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Abstract: Copy number variants at the 16p11.2 chromosomal locus are associated with several neuro-
psychiatric disorders, including autism, schizophrenia, bipolar disorder, attention-deficit hyperactivity
disorder, and speech and language disorders. A gene dosage dependence has been suggested, with
16p11.2 deletion carriers demonstrating higher body mass index and head circumference, and 16p11.2
duplication carriers demonstrating lower body mass index and head circumference. Here, we use dif-
fusion tensor imaging to elucidate this reciprocal relationship in white matter organization, showing
widespread increases of fractional anisotropy throughout the supratentorial white matter in pediatric
deletion carriers and, in contrast, extensive decreases of white matter fractional anisotropy in pediatric
and adult duplication carriers. We find associations of these white matter alterations with cognitive
and behavioral impairments. We further demonstrate the value of imaging metrics for characterizing
the copy number variant phenotype by employing linear discriminant analysis to predict the gene dos-
age status of the study subjects. These results show an effect of 16p11.2 gene dosage on white matter
microstructure, and further suggest that opposite changes in diffusion tensor imaging metrics can lead
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to similar cognitive and behavioral deficits. Given the large effect sizes found in this study, our results
support the view that specific genetic variations are more strongly associated with specific brain altera-

tions than are shared neuropsychiatric diagnoses. Hum Brain Mapp 37:2833-2848, 2016.

Periodicals, Inc.
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INTRODUCTION

The heterogeneity in clinical presentation of neuro-
psychiatric disorders presents challenges for their study,
diagnosis, and treatment. It is therefore valuable, and
increasingly feasible with the advancement of genomic
scanning technologies, to take a genetics-first approach to
studying highly variable neuropathologies such as autism
spectrum disorders (ASD), schizophrenia, and bipolar dis-
order. Thus, studying genetically defined cohorts may elu-
cidate more precisely the biological underpinnings of
subgroups within these clinically defined neurodevelop-
mental disorders, paving the way to more objective diag-
noses and more effective, targeted interventions.

Advances in genome-scanning technologies have
revealed a high prevalence of structural variation in the
human genome [Feuk et al., 2006]. In particular, copy-
number variants (CNVs) have been posed as major con-
tributors both to human diversity and to disease suscepti-
bility. Several CNVs have been observed recurrently in
patients ascertained by neurodevelopmental diagnoses
[Cook and Scherer, 2008; Feuk et al., 2006], with a number
of these demonstrating high penetrance when evaluated in
a population-based cohort [Stefansson et al., 2013].

Recent genetic research has demonstrated that deletion
and duplication of a 593 kb region at BP4-BP5 of 16p11.2 are
associated with a number of neuropsychiatric disorders
including ASD, schizophrenia, bipolar disorder, intellectual
disability, attention deficit disorder, and epilepsy [Kamin-
sky et al., 2011; Levy et al., 2011; McCarthy et al., 2009; Shi-
nawi et al., 2010; Weiss et al., 2008]. This region contains 29
genes, 17 of which are expressed in the mammalian brain
[McCarthy et al., 2009]. Both deletions and duplications of
the region have been detected at high frequencies in large
clinical cytogenic microarray databases [Cooper et al., 2011;
Kaminsky et al., 2011]. Evidence points toward dosage-
dependence of genes in this region that leads to differential
effects of their deletion versus duplication. For example,
individuals with 16p11.2 deletions have high body mass
index (BMI) and large head circumference, while people
with the reciprocal duplications have low BMI and small
head circumference [Bochukova et al., 2010; Jacquemont
et al., 2011; McCarthy et al., 2009; Shinawi et al., 2010; Wal-
ters et al., 2010; Zufferey et al., 2012]. Volumetric analysis of
structural MRI also shows increases in intracranial volume,
total gray and white matter volumes, and regional cortical

and subcortical volumes for the deletion carriers, whereas
the duplication carriers show decreases in these volumetric
measures [Maillard et al., 2014; Qureshi et al., 2014]. Addi-
tionally, a meta-analysis of datasets from multiple psychiat-
ric disorders demonstrated an association of the duplication
with schizophrenia, ASD, and other neurodevelopmental
disorders, while the deletion was associated only with ASD
and other neurodevelopmental disorders, but not schizo-
phrenia [McCarthy et al., 2009].

Using diffusion MRI, we recently reported widespread
alterations of white matter microstructure in children with
the 16p11.2 deletion, compared to typically developing chil-
dren [Owen et al., 2014]. In this study, we use diffusion tensor
imaging (DTI) to detect white matter microstructural changes
in a cohort of children and adults with recurrent ~600 kb
(BP4-BP5) 16pl11.2 duplications, as well as an expanded
cohort of children and adults with the reciprocal deletion, as
part of the multicenter Simons Foundation Variation in Indi-
viduals Project [The Simons VIP Consortium, 2012]. Given
our previously reported findings in the pediatric deletion car-
riers, as well as the theory of gene dosage dependence, we
hypothesize that carriers of the 16p11.2 duplication also dem-
onstrate diffuse white matter microstructural alterations, but
that the most important changes are opposite to those of the
reciprocal deletion carriers. Additionally, observing that
deviation in either direction from normal gene dosage tends
to be maladaptive, we further predict an association of cogni-
tive and behavioral impairment with deviation (also in either
direction) from normal white matter microstructural metrics.
This hypothesis is further supported by the recent results of
Hahamy et al. [2015] showing that the magnitude of both
hyper- and hypoconnectivity in interhemispheric homotopic
connections correlates with behavioral symptoms of ASD.
Finally, given the effect size of previously reported findings
in the pediatric deletion carriers, we hypothesize that micro-
structural and macrostructural brain imaging metrics, the lat-
ter from high-resolution three-dimensional volumetric MRI,
can be used to accurately predict the CNV status in these
study subjects.

MATERIALS AND METHODS
Study Subjects

As part of a multicenter investigation of 16p11.2 deletion
and duplication carriers, this study analyzes data from 30
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pediatric deletion carriers (age 8-16 years; 15 male and 15
female), 13 pediatric duplication carriers (age 7-16 years;
10 male and 3 female), 34 pediatric controls (age 7-16
years; 17 male and 17 female), 7 adult deletion carriers
(age 2048 years; 4 male and 3 female), 22 adult duplica-
tion carriers (age 20-63 years; 12 male and 10 female), and
28 adult controls (age 21-63 years; 15 male and 13 female).
Compared to subjects studied in Owen et al. [2014], this
study included pediatric duplication carriers, adult dele-
tion and duplication carriers and controls, 7 pediatric dele-
tion carriers in addition to the original 23 carriers, and
additional pediatric controls. 16p11.2 carriers were
recruited primarily by referral from clinical genetic centers
or testing laboratories and web-based networks. Control
subjects were recruited from the general population. Indi-
viduals with any major DSM-IV diagnoses based upon
clinical psychologist review or with immediate family
members diagnosed with developmental disorders, dys-
morphic features, or genetic abnormalities were excluded
from the control cohort. Chromosome microarrays were
obtained for all carriers and controls, and only individuals
without other pathogenic CNVs or other known genetic
syndromes were enrolled.

Four of the adult deletion carriers were parents of pedi-
atric proband deletion carriers, and six of the adult dupli-
cation carriers were parents of the pediatric proband
duplication carriers. Additionally, there were two pairs of
pediatric deletion carrier siblings, two pairs of pediatric
duplication carrier siblings, one pair of pediatric control
sublings, three pairs of adult duplication carrier siblings,
and a pair of adult siblings + one parent (three individuals
from the same family) included in the adult duplication
carrier cohort. Subjects with nonverbal intelligence quo-
tients (NVIQ) below 60 were excluded. Of the 15 original
pediatric duplication carriers, two were excluded from
analysis for excessive motion during MRI, leaving 13 pedi-
atric duplication carriers. Of the 23 original adult duplica-
tion carriers, one was excluded from analysis for an NVIQ
below 60. Eighty-seven of the 134 total participants were
recruited, tested, and imaged within the University of Cal-
ifornia (UC) system and the remainder at the Children’s
Hospital of Philadelphia (CHOP). A breakdown of the
subject demographics and clinical neuropsychiatric diag-
noses is given in Tables I and II. For the subjects tested
and imaged at the UCs, cognitive testing was performed
at UC San Francisco, while MR imaging was performed at
UC Berkeley to match the scanner manufacturer and
model with that at CHOP. NVIQ and verbal IQ (VIQ)
were derived from the Differential Ability Scales - Early
Years & School Age Intelligence Test for Children (DAS-II)
for all pediatric subjects, and from the Wechsler Abbrevi-
ated Scale of Intelligence (WASI) for all adult subjects.
Scores from the Social Responsiveness Scale (SRS) as well
as Social Communication Questionnaire (SCQ), both
parent-report questionnaires which measure a child’s
social and communication impairments and are used to

screen for autism spectrum symptoms, were obtained for
pediatric subjects except for one pediatric control. Scores
from the adult research version of the SRS, in which
spouses report on one another or parents report on adult
study subjects, were obtained for adult subjects except for
one duplication carrier, one deletion carrier, and two con-
trols. All study procedures were approved by the institu-
tional review boards at UC San Francisco and CHOP and
are in accordance with the ethical standards of the Hel-
sinki Declaration of 1975, as revised in 2008.

Image Acquisition

MRI was performed on a 3 T Trio scanner (Siemens,
Erlangen, Germany) using a 32-channel phased-array
radio-frequency head coil, at both UC and CHOP. High-
resolution structural images of the brain were collected
using a multiecho magnetization prepared rapid acquisi-
tion gradient-echo (ME-MPRAGE) Tl-weighted sequence
with 160 1.0-mm-thick slices at 1 X 1 mm in-plane resolu-
tion (FOV=256 X 256 mm). Whole-brain diffusion-
weighted images were collected using multislice 2D
single-shot spin-echo echo-planar imaging with monopolar
gradients (b= 1000 s/mm?, 30 directions). Parallel imaging
with the integrated Parallel Acquisition Techniques (iPAT)
was used with a reduction factor of 2, one excitation, and
2 mm interleaved axial slices with no gap at an in-plane
resolution of 2 X 2 mm on a 128 X 128 matrix
(TE=280 ms, TR =10000 ms). An additional brain volume
was acquired with no diffusion weighting (b =0 s/mm?).

Structural MR Imaging Analysis

The 3D Tl-weighted MPRAGE images of all subjects
were examined for structural abnormalities by a board-
certified pediatric neuroradiologist (PM). Volumetric meas-
ures were obtained from each subject’s T1 images using
FreeSurfer 4.5.0 [Fischl, 2012] using methods reported pre-
viously [Qureshi et al., 2014].

DTI Preprocessing

FMRIB’s Linear Image Registration Tool (FLIRT; www.
fmrib.ox.ac.uk/fsl/flirt) was used to register all diffusion-
weighted volumes to their corresponding b = 0 s/mm?”
volume, and to correct for motion and eddy currents [Jen-
kinson et al., 2002]. Relative displacements between subse-
quent diffusion volumes were calculated for each subject,
and subjects with a >1 mm median displacement were
excluded for excessive motion, excepting one adult dele-
tion carrier with 1.1 mm median displacement. None of
the four control—carrier cohorts demonstrated group differ-
ences of median displacement (p > 0.1), using a two-tailed,
unpaired student’s t-test with unequal variances. Two
pediatric duplication carriers were excluded in this man-
ner, and their data along with their matched control data
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was not used for further analysis. Subsequently, the Brain
Extraction Tool (BET; http://www.fmrib.ox.ac.uk/analy-
sis/research/bet) was used to remove nonbrain tissue, and
FSL’s DTIFIT was used to calculate DTI parameters of
fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD).

Tract-Based Spatial Statistics Analysis of DTI

FSL’s Tract-Based Spatial Statistics (TBSS) tool [Smith et al.,
2006] was used to align individual FA maps to FSL’s standard
FMRIB58 adult FA template. Following registration, the FA
maps of all subjects were thinned to create white matter skele-
tons. Then, skeletonized MD, RD, and AD maps were created
and registered to the FMRIB58 FA template. The randomise
function from FSL was used to perform voxel-wise statistics
along the white matter skeleton. This function uses nonpara-
metric permutation testing, and allows for cluster-level infer-
ence when the threshold-free cluster enhancement (TFCE)
approach is used [Smith and Nichols, 2009]. Randomise was
used with an ANOVA F-test for difference between means of
controls, duplication carriers, and deletion carriers. This was
performed separately for each DTI parameter, and for chil-
dren and adults. Statistically significant contrasts found from
the F-test were followed up with pairwise comparisons
between groups using randomise with two-sample unpaired
t-tests, yielding six contrasts for children, and six contrasts for
adults (control > deletion, deletion > control, control > dupli-
cation, duplication > control, deletion > duplication, duplica-
tion > deletion). These results were evaluated with Bonferonni
correction for six comparisons (p < 0.0083). All randomise anal-
yses were performed with 5000 permutations and nuisance
regression of age, gender, and site.

Two supplementary group difference TBSS analyses
were performed: (1) The same randomise analyses as
described above, but with NVIQ added as a nuisance
regressor in addition to age, gender, and scan site. (2) The
same TBSS + randomise analyses described for the primary
analysis, but removing subjects such that there were no
related subjects within a given randomise analysis (the fam-
ily member removed was chosen at random). This second
supplementary analysis therefore consisted of 28 deletion
carriers, 11 duplication carriers, and 33 controls for the
pediatric cohort, and 7 deletion carriers, 17 duplication
carriers, and 28 controls for the adult cohort.

Post-Hoc Group Comparisons of Whole-Brain
and Regional DTI Parameters

Given the widespread statistical white matter differences
observed from the randomise analyses, a post-hoc analysis
was performed to assess global white matter effects. Global
values of FA, MD, RD, and AD were obtained for each sub-
ject by averaging over each whole-brain white matter skele-
ton from the prior TBSS analysis. Group effects for each
global DTI parameter were then assessed for the children

and adults with regression of age, gender, and scan site. For
DTI metrics demonstrating significant group effects for chil-
dren (p<0.05), pairwise comparisons were performed
between the controls and deletions, controls and duplica-
tions, and deletions and duplications using two-group t-
tests with regression of age, gender, and scan site.

As a supplementary analysis, regional values of FA,
MD, RD, and AD were obtained from the skeletonized
white matter of callosal, cerebellar, projection, association,
and limbic tracts. These values were obtained by averag-
ing over the intersecting voxels of each whole-brain ske-
letonized white matter map with the aforementioned tracts
in the Johns Hopkins University (JHU) ICBM-DTI-81
White Matter Labeled Atlas, which is available for
MNI152 space in FSL [Mori et al., 2005]. Group effects and
pairwise comparisons for each regional DTI parameter
were then assessed in the same manner described for the
global DTI parameters.

Age Trajectories of Global DTl Parameters

As a preliminary investigation into developmental tra-
jectories of white matter in the CNV carriers, quadratic
models were fit to global FA, MD, RD, and AD over age,
separately for controls and duplication carriers. Deletion
carriers were not included in this analysis due to the low
number of adult subjects.

Cognitive and Behavioral Associations

Associations of NVIQ, VIQ, and SRS with diffusion val-
ues were assessed. Linear regressions were performed sep-
arately for adults and children, with age, site, and gender
as a covariate in each. Since the DTI values in the deletion
and duplication carriers were observed to deviate from
those of the controls in frequently noncoinciding direc-
tions, we assumed that deviation from normal toward
both lower and higher values would be associated with
impaired function (as opposed to only lower FA, for exam-
ple). We therefore correlated NVIQ, VIQ, and SRS with
the absolute value of z-scored DTI metrics, using the mean
and standard deviation of the control subjects to obtain
the normalizing values of the z-score. This gave rise to
continuous, positive DTI measures with units of number
of standard deviations in either direction from the control
mean. These variables will subsequently be denoted
[z(FA)I, 1z(MD) I, 1z(RD) |, and |z(AD)!|. Each cognitive-
behavioral metric was correlated with 1z(FA)I, [z(MD)I,
[z(RD)Il, and |z(AD)!| in global white matter (WM), as
well as five different white matter groups comprised of
JHU regions—callosal, projection, association, limbic, and
cerebellar tracts. False discovery rate (FDR) correction was
applied when inferring the significance of the correlations,
with correction for six comparisons corresponding to the
global WM and five JHU groups, for each cognitive/
behavioral metric and DTI metric.
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TABLE I. Subject characteristics

Pediatric Pediatric Pediatric Adult Adult deletion Adult duplication

controls deletion carriers duplication carriers controls carriers carriers
Age (years) 122 = 2.7 11.6 = 2.3 11.2 =28 383 + 10.1 39.6 £9.3 384 £ 9.8
Gender 17F/17M 15F/15M 3F/10M 13F/15M 3F/4M 10F/12M
Handedness 27R/7L 23R/6L/1A 10R/3L 24R/3L/1A 6R/1L 19R/3L
NVIQ 104.7 = 12.7 92.3 + 12.8* 82.8 + 15.2* 99.1 =153 90.9 = 10.0 99.7 = 138
VIQ 106.4 = 15.8 832 = 15.7* 90.8 + 18.2* 101.9 = 17.9 94.1 + 14.8 101.6 = 12.2
SRS 17.1 = 12.8 712 + 39.3* 74.1 + 39.5% 225+ 133 485 + 30.1 40.1 * 30.8*
ICV (mL) 1467 + 127 1600 + 164* 1423 + 185 1478 + 117 1582 + 126 1379 + 145*

Statistically significant differences between carriers and controls (p < 0.05) are indicated with an asterisk.

Prediction of CNV Status

To assess the value of DTT in predicting gene dosage at
the 16p11.2 locus, linear discriminant analysis (LDA, also
known as Fisher’s discriminant) was used to classify CNV
status (control, deletion, or duplication) in children. LDA,
which separates classes of objects using a linear combination
of features, was used with four different sets of candidate
predictor variables: (1) Only cognitive and demographic
variables of NVIQ, VIQ, Social Responsiveness Scale (SRS),
Social Communication Questionnaire (SCQ), age, and gen-
der. (2) Demographic and cognitive variables along with
volumetric (structural) measures. (3) Demographic and cog-
nitive variables along with DTI metrics. (4) Demographic
and cognitive variables, structural measures, and DTI met-
rics. The volumetric measures from FreeSurfer included
intracranial volume (ICV), left and right total cortical surface
area, left and right total white matter volume, left and right
cortical volume, brainstem volume, left and right thalamus,
caudate, putamen, cerebellum, hippocampus, and amyg-
dala volumes (20 variables per subject). Most of these meas-
ures have been shown to differ between 16p11.2 pediatric
deletion and duplication carriers versus typically develop-
ing controls [Qureshi et al., 2014]. The DTI metrics included
were the FA, MD, RD, and AD values within the corpus cal-
losum, association tracts, projection tracts, limbic tracts, and
cerebellar tracts (20 variables per subject). For each set of
predictor variables, feature selection was performed by
sequentially adding the candidate predictor variable which
decreased the classification error rate by the largest margin,
as assessed using 10-fold cross-validation and 500 Monte
Carlo repetitions. Linear discriminant models were created
in this manner with selection of 1-15 features, excepting the
first model for which there are only six candidate predictor
variables.

ASD Subgroup Comparisons

Though this study was not designed for hypothesis test-
ing of clinical ASD subjects, post-hoc comparisons were
performed between the six pediatric deletion carriers with
clinical ASD, the 24 pediatric deletion carriers without
clinical ASD, and controls. This was the only cohort with

more than one subject with clinically diagnosed ASD
(Table II). ANOVA was used to assess group effects for
the global DTI metrics, ICV, brain volume, WM volume,
and gray matter volume. For metrics demonstrating signif-
icant group effects for children (p<0.05), comparisons
with multiple-comparisons correction were performed for
the controls versus deletion carriers without ASD, controls
versus deletion carriers with ASD, and deletion carriers
without ASD versus deletion carriers with ASD. Group
differences of NVIQ were also assessed in the same man-
ner. All statistics were performed with regression of site,
age, and gender.

RESULTS
Demographic, Clinical and MRI Results

Table I reports the demographic, NVIQ, VIQ, SRS, and
ICV data for each of the carrier and control cohorts. NVIQ
and VIQ are significantly lower in both the pediatric dele-
tion and pediatric duplication cohorts relative to their con-
trols (p <0.05), while there is no significant difference in
either the adult deletion or the adult duplication cohorts
relative to their controls. SRS is significantly higher in the
pediatric deletion, pediatric duplication, and adult dupli-
cation cohorts relative to controls (p < 0.05), but not in the
adult deletion carriers. As expected, ICV is significantly
higher in the pediatric deletion carriers relative to controls,
and significantly lower in the adult duplication carriers
relative to controls (p <0.01). ICV trends higher and lower
in the adult deletion carriers and pediatric duplication car-
riers, respectively, relative to controls, but does not reach
significance due to the smaller sample sizes of these two
cohorts. Table II contains the neuropsychological diagno-
ses of all of the 16p11.2 CNV carriers, based on clinical
assessment.

Voxel-Wise Group Differences of DTI

Table III indicates contrasts which gave rise to signifi-
cant voxel-wise results (p <0.05 for F-tests, p <0.0083 for
pairwise comparisons). F-tests demonstrated significant
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TABLE Il. Diagnoses in CNV carriers

Pediatric deletion
carriers (n = 30)

Pediatric duplication
carriers (n = 13)

Adult deletion
carriers (n = 7)

Adult duplication
carriers (n = 22)

ADHS 6
Anxiety 2
Articulation disorder 20
Behavioral disorder 4
ASD 6
Coordination disorder 12
Enuresis disorder 8
Language disorder 10
Learning disorder 3
Mood disorder 1
Intellectual disability 2
Stereotyped motor disorder 1
Tic/Tourette’s 3

NONRFR R NRFR WRNRR B W
_H ORFR WP, OO, NOO W
OO ONODODODO R OO RO

Each carrier could have more than one diagnosis. ADHS: attention-deficit hyperactivity syndrome; ASD: autism spectrum disorder.

and extensive differences for all four DTI parameters, for
both children and adults. For conciseness, the figures and
discussion of these TBSS results will be limited to the pair-
wise comparisons between controls and deletion carriers,
and between controls and duplication carriers. In the pedi-
atric deletion carriers, FA, MD, and AD are extensively
increased throughout the supratentorial white matter rela-
tive to controls (Fig. 1), as also shown in Owen et al.
[2014]. The pediatric duplication carriers are differently
affected, demonstrating extensive decreases of FA and ele-
vations of MD and RD (Fig. 2). The adult deletion carriers
show increases of AD (like the pediatric deletion carriers)
in the internal capsules (Fig. 3). The adult duplication car-
riers, like the pediatric duplication carriers, exhibit
decreased FA and increased RD relative to controls, but
with additional extensive decreases in AD (Fig. 4).

Results with covariation of NVIQ (in addition to site,
age, and gender) were very similar to the primary analy-
ses; with covariation of NVIQ, elevations of MD in the
child deletion carriers, and elevation of AD in the child
duplication carriers were not significant after correction
for multiple comparisons. Results retaining only one mem-
ber of each family in a given analysis were very similar to
the primary analyses, with the exception that in the analy-
ses with no related subjects, the F-test for group differen-
ces of MD in adults did not yield significant results after
correction for multiple comparisons.

Group Differences of Whole-Brain and
Regional DTI Metrics

The results of whole-brain white matter skeleton
ANOVA analysis of the DTT metrics between groups (Fig.
5) summarize differences displayed in the voxel-wise TBSS
results and attest to the large spatial extent of many of the
observed differences. The ANOVA results of regional
white matter group differences in the DTI metrics are dis-

played in Supporting Information, Table 1 for the pediatric
participants and in Supporting Information, Table 2 for the
adult participants. The regional results generally agree
with the global results. Of note, the adult deletion carriers
have elevated AD in the association, limbic, and projection
tracts relative to controls; these are the same three classes
of tracts in the pediatric deletion carriers observed to
exhibit higher AD. P values for the main effect of site are
included in Supporting Information, Table 3.

Age Trajectory of Whole-Brain Diffusion
Parameters in Duplication Carriers

In Supporting Information, Figure 3, the whole-brain
DTI parameters are plotted against age, with quadratic
models fit separately for controls and duplication carriers.
The global FA values follow similarly shaped trajectories
for the duplication carriers and controls, but with a con-
stant FA offset between the two groups. In contrast, the
global MD values are elevated at younger ages in the
duplication carriers compared to their controls, but

TABLE Ill. TBSS group comparison results

Child Adult
FA - MD RD AD FA MD RD AD

F test X X X X X X X X
Controls > Dels - - - - - - - -
Controls < Dels X X - X - - - X
Controls >Dups  x - - - X - - X
Controls <Dups - X X X - - X -
Dels > Dups X - - X X - - X
Dels < Dups - X X X - - X -

Contrasts which gave rise to significant voxel-wise results
(p<0.05 for F-tests, p <0.0083 pairwise differences) are indicated
by an x.
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FA
Child Dels
> Controls

MD

Child Dels
> Controls

AD
Child Dels
> Controls

Figure I.

DTl TBSS two-sample t-test results in the pediatric 16pl1.2
deletion carriers (n =30) compared to controls (n = 34), with
nuisance regression of site, age, and gender. Results show white
matter regions of significantly increased FA, MD, and AD in the
deletion carriers compared to controls displayed in yellow

normalize in adulthood. The global RD values behave in a
similar manner to the MD values with strong early eleva-
tion in the duplication carriers, and narrowing elevations
in adulthood. The global AD values exhibit different tra-
jectories of development in the duplication carriers com-
pared to their controls, with the carriers demonstrating
strong decreases in AD over age, while their matched con-
trols demonstrate subtler decreases. This results in overall
decreased AD of the duplication carriers in adulthood.

Cognitive and Behavioral Correlations

The results of the cognitive and behavioral correlations
are displayed in Figures 6 and 7. For each cognitive/
behavioral metric, only the white matter groups which
demonstrated any significant correlations after FDR correc-
tion are displayed. For the children, there were significant
negative correlations for NVIQ versus [z(MD)| and
[z(RD)| in the callosal, association, and projection tracts,
as well as |z(FA)!| in the callosal tracts, and |z(MDI in

(p <0.0083). There were no significant results in any of the
remaining pediatric deletion carrier vs pediatric control con-
trasts. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the global white matter. There were strong trends toward
negative correlations for NVIQ with [z(FA)! in the associ-
ation and projection tracts that did not survive the FDR
threshold (Fig. 6). There were no significant correlations of
VIQ or SRS with the z-scored DTI metrics for pediatric
subjects after correction for multiple comparisons.

For the adults, there were significant positive correlations
of SRS, for which a higher score indicates more social impair-
ment, with [z(FA)| in the callosal and association tracts
(Fig. 7). There were no significant correlations of NVIQ or
VIQ with the z-scored DTI metrics for the adult subjects.

Prediction of CNV Status

The performance of the linear discriminant models for
prediction of CNV status is displayed in Figure 8. The
model containing demographic and cognitive variables,
volumetrics, and DTI variables performed the best, as
expected. The predicted classification accuracy of this
model increases with sequentially added features up to
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Figure 2.

DTl TBSS results in the pediatric 16pl1.2 duplication carriers
(n=13) compared to controls (n = 34), with nuisance regres-
sion of site, age, and gender. Results show white matter regions
with significantly decreased FA displayed in blue, and significantly
increased MD and RD displayed in yellow (p < 0.0083). AD also

93.6% at ten features. Of the first five added features, three
were demographic/cognitive and two were DTI metrics.
Of the next five added features, one was a DTI metric, and

AD

Adult dels
> Controls

demonstrates elevations in spurious voxels. There were no sig-
nificant results in any of the remaining pediatric duplication car-
rier vs pediatric control contrasts. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

four were volumetric measures. The predicted classifica-
tion accuracy of the model with demographic/cognitive
and DTI variables increases with sequentially added

Figure 3.

DTI TBSS results in the adult 16pl 1.2 deletion carriers (n=7)
compared to controls (n = 28), with nuisance regression of site,
age, and gender. Results show white matter regions with signifi-
cantly increased AD displayed in yellow (p <0.0083). There

were no significant results in any of the remaining adult deletion
carrier vs adult control contrasts. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.
DTl TBSS results in the adult 16pl1.2 duplication carriers (n=22) compared to controls
(n =128), with nuisance regression of site, age, and gender. Results show white matter regions
with significantly decreased FA and AD displayed in blue, and significantly increased RD displayed
in yellow (p <0.0083). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

features up to 90.0% at five features. These first five fea-
tures are the same as those in the model containing all
variables. The predicted classification accuracy of the
model with demographic/cognitive and volumetrics
increases with sequentially added features up to 87.6% at
nine features. Of these nine features, six are demographic/
cognitive, and three are volumetric. The predicted classifi-
cation accuracy of the model with demographics/cognitive
variables alone increases up to 73.6% at four features.
These four features were the four cognitive variables of
NVIQ, VIQ, SRS, and SCQ. Across models, decline in pre-
dicted classification accuracies represent the effect of
overfitting.

ASD Subgroup Comparisons

The results of the ASD subgroup ANOVAs for the pedi-
atric deletion carriers are displayed in Figure 9 and Sup-
porting Information, Figures S1 and S2. Global FA, global
AD, and all volumetric measures are significantly elevated
in the pediatric deletion carriers without ASD relative to

controls, and in the pediatric deletion carriers with ASD
relative to controls. The deletion carriers with ASD trend
higher in global FA and the volumetric measures relative
to the deletion carriers without ASD, though this does not
reach statistical significance. NVIQ is significantly lower
than controls in child deletion carriers without an ASD
diagnosis, but not in child deletion carriers with an ASD
diagnosis.

DISCUSSION

Differential White Matter Alterations in Deletion
versus Duplication Carriers

Using similar methodology to that of Owen et al. [2014],
we continue to find AD-driven increases in FA for the
pediatric deletion carriers, which could reflect reduced
axonal fanning and crossing, or reduced extracellular com-
partment tortuosity. Conversely, in this investigation, find-
ings for the pediatric duplication carriers suggest
decreased axonal density or myelination leading to
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primarily RD-driven decreases of FA. Results for the adult
duplication carriers could reflect a primary effect of
increased axonal fanning, crossing, and/or tortuosity, with
a smaller contribution of decreased axonal density, leading
to AD- and RD- driven decreases of FA [Beaulieu, 2002].
In addition to these unique differential alterations, the
microstructural alterations in both the pediatric and adult
duplication carriers reveal effect sizes surpassing those
demonstrated in studies with neuropsychiatrically defined
cohorts. A meta-analysis of DTI studies of ASD found an
average Cohen’s D effect size of 0.584 for reduction of FA
in the corpus callosum [Aoki et al., 2013]. In comparison,
the pediatric duplication carriers in this study showed an
effect size of 1.34 for reduction of FA in the corpus cal-
losum, while the adult duplication carriers showed an
effect size of 1.04. The pediatric deletion carriers do not
exhibit a statistically significant increase of FA throughout
the corpus callosum, especially in the splenium, likely
because normal FA values in the splenium of the corpus
callosum are already the highest in the brain.

Relation to ASD and Schizophrenia

As the goal of genetics-first studies is to better character-
ize and diagnose etiologically heterogeneous neuropathol-
ogies, it is important to relate our findings back to
16p11.2-associated neuropsychiatric disorders, in particu-
lar, ASD and schizophrenia [McCarthy et al., 2009; Zuf-
ferey et al., 2012]. Patients diagnosed with ASD have a 10-
fold higher prevalence of 16p11.2 CNVs (both deletions
and duplications) relative to an unscreened population
[McCarthy et al., 2009]. A recent investigation of 16p11.2
CNV carriers has reported altered structural MRI meas-
ures in cortical and subcortical regions overlapping with
areas known to be affected in ASD and schizophrenia
[Maillard et al., 2014]. While a number of studies using
DTI in ASD have suggested decreased FA and increased
MD in many white matter tracts including the corpus cal-
losum, cingulum bundle, and tracts connecting aspects of
the temporal lobe, other studies have found increases in
FA, or no group differences at all [Travers et al., 2012].
The findings we have presented here of the diverging
alterations of white matter FA in carriers of the 16p11.2
deletion versus the reciprocal duplication thereby shed
light on the heterogeneity of results from DTI studies that

Figure 5.

Group difference ANOVA results of whole-brain white matter
DTI values for pediatric and adult carrier—control cohorts, with
regression of site, age, and gender. Individual subject data points
are shown for each cohort with the mean and standard devia-
tion indicated by the circle with error bars. Significant pairwise
comparisons are indicated by brackets, only if the primary
ANOVA analysis shows a significant group effect (p <0.05).
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 6.

Correlations of NVIQ versus |z(FA)|, |z(MD)|, |z(RD)|, and
|z(AD)| in callosal, association, and projection tracts for children.
The presence of a gray linear regression line indicates a signifi-
cant correlation (p < 0.05) after FDR correction for six compari-
sons, corresponding to the six white matter groups tested—
global, callosal, association, projection, limbic, and cerebellar. P

group ASD patients without defined genetic causes. Our
results in the 16p11.2 duplication carriers show decreases of
FA, while results in the pediatric 16p11.2 deletion carriers
show increases of FA (Figs. 1-5); through extrapolation, we
can see that analysis of a merged CNV cohort versus con-
trols would have yielded sparse or negligible group FA dif-
ferences. In addition to highly variable group difference
findings, no consistent correlations between DTI measures
and ASD symptom severity have been found to date. There
is therefore a need to define etiologically homogeneous
cohorts within ASD to more meaningfully characterize the

values include the effect of regressing for age. Correlations of
NVIQ in global white matter are not shown, though a significant
correlation was found between NVIQ and global |z(MD)|.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

neural underpinnings of specific patterns of behavior and
cognition. This is especially important as interventions are
developed for ASD, and DTI markers of white matter integ-
rity demonstrate sensitivity to intervention-linked decreased
symptom severity [Pardini et al., 2012].

In contrast to ASD, schizophrenia is associated only
with the 16p11.2 duplication [McCarthy et al.,, 2009]. A
number of studies using various methodologies have sug-
gested disrupted connectivity of widely distributed brain
circuits as being characteristic of schizophrenia [Kubicki
et al., 2007]. The most frequent positive findings in DTI
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Correlations of the adult SRS versus |z(FA)|, |z(MD)|, |z(RD)|,
and |z(AD)| in callosal and association tracts for adults. The
presence of a gray regression line indicates a significant correla-
tion (p < 0.05) after FDR correction for six comparisons, corre-

studies of schizophrenia have indicated altered white mat-
ter (represented most often by decreased FA) in frontotem-
poral, interhemispheric, and frontothalamic tracts [McIntosh
et al, 2008; Voineskos et al.,, 2010]. Our results in the
16p11.2 duplication carriers follow this general trend of
decreases in FA (Figs. 2, 4, and 5). Despite this convergence
towards an overarching theory of disconnection, results
across both imaging and postmortem histological studies of
the schizophrenic brain are still varied and inconclusive
with regard to the nature, location, and extent of the white
matter pathology [Kubicki et al., 2007]. This is likely a func-
tion of the disorder’s complex etiology and course of devel-
opment that blur the line between characterization as a
disorder of neurodevelopment and one of neurodegenera-
tion [Chiapponi et al., 2013]. While we find decreased FA in
both the pediatric and adult cohort of 16p11.2 duplication
carriers, divergent differences of AD in the two different
age groups suggest somewhat different biophysical bases
behind this aberrant white matter anisotropy.

There is evidence of altered developmental trajectories in
both ASD and schizophrenia. Brain size of individuals with
ASD is normal at birth [Courchesne et al., 2003; Hazlett
et al., 2011], then exhibits rapid growth exceeding that of
typically developing children for the first few years of life

sponding to the six white matter groups tested—global, callosal,
association, projection, limbic, and cerebellar. P values include
the effect of regressing for age. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

[Courchesne et al., 2001; Hazlett et al.,, 2011; Sparks et al.,
2002], and finally normalizes by adulthood [Redcay and
Courchesne, 2005]. There have also been reports of divergent
trajectories of FA changes on a regional basis between indi-
viduals with ASD and typically developing controls [Bakh-
tiari et al., 2012]. Studies using structural and diffusion MRI
to investigate age-related changes in schizophrenia have gen-
erated heterogeneous findings, with a majority suggesting
divergent trajectories of development, as opposed to conver-
gent or parallel [Kubicki et al., 2007]. Therefore, while there
is the possibility of ascertainment bias in our study sample,
it is also plausible that the inconsistency we find between
the pediatric and adult duplication carriers reflect divergent
developmental trajectories. The discrepancy in AD could, for
example, reflect stronger accelerating increases of axonal fan-
ning, crossing, and/or tortuousity with age in duplication
carriers relative to typically developing controls.

Associations of Cognitive and Behavioral
Impairment with Deviation from Normal White
Matter Microstructure

The differential alteration of white matter microstructure
in the deletion carriers versus the duplication carriers,
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Figure 8.

Accuracy of classification of the children into 3 groups (deletion,
duplication, and control) for models constructed using linear dis-
criminant analysis with (A) demographics only: NVIQ, age, and
gender; (B) demographics + volumetric measures; (C) demo-
graphics + DTl metrics; and (D) demographics + volumetric
measures + DTl metrics. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

despite shared functional impairment, necessitates a differ-
ent approach to link underlying biology to functional
impairment than examining for the traditional linear or
monotonic relationships. The strong associations of NVIQ
and SRS with both increases and decreases of DTI metrics
from their normative values in control subjects support the
hypothesis that there is a U-shaped relationship between
white matter microstructure and cognitive and behavioral
function, with the normal control mean values represent-
ing an optimum. This new approach to relating DTI met-
rics to neuropsychological functioning may prove useful in
studies of heterogeneous neuropathologies such as idio-
pathic ASD and schizophrenia.

The correlations of NVIQ with [z(FA)I, |z(MD) |, and
[z(RD) | of the white matter in the pediatric subjects (Fig.
6) are evidence of the broad effects of the 16p11.2 CNVs
on brain development. NVIQ has previously been associ-
ated with FA and RD in the corpus callosum of ASD sub-
jects [Alexander et al., 2007, Lee et al, 2009]. The
associations of adult SRS with the absolute value of the
diffusion metrics in callosal and association tracts are
reflective of DTI studies of ASD that have demonstrated
specific white matter alterations in the corpus callosum
and in association tracts such as the superior longitudinal
fasciculi [Travers et al., 2012]. While prior studies of ASD
have found correlations of FA with autism symptom
severity, these results have been inconsistent with regard
to implicated behaviors and brain regions [Travers et al.,

2012]. A prior investigation on 16p11.2 deletion carriers
found that even children who did not meet any psychiatric
diagnosis still showed subthreshold challenges in social
communication and behavioral traits related to ASD [Han-
son et al.,, 2014]. This observation is consistent with our
demonstration of DTI associations with adult SRS in an
adult group, where only 2 of the 30 duplication and dele-
tion carriers met an ASD diagnosis (Table II).

Linking Genes, Brain, and Behavior

One challenge in the interpretation of findings in CNV-
defined cohorts lies in the identification of the specific
genes at the locus of interest that drive the observed pheno-
types. Golzio et al. [2012] systematically overexpressed and
suppressed each of the genes of the human 16p11.2 locus,
using zebrafish as a model system. In their study, KCTD13
was identified as the principal gene that induced the mac-
rocephalic phenotype associated with 16p11.2 deletion
when suppressed, and the microcephalic phenotype associ-
ated with the reciprocal duplication when overexpressed
[Golzio et al., 2012]. As KCTD13 is suggested to have a role
in the regulation of cell cycle during neurogenesis, it is pos-
sible that this gene could drive many of the observed phe-
notypes in 16pl11.2 CNV carriers. Another potential
contributor at the 16p11.2 locus is the TAOK2 gene, in
which downregulation impairs basal dendrite formation
without affecting apical dendrites [de Anda et al.,, 2012].
Aberrant dendritic arborization can contribute to neurode-
velopmental disorders such as ASD [Mukaetova-Ladinska
et al., 2004; Raymond et al., 1996], lending support to TAOK2
as a candidate gene in the 16p11.2 CNV phenotypes. It has
also recently been discovered that mice with the equivalent
of the human 16p11.2 deletion show altered synaptic plastic-
ity through changes in metabotropic glutamate receptor 5
(mGLuRS5) signaling at the postsynaptic terminal [Tian et al.,
2015]. This leads to aberrant long-term depression (LTD) that
causes cognitive impairment as reflected in impaired contex-
tual fear conditioning and inhibitory avoidance. Several
genes at the human 16p11.2 locus are implicated in the regu-
lation of mGluR5-related synaptic transmission, including
ALDOA, CDIPT, KCTD13, MAPK3, MAZ, MVP, SEZ62L,
and TAOK?2 [Tian et al., 2015]. The results from this mouse
model raises the possibility that the DTI changes we observe
in human 16p11.2 CNVs may at least in part be due to aber-
rant synaptic plasticity resulting in activity-dependent altera-
tions of white matter microstructure and myelination.

Our results evidence the mediatory role of the brain in
the cross-level relationship between the 16p11.2 CNVs,
white matter microstructural alterations, and cognitive and
behavioral impairment. This role is particularly demon-
strated by the predictive power of brain metrics (and DTI
in particular) for determining CNV status, while simulta-
neously showing strong relationships to cognitive and
behavioral function. The opposite, large, and extensive dif-
ferences of FA in the deletion versus duplication carriers
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Figure 9.

Group difference ANOVA results of whole-brain white matter DTI
values for pediatric controls, pediatric deletion carriers without an
ASD diagnosis, and pediatric deletion carriers with an ASD diagno-
sis, with regression of site, age, and gender. Individual subject data
points are shown for each cohort with the mean and standard devi-

support the theory of dosage-dependence of genes at the
16p11.2 locus, further linking gene dosage intimately to
brain alterations. It will be of particular interest to study
gene expression data from the aforementioned candidate
genes to more precisely describe the cross-level relation-
ships between 16p11.2 genes, brain, and behavior.

Study Limitations and Future Directions

Other future directions include subgroup analyses of
subjects with neuropsychiatric diagnoses such as articula-
tion disorders, language disorders, and coordination disor-
ders. There may be sufficient statistical power for
subgroup comparisons of articulation disorders specifically
as these are exhibited in more than half of the pediatric
deletion carriers (Table II). It would be particularly inter-
esting to investigate these group effects on language path-
ways of the brain. Larger sample sizes of both deletion

ation indicated by the circle with error bars. Significant pairwise
comparisons are indicated by brackets, only if the primary ANOVA
analysis shows a significant group effect (p < 0.05). [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

and duplication carriers would be of value for further
investigation of ASD subgroups. Based on the trends
observed in our preliminary subgroup analysis, along with
the theory of deviance from normal gene dosage and nor-
mal WM microstructural metrics being associated with
maladaptive behavior, we would hypothesize that deletion
carriers diagnosed with clinical ASD would exhibit higher
FA than their counterpart without ASD, while duplication
carriers diagnosed with clinical ASD would exhibit lower
FA than their counterpart without ASD. Finally, to further
elucidate the gene-structure-function relationship in these
subjects, we will conduct a multimodal analysis with both
diffusion and resting-state functional data.

In sum, our results support the view that specific genetic
variations may be more strongly associated with changes in
brain structure, including macrostructure [Maillard et al.,
2014; Qureshi et al., 2014] and microstructure [Owen et al.,
2014], than shared neuropsychiatric diagnosis.
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