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Abstract

Copy number variants at the chromosomal locus 16p11.2 contribute to neurodevelopmental
disorders such as autism spectrum disorders, epilepsy, schizophrenia, and language and
articulation disorders. Here, we provide detailed findings on the disrupted structural brain
connectivity in 16p11.2 deletion syndrome (patients: /=21, age range: 8-16 years; typically
developing (TD) controls: 18, 9-16 years) using structural and diffusion MRI. We performed
global short-, middle-, long-range, and interhemispheric connectivity analysis in the whole brain
using gyral topology-based cortical parcellation. Using region of interest analysis, we studied
bilateral dorsal (3 segments of arcuate fasciculus (AF)) and ventral (inferior fronto-occipital
fasciculus (IFOF), inferior longitudinal fasciculus (ILF), uncinate fasciculus (UF)) language
pathways. Our results showed significantly increased axial (AD) and radial (RD) diffusivities in
bilateral anterior AF, decreased volume for left long AF, increased mean diffusivity (MD) and RD
for right long AF, and increased AD for bilateral UF in the 16p11.2 deletion group in the absence
of significant abnormalities in the whole-brain gyral and interhemispheric connectivity. The
selective involvement of the language networks may aid in understanding effects of altered white
matter connectivity on neurodevelopmental outcomes in 16p11.2 deletion.

Keywords
16p11.2 deletion; Brain networks; Diffusion tensor imaging; Language pathways; Autism

Banu Ahtam, banu.ahtam@childrens.harvard.edu, Kiho Im, kiho.im@childrens.harvard.edu.
Naira Link and Erikson Hoff contributed equally to this work.

Conflict of interest Authors Banu Ahtam, Naira Link, Erikson Hoff, P. Ellen Grant, and Kiho Im declare that they have no conflict of

interest.

Ethics approval All procedures performed in studies involving human participants were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable

ethical standards.
Informed consent Informed consent was obtained from all individual participants included in the study.

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11682-018-9859-3) contains
supplementary material, which is available to authorized users.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ahtam et al. Page 2

Introduction

Deletions of the recurrent ~600 kb chromosomal BP4-BP5 region of 16p11.2 are associated
with a variety of neurodevelopmental outcomes such as epilepsy, schizophrenia, autism
spectrum disorders (ASD), and speech and language disorders (Hanson et al. 2010; Owen et
al. 2014; Berman et al. 2015; Hanson et al. 2015; Jenkins et al. 2016; Steinman et al. 2016).
About 71% of 16p11.2 deletion patients older than 3 years old are diagnosed with a speech
and language related disorder, including phonological processing disorder, as well as
expressive and receptive language disorders (Hanson et al. 2015). Moreover, patients with
16p11.2 deletion are reported to have a high incidence of delayed language acquisition and
atypical language, regardless of ASD diagnosis (Hanson et al. 2010).

Studies using structural magnetic resonance imaging (MRI) have shown abnormal cortical
volume and thickness in extensive brain areas related to language function in patients with
16p11.2 deletion (Maillard et al. 2015; Blackmon et al. 2017). Furthermore, deletion carriers
with structural brain abnormalities were found to be associated with significantly worse
communication and social skills compared to deletion carriers without any radiologic
abnormalities (Owen et al. 2017). Recently, diffusion tensor imaging (DTI) studies have
reported atypical structural brain connectivity associated with 16p11.2 deletion (Owen et al.
2014; Berman et al. 2015; Chang et al. 2016). Significantly increased mean diffusivity (MD)
of the language related tracts, namely auditory radiations and the arcuate fasciculus (AF), in
16p11.2 deletion patients was shown, where left hemispheric MD and radial diffusivity (RD)
values of the AF negatively correlated with clinical language ability in 16p11.2 deletion
patients (Berman et al. 2015). However, analysis in that study was confined only to the long
segment of the AF, and the auditory radiations, excluding other dorsal or ventral language
pathways; further-more, this study did not examine the global effect of 16p11.2 deletion on
white matter connectivity throughout the whole brain. Two previous DTI track-based spatial
statistics (TBSS) whole brain studies found increased fractional anisotropy (FA), MD, and
axial diffusivity (AD) throughout the supratentorial white matter (Owen et al. 2014; Chang
et al. 2016) and in several white matter regions such as the bilateral internal and external
capsule, and the anterior portion of the corpus callosum in 16p11.2 deletion patients (Owen
et al. 2014). In addition, increased AD has been reported in the association, limbic, and
projection tracts (Chang et al. 2016). However, these two TBSS studies did not identify and
examine specific language related tracts and connections. In addition to the structural and
diffusion MRI studies, abnormal auditory processing was revealed by a
magnetoencephalography (MEG) study in 16p11.2 deletion patients compared to typically
developing (TD) controls (Jenkins et al. 2016), but could not be fully explained by the
alterations to white matter structure of the auditory system (Berman et al. 2016), indicating
the need of full language pathway analysis.

This study is one of the components of the Simons Variation in Individuals Project (Simons
VIP), which is a multi-site project that uses a “genetics-first” approach to the study of ASD
and related neurodevelopmental disorders (Simons VIP 2012). Simons VIP project aims to
study individuals with specific genetic variations, such as with 16p11.2 deletion, who are at
increased risk of developing ASD. ASD is a heterogeneous disorder, which complicates the
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studies and can lead to contradictory results (Amaral et al. 2008). Similarly, studying a
group of participants with language impairments who have a defined genetic etiology is
likely to further our understanding of the link between 16p11.2 deletion, whole brain as well
as dorsal and ventral language white matter networks, and language ability.

The aim of this study was to determine if involvement of the language network in
individuals with 16p11.2 deletion extends beyond the long segment of the AF and to
determine if there is a global bias to involve long range connections such as the AF more
than short range connections when compared to TD controls. In this project, we studied
white matter pathways for the dual stream language model: the dorsal language stream,
which is involved in the phonological processing of speech (Saur et al. 2008), and the
ventral language stream, which is involved in semantic processing of speech (Saur et al.
2008). It has been shown that in addition to the classical arcuate pathway that connects
Broca’s and Wernicke’s areas directly, there is an indirect pathway that is composed of an
anterior and posterior segment and runs parallel and lateral to the direct pathway in the
dorsal language network (Catani et al. 2005). Previous work on schizophrenia (Catani et al.
2011) and tuberous sclerosis complex (TSC) (Lewis et al. 2013) showed that different
portions of the AF could be associated with different clinical outcomes such as the long
segment of AF being more selective for language differences in TSC patients (Lewis et al.
2013). We investigated whether changes in the long segment of the AF as shown by Berman
and colleagues (Berman et al. 2015) extended to the other segments of the AF as well as the
ventral language pathways consisting of the inferior fronto-occipital fasciculus (IFOF), the
inferior longitudinal fasciculus (ILF), and the uncinate fasciculus (UF). We also performed a
non-biased whole brain analysis of global white matter connectivity (short-, middle- and
long-range and interhemispheric connections) using gyral topology-based cortical node
parcellations and path length. This method has an ability to capture short association U-
fibers between gyri in superficial white matter and long-range connections in deep white
matter regions throughout the brain. These short- and long-range connections are subdivided
and separately investigated, because disorders may selectively involve short- and long-range
connections (Shukla et al. 2011a; Im et al. 2014, 2016).

Twenty-one 16p11.2 deletion (mean age 10.91 + 2.09 years, 11 males, 11 right-handed) and
18 sex- and handedness-matched TD (mean age 12.58 + 1.99 years, 10 males, 11 right-
handed) individuals (Table 1) were included in this study who were enrolled as part of a
multicenter study, Simons Foundation Variation in Individuals Project (Simons VIP 2012)
(Qureshi et al. 2014). Cognitive testing was performed at Children’s Hospital of
Philadelphia and at the University of California San Francisco. All children were
administered a battery of neurodevelopmental tests including the Differential Ability Scales-
Early Years and School Age, Second Edition (DAS-I1) (Elliott 2007), the Comprehensive
Test of Phonological Processing (CTOPP) (Wagner et al. 1999), and the Clinical Evaluation
of Language Fundamentals, Fourth Edition (CELF-4) (Semel et al. 2003). TD individuals
were non-familial control participants who were enrolled in the Simons VIP. 16p11.2
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deletion patients had diagnoses of other disorders as well, which can be seen in Table 2. All
study procedures were approved by the institutional review boards at the medical centers
where the data acquisition and analysis was conducted and are in accordance with the ethical
standards of the Helsinki Declaration of 1975, as revised in 2008. Imaging and phonotypic
data of all participants were extracted from the Simons Foundation Autism Research
Initiative Base site (https://sfari.org/resources/sfari-base).

MRI acquisition

Imaging was performed on two sites, University of California Berkeley and Children’s
Hospital of Philadelphia (Qureshi et al. 2014). All MR imaging was performed on 3 T (Tim
Trio, Siemens) MRI scanners, one at each site, with identical software, pulse sequences, and
32-channel head coils. The imaging protocol included an axial 3D magnetization-prepared
rapid acquisition gradient-echo (MPRAGE) T1-weighted sequence (TE = 1.64 ms, TR =
2530 ms, T1 = 1200 ms, flip angle = 7°, voxel size =1 x 1 x 1 mm, FOV = 256 mm, and 256
x 256 matrix) and a diffusion-weighted sequence with 30 gradient directions at b = 1000
s/mm?Z, one b = 0 s/mm?2 volume, TR/TE = 10 s/80 ms, voxel size = 2 x 2 x 2 mm, and 128 x
128 matrix (Simons VIP 2012; Owen et al. 2014; Qureshi et al. 2014). To ensure reliability
across different imaging sites, five individuals who were not part of the study were scanned
at both sites and their data was analyzed separately to show non-significant differences
between the two datasets acquired with the two scanners in a previous study that used the
same datasets (Qureshi et al. 2014).

Structural and diffusion MRI processing

Quality control of the T1 imaging data was performed previously for other studies that used
the same datasets and the data with wrapping, poor head coverage, ringing/striping/blurring,
ghosting, inhomogeneities, or susceptibility artifacts were excluded (Owen et al. 2014;
Qureshi et al. 2014; Berman et al. 2015). T1-weighted images were processed with
FreeSurfer 5.3.0 to extract cortical surfaces (Dale et al. 1999; Fischl et al. 1999).
Reconstruction of the cortical models was followed by automatic parcellation into
anatomical regions based on gyral/sulcal structure (Fischl et al. 2004a; Desikan et al. 2006).
Intracranial volume (ICV) values were extracted from FreeSurfer.

Quality of the diffusion data was checked in previous studies (Owen et al. 2014; Berman et
al. 2015). In addition, to assess the degree of head motion in each participant and to test if
the 16p11.2 deletion group showed a larger head motion, we conducted a quantitative
motion estimation analysis. Diffusion images were processed to correct for minor eddy
currents and motion using FSL tools. All diffusion images in the series were aligned to the
first b0 image using affine registration (Jenkinson et al. 2002). After extracting the average
volume-by-volume translation and rotation from affine transformation of the diffusion
volumes, a single value “total motion index” (TMI) was calculated (Yendiki et al. 2014). An
independent sample t-test was conducted to compare the TMI values between the TD and
16p11.2 deletion groups.
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Fiber tractography

Diffusion data were processed using the DTI FACT (Mori et al. 1999) algorithm with an
angle threshold of 45° using Diffusion Toolkit which is a set of tools that reconstruct
diffusion-imaging data and generate fiber track data (http://www.trackvis.org/dtk) (Wang et
al. 2007). No FA threshold was applied. Instead, a fiber cutoff filter was applied so that
fibers shorter than 20 mm and longer than 200 mm were filtered. Fiber tracking was
constrained inside the white matter region with the use of a binary mask for the white matter,
which was generated by FreeSurfer (http://surfer.nmr.mgh.harvard.edu) (Fischl et al. 2002,
2004b).

Gyral topology-based connectivity analysis

Structural T1-weighted image was registered onto the b0 image using FSL’s intensity-based
affine registration tool, FLIRT (http://www.fmrib.ox.ac.uk/fsl), to construct gyral topology-
based network (Jenkinson and Smith 2001; Jenkinson et al. 2002). To study global
connectivity based on length of connections we used a gyral based parcellation method (Im
et al. 2014, 2016), which has the advantage of isolating U-fibers between gyri from middle-
and long-range connections based on an individual’s gyral topology. Watershed processing
was applied on a sulcal depth map measured on the white matter surface to define gyral node
regions. Two gyral node regions were considered to have a structural connection, when at
least the end points of two fiber tracts were located <3 mm from each of the two regions. We
constructed different fiber groups according to individual gyral topology and defined
corticocortical white matter connections between the first, second and third, fourth and more
neighboring gyri, and between the hemispheres (corpus callosum) (Fig. 1) (Im et al. 2014,
2016). In the remainder of this paper, the connections between the first neighboring gyri will
be referred to as short-range connections; the connections between the second and third
neighboring gyri will be referred to as the middle-range connections; and the connections
between the fourth and farther gyri will be referred to as the long-range connections. For
each of these connections, we measured FA, MD, AD, and RD for the whole brain, and
separately for the two hemispheres. There is mostly no overlap among the short-, middle-,
and long-range connections, except for the end parts of the fibers at the voxel level in gyral
white matter regions where the fiber tracts converge to link to cortical layers, and
connectivity measure of one type of connection does not reflect a mixture of all connections.

Region of interest (ROI) analysis

Manual ROI creation and track segmentation was performed using TrackVis, a software tool
that can visualize and analyze fiber track data created from MR images by diffusion MR
imaging (http://www.trackvis.org). In this project, we manually segmented the white matter
pathways for the dual stream language model: the ventral language stream and the dorsal
language stream (Fig. 2). Tractography of the ventral and dorsal language network was
performed by manually positioning ROIs on each FA color map by three trained individuals
who were blinded to subject age, sex, and diagnosis. The few spurious fibers that did not
belong to the anatomical pathways being segmented were manually removed using
TrackVis. We measured the volume, FA, MD, AD, and RD for each of the fiber tracts that
were created in each hemisphere.
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Dorsal language pathways—The main fiber bundle of the dorsal language pathway is
the AF, which is composed by three segments: anterior, long, and posterior (Catani et al.
2005). Manual ROIs were placed to segment the 3 portions of the right and left AF. First, an
initial ROI was placed in the most dorsal part of the AF. To create the anterior segment, an
additional ROI was placed in the prefrontal/premotor area and an exclusion ROI was placed
in the posterior temporal-parietal region to remove fibers from posterior and long AF
segments. To create the long segment, two ROIs were added to the initial segmentation, first
in the prefrontal/premotor area and second at the junction of the supramarginal and temporal
areas. To create the posterior segment, in addition to the initial ROI, another ROl was placed
at the junction of the supramarginal and temporal cortices and an exclusion ROl was placed
at the prefrontal/premotor area to remove fibers from the anterior and long segments.

Ventral language pathways—The ventral language network is composed of three fiber
bundles: the IFOF, ILF, and UF. Manual ROIs were placed to segment these three fiber
bundles in the right and left hemisphere. The IFOF was reconstructed using the sagittal
section through the lateral putamen to locate the white matter of the external/extreme
capsule, where the ROl was placed. The ROI for the ILF was defined by using the sagittal
section through claustrum and lateral putamen as means to locate the white matter around
the internal capsule and tail of the caudate nucleus. Finally, to reconstruct the UF, the
coronal section through the head of the caudate nucleus and putamen was used as reference
to place the ROI on the anterior temporal lobe.

Laterality analysis

Laterality index (LI) of all scalar values was calculated for the gyral connections and the
ventral and dorsal language pathways. Each lateralization index was calculated as 2 x (x;—
x)I(x7+ x;), where x;and x,denote the values for the left and right hemisphere respectively.
While a positive value indicates leftward asymmetry, a negative value indicates rightward
asymmetry.

Statistical analyses

Preprocessing of the data—The statistical analyses were conducted using the IBM-
SPSS software (Version 23, IBM Corp.). In the gyral connectivity analyses, there were no
missing values. However, in the ROI analyses, some of the participants were missing certain
fiber tracks. Absence of certain fibers has been observed in previous studies (Catani et al.
2007). For example, Verly and colleagues found that the right hemispheric AF was missing
in 7/25 TD children and in 10/17 children with ASD who participated in their study (Verly et
al. 2014). In our study, out of 18 participants in the TD group, 1 was missing the left
hemisphere anterior segment of the AF, 2 were missing the left hemisphere long segment of
the AF, and three were missing the right hemisphere long segment of the AF. In the 16p11.2
deletion group, among 21 participants, 1 was missing the right hemisphere anterior segment
of the AF, 3 were missing the right hemisphere long segment of the AF.

Group difference analyses using multiple linear regression—Differences in the
volume, FA, MD, AD, and RD values between the 16p11.2 deletion and the TD groups for
gyral neighbor connectivity and language networks ROl were tested using multiple linear
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regression analyses with a regression model where the dependent variable (Y) was each
measurement (FA, MD, AD, RD), or its LI, the independent variable was the participant
group (coded as a dummy variable), and age and ICV were covariates (model fit: Y= fy +
bgroup + bage + 51CV). Although ICV has not been shown to affect diffusivity values,
we used ICV as a covariate in addition to age because the two participant groups
significantly differed in ICV values where the 16p11.2 deletion group had larger values and
for this reason ICV was used as a covariate in a previous study (Owen et al. 2014). The
assumptions of linearity, independence of errors, homoscedasticity, unusual points, and
normality of residuals were met for each of the models. The Bonferroni method was used to
correct for multiple comparisons. Level of significance (a) was set at 0.0125 for each fiber
connection based on gyral topological path length as well as the LI analysis, and at 0.01 for
each ROI-based fiber segment due to the multiple tests conducted for each fiber pathway.

Correlational analyses—When significant participant group differences were found in
the linear regression analyses, we additionally performed correlation analyses with
neurodevelopmental scores. Partial correlational analyses were conducted to examine the
correlations of diffusivity values with general conceptual ability (GCA), special nonverbal
composite (SNC), and verbal ability (VA) scores as measured with DAS-I1; non-word
repetition test scores as measured with CTOPP; as well as expressive, receptive, and core
language scores as measured with CELF-4 of each participant group. Age and ICV were
used as covariates. Additionally, we performed the same correlational analyses for the
16p11.2 deletion patients with and without articulation disorder. The level of significance
was set at 0.01 to control for multiple comparisons.

Supplementary analyses—\We repeated all of the same regression and correlational
analyses by using only age as a covariate.

Participant characteristics

The two participant groups were matched on sex and handedness. The TD group had a mean
age of 12.58 + 1.99 years (age range: 9-16 years) and the 16p11.2 deletion group had a
mean age of 10.91 + 2.09 years (age range: 8-16 years) resulting in the TD being
significantly older (p = 0.015). In addition, TD group scored significantly higher than the
16p11.2 deletion group for GCA (p < 0.0001), SNC (p < 0.0001), and VA scores (p <
0.0001), as determined by DAS-Il. CTOPP non-word repetition test scores were
significantly higher in the TD group than the 16p11.2 deletion group (v < 0.0001). The TD
group also had significantly higher scores for the expressive language (p < 0.0001), receptive
language (v =0.001), core language (v < 0.0001), and language memory tests (o < 0.0001),
as measured with CELF-4, than the 16p11.2 deletion group. Details on group differences in
participant characteristics can be seen in Table 1.

Whole brain volume and motion analysis

Intracranial brain volume values were significantly different between the two participant
groups, with the whole brain volume significantly higher for the 16p11.2 deletion group than
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the TD group (p = 0.006). There was not a significant difference between the two participant
groups in their TMI scores (p > 0.05).

Structural connectivity based on gyral topological path length in the whole brain

For the group analysis between 16p11.2 deletion and TD, the statistics for the gyral neighbor
connectivity and the corpus callosum (mean, SD, and p-values) are listed in Table 3. There
were no significant group differences for any of the values according to the results of the
regression analyses.

Structural connectivity of the dorsal language pathways based on ROI analysis

For the group analysis between 16p11.2 deletion and TD, the statistics (mean, SD, and p-
values) for the dorsal language pathways are listed in Table 4.

For the anterior segment of the AF in the left hemisphere, MD (p = 0.035) and AD (p=
0.016) values both approached significance and were higher in the 16p11.2 deletion group.
In the right hemisphere, 16p11.2 deletion group had higher RD and MD values; while RD
was significant (p=0.01), the MD values approached significance (p= 0.026).

For the long segment of the AF in the left hemisphere, volume was significantly lower in the
16p11.2 deletion group (p = 0.009), however, there was not a significant group difference for
any of the diffusivity values. In the right hemisphere, group differences for the MD (p=
0.012) values and RD values (p = 0.019) approached significance with higher values in the
16p11.2 deletion group.

Posterior segment of the AF in the left hemisphere did not have any significant group
differences. In the right hemisphere, 16p11.2 deletion group had higher MD values which
approached significance at p=0.021.

Structural connectivity of the ventral language pathways based on ROl analysis

The statistics for the ventral language pathways are listed in Table 5 for the group analysis
between 16p11.2 deletion and TD.

For IFOF and ILF, there were no significant differences between the two participant groups
for any of the values.

In the left UF, 16p11.2 deletion group had significantly higher AD values than the TD group
(p=10.004). In the right UF, the group difference in the AD values approached significance
(p=10.016) with higher values in the 16p11.2 deletion group.

Supplementary analysis—When we repeated all the analyses with age as the only
covariate, we found that there were still no significant differences between the two groups
for any of the values in the gyral connectivity analysis. However, values that showed trends
of significance when age and ICV were both used as covariates, now became significant in
the ROI analysis. In the dorsal language network, the group differences was significant for
the AD value of the left anterior AF (p= 0.006) and the MD value of the right long AF (p=
0.001). For the ventral language network, in the right hemisphere, the volume for IFOF (p =
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0.004) and AD values for UF (p= 0.008) were significantly higher for the 16p11.2 deletion
group.

Laterality differences

There were no significant group differences in the LI values of the gyral neighbor
connections according to the regression analyses. Results of the regression analysis did not
show any significant group differences for the LI values of the dorsal or ventral language
pathways either.

Supplementary analysis—When we repeated all the regression analyses with age as the
only covariate, there were still no significant differences between the two groups for any of
the LI values in the gyral connectivity or dorsal language network analysis. However, in the
ventral language network, in the IFOF, the LI of RD values were significantly lower in the
16p11.2 deletion group (p = 0.01), with the TD group showing a leftward and the 16p11.2
deletion group showing a rightward asymmetry.

Correlational analyses

We did not perform any correlational analyses for the neurodevelopmental test results and
the gyral connectivity diffusivity values due to their non-significant group differences.
Among the dorsal and ventral language pathways, which showed significant group
differences in the linear regression analyses, there were no significant correlations between
the neurodevelopmental test scores and the volume or diffusivity values of these dorsal or
ventral language pathways in the TD group at p < 0.01. In the 16p11.2 deletion group, there
was a significant positive correlation between the SNC (DAS-I1) scores and the volume of
the left long AF (p = 0.009). There were no significant correlations between the
neurodevelopmental test results and volume or diffusivity values of the language pathways
in the 16p11.2 deletion patients with and without articulation disorder at p < 0.01. There
were significant correlations at p < 0.05; however, they did not survive multiple comparison
correction. These results can be seen in Supplementary Table 1 for comparisons with
findings of previous studies where the threshold for significance was p < 0.05 (Berman et al.
2015).

Supplementary analysis—When age was the only covariate used, the results did not
change. The only significant result was still the positive correlation between the SNC scores
and the volume of the left long AF (p=0.004) in the 16p11.2 deletion group. There were no
significant correlations between the behavioral tests and the diffusivity values in any of the
participant groups at p < 0.01. Results where p < 0.05 can be seen in Supplementary Table 1.

Discussion

This is the first study to assess bilateral dorsal (all 3 segments of AF) and ventral (IFOF, ILF,
UF) language pathways in the context of global white matter connectivity in 16p11.2
deletion patients. We used a unique gyral pattern-based parcellation scheme that allowed us
to examine short-, middle- and long-range white matter connectivity in each hemisphere of
the brain. We report new findings of selective white matter abnormalities in the language
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tracts, specifically the bilateral anterior segment and the right long segment of the AF as
well as the bilateral UF, in the absence of significant white matter abnormalities in the whole
brain. In addition, we demonstrated significantly different asymmetry between the two
participant groups for the RD values in IFOF. Finally, we showed a significant correlation
between the volume of the left long segment of the AF and the SNC scores in the 16p11.2
deletion group and showed trends towards significance for correlations between diffusivity
scores and language ability in the 16p11.2 deletion group.

1) Structural Connectivity based on Gyral Topological Path Length in Each Hemisphere

Decreased FA and increased MD and RD are very common findings for most of the brain
structures in neurodevelopmental disorders such as autism, and disorders with a comorbidity
of autism such as TSC, indicating pervasive abnormality in the white matter integrity (for
reviews see Travers et al. 2012; Rane et al. 2015). In one of our previous studies, we
observed significantly increased MD and RD in patients with TSC compared to TD controls
in the intrahemispheric connections (Im et al. 2016). Previous studies also observed
significantly increased AD and MD throughout the whole brain, including the corpus
callosum, of 16p11.2 deletion patients (Owen et al. 2014; Chang et al. 2016). Although the
results of our gyral topology-based global connectivity analysis has the same pattern as most
previous studies, our findings did not show any significant differences between the
diffusivity values of the two groups for any of these connections, suggesting no global effect
of 16p11.2 deletion on the white matter maturation. We did not observe a significant
increase in FA in the 16p11.2 deletion group as the previous diffusion studies of the 16p11.2
deletion patients (Owen et al. 2014; Chang et al. 2016). There might be several explanations
for this difference between the current and previous studies. The previous studies observed
increased FA in deep major white matter tracts (Berman et al. 2015), which could also
indicate alterations in most long-range connections, however, the significant increase in FA
disappeared once ICV was used as a covariate (Owen et al. 2014), and both of the studies
which found increased FA in 16p11.2 deletion patients used the TBSS method. The TBSS
method creates a mean FA image across all subjects, performs skeletonization of white
matter tracts, uses the nearest maximum FA along a certain tract that is in perpendicular
direction from each participant’s FA map, and conducts cross-participant voxelwise stats on
skeleton-projected FA (Smith et al. 2006; Ly et al. 2015). The TBSS method does not
identify specific tracts/connections in volume image data; therefore, the information of
which fiber tracts (in terms of anatomy, function, and length) have altered FA values is not
precisely available. On the other hand, we performed deterministic tractography, segmented
specific tracts, and then calculated the MD values with all voxels along each tract.
Therefore, the discrepancy in the results could also be attributed to the methodology
differences between the current and previous studies. Postmortem fetal human brain studies
have shown a global temporal pattern of cerebral connectivity development where long-
range pathways found in the deep white matter, complete their formation earlier than the
short-range pathways located in the superficial white matter (Takahashi et al. 2012, 2014).
Since gene expression of the human brain related to connectivity development is temporally
dramatically different during fetal life (Dale et al. 1999; Kang et al. 2011), development of
long- and short-range pathways might be under different genetic control. Accordingly, we
suggest that there is no specific white matter disruption in 16p11.2 deletion compared to TD
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controls, in terms of temporal or genetic influences for the development of long- and short-
range pathways.

2) Increased AD and RD Values in the Bilateral Anterior Segment of the AF in the 16p11.2
Deletion Group

AF is part of the dorsal language stream, which is responsible for mapping auditory speech
sounds to articulatory representations (Dick and Tremblay 2012). The anterior segment of
the AF is part of the indirect pathway of the dorsal language network and it is suggested to
have a role in vocalizing semantic content (Catani et al. 2005), in speech fluency
(Fridriksson et al. 2013; Basilakos et al. 2014), and language learning abilities (Kepinska et
al. 2017). In the current study, we showed significantly increased AD values for the left
anterior AF and significantly increased RD values for the right anterior AF in the 16p11.2
deletion group. RD values of anterior segment of the right AF negatively correlated, showing
a trend towards significance, with verbal and non-verbal ability scores in 16p11.2 deletion.
We also showed that the negative correlation between the AD values of the anterior segment
of the left AF and non-verbal ability scores approached significance in the 16p11.2 deletion
group, particularly in those with an articulation disorder indicating better diffusivity with
increased performance (Supplementary Table 1). Previous studies also showed negative
correlations between AD values and non-verbal ability scores (Owen et al. 2014) as well as
between RD values and non-verbal ability scores in 16p11.2 deletion patients (Chang et al.
2016). Few studies have examined the anterior segment of the AF in neurodevelopmental
disorders and showed abnormalities in the white matter microstructure of the anterior
segment. Billeci and colleagues found increased MD for the anterior segment of the AF in
the right hemisphere in autism when compared to TD controls (Billeci et al. 2012). The
expressive language abilities of individuals with ASD were negatively correlated with MD
and AD of the left anterior segment of the AF (Billeci et al. 2012). Another study showed
that FA of the anterior segment of AF was significantly decreased in the TSC patients with
ASD compared to TSC patients without ASD as well as TD controls (Lewis et al. 2013).
Moreover, the same study found that the MD values decreased with age more quickly in TD
controls than TSC patients with ASD in the left anterior segment of the AF (Lewis et al.
2013). It has also been shown that the severity of auditory hallucinations in schizophrenia
negatively correlated with the white matter integrity of the anterior segment of the left AF
(Curcic-Blake et al. 2015). Significantly increased diffusivity values in the anterior segment
of the AF in the 16p11.2 deletion group could be associated with the speech and articulation
impairments that are observed in majority of the 16p11.2 deletion patients (Hanson et al.
2010; Rosenfeld et al. 2010; Hanson et al. 2015).

3) Increased MD and RD Values for the Long Segment of the AF in the Right Hemisphere
for the 16p11.2 Deletion Group

The long segment of the AF is the direct pathway of the dorsal language network, and it
plays a role in word learning (Lopez-Barroso et al. 2013), phonological processing (Catani
et al. 2005), and speech processing (Wan et al. 2012). We found decreased volume of the
long segment of the AF in the left hemisphere and increased MD and RD values for the long
segment of the AF in the right hemisphere in the 16p11.2 deletion group compared to the
TD group. Furthermore, the volume of the long segment of the left AF was significantly
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positively correlated with non-verbal ability, measured with DAS-II, in the 16p11.2 deletion
group, which was a finding that approached significance in patients with 16p11.2 deletion
who had a diagnosis of articulation disorder. There was a trend towards significance for the
positive correlation between volume of the left long segment of AF and language ability,
measured with CELF-4, in 16p11.2 deletion group. Volume of the left long segment of AF
also showed a positive correlation, which approached significance, with general cognitive
ability scores in the 16p11.2 deletion group, and also the 16p11.2 deletion patients without
articulation disorders. Such correlations were not observed for the right long segment of the
AF in the 16p11.2 deletion group. On the other hand, in the TD group, MD values of the
long segment of the right AF showed a negative correlation, which approached significance,
with language memory scores (Supplementary Table 1). Our correlational findings between
the left long segment of the AF and language ability are consistent with the previous studies
showing a link between abnormal microstructure of language pathways and impaired
language ability in 16p11.2 deletion (Berman et al. 2015).

Long segment of the AF has been found to be abnormal in groups of patients who have
language impairments. Berman and colleagues found that the 16p11.2 deletion patients had
significantly increased MD and RD values for bilateral long segment of the AF and
increased AD values for the right long segment of the AF compared to TD controls (Berman
et al. 2015). Increased MD in the left long segment of the AF were shown in a group of
adolescents with high functioning autism (Fletcher et al. 2010) and also in TSC patients with
ASD (Lewis et al. 2013) compared to TD controls. Autism and language impairment both
showed increased MD, compared to TD and language impairment, in the left long segment
of the AF (Nagae et al. 2012; Roberts et al. 2014), however, while autism was a main affect
on the increased AD, language impairment had a main affect on the increased RD values
indicating different mechanisms for the white matter abnormalities associated with these two
disorders (Roberts et al. 2014). Moreover, the long segment AF volume, especially in the
right hemisphere, was reduced in autism than in TD controls (Moseley et al. 2016).

Berman and colleagues showed significant negative correlations between MD and RD values
of the left long segment of the AF and language ability in 16p11.2 deletion patients, and a
significant positive correlation between AD values and language ability in TD control
participants (Berman et al. 2015). A previous study found that TD children who used more
complex syntax in their spoken narratives also had lower FA in the right long segment of the
AF and higher MD values in the left long segment of the AF (Mills et al. 2013). The absence
of the right long AF has been associated with a lower language performance in ASD (Verly
et al. 2014). Furthermore, children with autism who are completely non-verbal showed a
rightward asymmetry of the long segment of the AF, opposite of what has been found in TD
children (Wan et al. 2012). Previous studies that examined the long segment of the AF in
16p11.2 deletion, autism, and language impaired patient groups support our findings
regarding the loss of structural integrity of the right AF (Berman et al. 2015; Moseley et al.
2016; Roberts et al. 2014). These results indicate a neurobiological abnormality in the long
segment of the AF of the 16p11.2 deletion group and are in parallel with clinical findings of
phonological processing disorder commonly observed in this patient group (Hanson et al.
2010, 2015). The abnormal microstructure of the long segment of AF might be implicated in
the speech and language deficits in 16p11.2 deletion (Wan et al. 2012).
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4) Increased AD Values for the Bilateral UF in the 16p11.2 Deletion Group

Among the ventral language pathways, we found significantly increased AD values in the
16p11.2 deletion group in bilateral UF. We also showed that the negative correlation
between the AD values of bilateral UF and language ability scores as measured with
CELF-4 approached significance in the 16p11.2 deletion group and especially in those with
an articulation disorder. Furthermore, in the TD group AD values of the bilateral UF showed
negative correlations that approached significance with verbal and non-verbal ability scores
measured with DAS-I1 (Supplementary Table 1). The most common finding of the previous
studies that examined the microstructure of UF is decreased FA or increased MD in bilateral
(Bloemen et al. 2010; Jou et al. 2011; Shukla et al. 2011b) or right UF (Pugliese et al. 2009;
Sahyoun et al. 2010) in ASD than TD individuals. Cheon and colleagues (Cheon et al. 2011)
found decreased FA and increased MD and RD in the left UF in individuals with ASD.
Participants with specific language impairment had significantly lower FA and higher RD in
bilateral UF and higher AD in left UF than TD participants (Vydrova et al. 2015). A study of
TSC children also found significantly higher AD values for the UF in the patient group than
the TD group (Zikou et al. 2016), which supports our findings. Decreased FA of bilateral UF
has been observed in patients with schizophrenia compared to TD controls (Singh et al.
2016). UF continues developing into the third decade of life; this long-range association
pathway is one of the last white matter tracts that complete its maturation (Olson et al.
2015). Even though the functional role of UF is still debated, in addition to its roles for
emotional processing, memory, and empathy (Oishi et al. 2015), it has been suggested that it
might also be associated with semantic processing, lexical retrieval, and auditory working
memory/sound recognition, as well as speech fluency (Lu et al. 2002; Frey et al. 2004;
Grossman et al. 2004; Hickok and Poeppel 2004, 2007; Basilakos et al. 2014). Our results
suggest that increased AD for UF might be a sensitive biomarker for speech and language
problems observed in 16p11.2 deletion and its comorbid disorders such as TSC and ASD
(Owen et al. 2014) and are consistent with previous findings of negative correlations
between AD values and non-verbal ability scores in 16p11.2 deletion (Owen et al. 2014).

5) Laterality Analyses and Asymmetry of the IFOF in the 16p11.2 Deletion Group

Our results did not show any significant differences between the TD and 16p11.2 deletion
groups for the LI of whole-brain gyral and interhemispheric connectivity or dorsal language
network diffusivity values. On the other hand, there was a significant group difference for
the LI of RD values of the IFOF, where the 16p11.2 deletion group showed a rightward
asymmetry and the TD group showed a leftward asymmetry. We also showed that the
volume of the right IFOF positively correlated, with a trend towards significance, with
language ability scores as measured with CELF-4 as well as verbal and non-verbal ability
scores as measured with DAS-II, in the 16p11.2 deletion group (Supplementary Table 1).
The role of IFOF is suggested to involve reading and writing (Catani and Mesulam 2008) as
well as semantic processing (Almairac et al. 2015; Mandonnet et al. 2007; Duffau et al.
2005) and semantic working memory (Turken and Dronkers 2011). Asymmetry of IFOF
findings is variable in existing literature. In TD individuals bilateral (Hickok and Poeppel
2007), stronger leftward asymmetry (Parker et al. 2005), and stronger rightward asymmetry
(Thiebaut de Schotten et al. 2011) has been observed. A TBSS study found significantly
reduced orientation dispersion index in the left IFOF of patients with 16p11.2 deletion
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compared to TD controls (Owen et al. 2014). Another study found increased rightward
volumetric laterality of the IFOF in children with specific language impairment compared to
TD controls (Vydrova et al. 2015). The same study also showed increased MD and RD
values in the left IFOF in children with specific language impairment compared to TD
children (Vydrova et al. 2015). Other studies showed lower FA values in the left IFOF in
individuals with early onset of schizophrenia (Epstein et al. 2014) and individuals with
autism (Jou et al. 2011) compared to TD individuals. Language function lateralization is
influenced by genetic and prenatal environmental effects on the brain development where
possible disruptions may result in atypical lateralization of white matter seen in some
disorders such as ASD (Knaus et al. 2010; Lange et al. 2010), which is not necessarily
related to the increased left-handedness found in this patient group (Markou et al. 2017).
Our findings suggest that there might be developmental alterations of the IFOF in 16p11.2
deletion patients resulting in atypical lateralization and impairments in cognitive and
language function, independent of atypical handedness observed in 16p11.2 deletion.

Interpretation of results

Limitations

In the current study, in addition to FA, we also examined MD, AD, and RD indices to
acquire more detailed information about the microstructural properties of the dorsal and
ventral language pathways as well as the short-, middle-, and long-range pathways as
defined by gyral topology in the brain of 16p11.2 deletion subjects. Our findings show a
consistent pattern of increased MD, AD, and RD in the 16p11.2 deletion group. MD is
directly related to interstitial space between axonal fibers (Billeci et al. 2012). Therefore, an
increase in MD might suggest increased water mobility between structures such as myelin,
axonal membranes, and glial cells that can be caused by decreased myelin or reduced axonal
density (Berman et al. 2015). AD can be affected by changes in axonal integrity and
diameter (Budde et al. 2009). Increased AD could result from axonal injury and damage,
which leads to reduced axonal density or caliber, or axonal loss, increasing the extra-axonal
space by allowing faster water molecule movement parallel to axons (Song et al. 2003;
Kumar et al. 2008). An increase in RD might be due to less dense and/or thicker axons
(Travers et al. 2012) or may represent disordered myelin sheaths, axonal depletion, or
extracellular changes (Peters et al. 2012). Therefore, our results suggest white matter
alterations that are more pronounced in specific language pathways in the 16p11.2 deletion
group. Abnormal development of language pathways would explain the impaired language
functions observed in 16p11.2 deletion patients (Berman et al. 2015). Moreover, our findings
are supported by previous studies that reported similar white matter abnormalities (e.g.
decreased FA and increased MD) in individuals with ASD, TSC, or language impairment
suggesting a common link between brain structure and language function among these
comorbid disorders (Berman et al. 2015). Some variability between our findings and those of
previous studies might be due to different data processing strategies or differences in the
participant groups.

There are a number of limitations in the present study. First, the participant groups were not
age matched. However, the age difference was very small between the participant groups and
we used age as a covariate in our statistical analyses to prevent our results from showing a
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bias for age difference. Second, in 16p11.2 deletion syndrome the rates of left-handedness
and ambidexterity are higher than the rates found in the TD population (Hanson et al. 2015).
Although, the approach of matching the two participant groups on handedness was taken in
order to test that the neuroanatomical abnormalities were associated with the 16p11.2
deletion and not with left-handedness, it is important to note that selecting a handedness-
matched TD control group caused our TD control sample to be not perfectly representative
of a TD population in terms of non right-handedness rates, where left-handedness and
ambidexterity are found in lower numbers. Furthermore, there were insufficient participants
in the 16p11.2 deletion group with a diagnosis of ASD (N = 2), which made it impossible
for us to perform statistical analyses to make a comparison of the 16p11.2 deletion patients
with and without a diagnosis of ASD. However, the similar findings between studies of ASD
and 16p11.2 deletion patients suggest a common pathophysiological link between the brain
structure and language function of the two disorders (Berman et al. 2015). Moreover, to
understand the genetic etiology of the 16p11.2 deletion disorder and its link to ASD or
language disorders, future studies must combine brain imaging data with genetic and
behavioural data (Berman et al. 2015). In particular, the addition of behavioral testing
measuring language performance related to each language specific fiber pathway would be
more informative (Fletcher et al. 2010).

Even though our results suggest that the language tracts are selectively involved, this
conclusion is currently based on the comparison of white matter of short-, middle-, and
long-range whole brain gyral connections with dorsal and ventral language pathways
without the inclusion of other specific tracts or systems. Our method, gyral connectivity
analysis only analyzes the corticocortical white matter tracts, and not the long-range
projectional tracts such as the corticospinal tracts. In addition, in this study the ROI analyses
were performed only for the tracts of interest. In order to confirm our finding of selective
involvement of language tracts in 16p11.2 deletion, future studies would benefit from the
involvement of other tracts such as corticospinal tracts, somatosensory radiation, or the
cingulum to provide a basis of comparison. Finally, as all corticocortical white matter fibers
are projected and connected to the boundary between gray and white matter, there would be
more crossing fibers in the superficial outer part of the white matter regions. Hence, a part of
short-range fiber pathways might not be captured in DTI-based tractography. More advanced
acquisition sequences, such as the high angular resolution diffusion imaging methods
including diffusion spectrum imaging, where crossing fibers are included in the model
(Wedeen et al. 2008), would enhance the reconstruction of the short-range fibers.

Conclusions

This is the first study to examine white matter alterations of the bilateral dorsal (all 3
segments of the AF) and ventral (IFOF, ILF, UF) language pathways in the context of whole
brain in a group of 16p11.2 deletion patients as well as TD controls. Our results show that
there is no global selective bias for involvement of long, medium or short connections in the
whole brain. However, our results suggest a selective involvement of the dorsal and ventral
language pathways, specifically the bilateral anterior and right long segments of the AF and
bilateral UF, as well as different asymmetry in the IFOF in 16p11.2 deletion patients. The
selective involvement of the language networks we report may help better understand the
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effects of altered white matter connectivity on neurodevelopmental outcomes in 16p11.2
deletion.
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Fig. 1.
Connectivity analysis based on gyral topology. This figure is partially reproduced from Im et

al. (2014)
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Fig. 2.

ROI-based segmentation of the dorsal and ventral language pathways. L eft: Dorsal language
pathways: Anterior segment, long segment, posterior segment of the arcuate fasciculus.
Right: Ventral language pathways: Inferior fronto-occipital fasciculus, inferior longitudinal
fasciculus, uncinate fasciculus
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