between eccentricit NTdNAP2allele

dose in recessive model. Results pass FDR correction for multiple comparisons across all
70 nodes. Colors differentiate each node with the same color representing ene nod
bilaterally. Seérable 3for color code. From top to bottom, left to right, slices are: Z=46,

Z=60, Y=41, Y=52, Y=70, X=36, X=72.

Table 2: Resultsfrom integrated regional efficiency analysis in recessive modek Non
ri sk (CT and TT)( C®)d edo chesd 6adld EHwabegs u stk t hat

indicates greater average in risk participants. Only regatisingp < 0.05are presented.

Table 3: Significant results from integrated eccentricity analysis in recessive model.
Nonr i sk coded cad edllinmaee mededents gain in eccentricity for

risk group (CC) compared to naisk group (CT and TT). All passirgDR corrected

across all 70 nodes tested (q < 0.05). Only significant results are presented. Colors refer

to Figure 3.

Table 4: Results frompost hocanalyses of additive models for integrated global

measures that pass FDR.
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Table S1 Borderline significant result9€0.05, but did not pass FDR correction) from

post hocanalyses of additive models for integrated regional measures.

Supplementary Material
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