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Abstract

Altered structural connectivity has been identified as a possible biomarker of autism spectrum
disorder (ASD) risk in the developing brain. Core features of ASD include impaired social
communication and early language delay. Thus, examining white matter tracts associated with
language may lend further insight into early signs of ASD risk and the mechanisms that underlie
language impairments associated with the disorder. Evidence of altered structural connectivity has
previously been detected in 6-month-old infants at high familial risk for developing ASD.
However, as language processing begins in utero, differences in structural connectivity between
language regions may be present in the early infant brain shortly after birth. Here we investigated
key white matter pathways of the dorsal language network in 6-week-old infants at high (HR) and
low (LR) risk for ASD to identify atypicalities in structural connectivity that may predict altered
developmental trajectories prior to overt language delays and the onset of ASD symptomatology.
Compared to HR infants, LR infants showed higher fractional anisotropy (FA) in the left superior
longitudinal fasciculus (SLF); in contrast, in the right SLF, HR infants showed higher FA than LR
infants. Additionally, HR infants showed more rightward lateralization of the SLF. Across both
groups, measures of FA and lateralization of these pathways at 6 weeks of age were related to later
language development at 18 months of age as well as ASD symptomatology at 36 months of age.
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These findings indicate that early differences in the structure of language pathways may provide
an early predictor of future language development and ASD risk.
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INTRODUCTION

Language development starts in utero based on prenatal exposure to speech. Indeed, by 33—
34 weeks of gestation, functional MRI suggests that the fetal brain shows neural activation
to speech sounds (see Dunn, Reissland, & Reid, 2015 for review; Jardri et al., 2012; Jardri et
al., 2008). At birth, neonates activate a similar network of temporal and frontal regions as
observed in adults in response to speech stimuli (Perani et al., 2011; Sato et al., 2012). Based
on exposure to the prosodic contours of their native language in utero, infants can
discriminate between native and non-native speech sounds by 3 months of age (Dehaene-
Lambertz, Dehaene, & Hertz-Pannier, 2002; see Dehaene-Lambertz, Hertz-Pannier, &
Dubois, 2006 for review; Perani et al., 2011). Infancy is also a time of dynamic white matter
development as increasing myelination of structural connections between different brain
areas supports the growing functional efficiency of neural networks (see Dubois et al., 2014
for review). White matter tracts that connect language regions are present and traceable from
early infancy (Dehaene-Lambertz et al., 2006; Dubois et al., 2016; Perani et al., 2011),
allowing for the opportunity to examine early alterations in structural connectivity of
language tracts in infants at high familial risk for developmental disorders impacting
language development, such as autism spectrum disorder (ASD). ASD is characterized by
impaired social communication and restrictive behaviors, and many individuals with ASD
also experience early language delay and/or language impairment (Landa & Garrett-Mayer,
2006; Leyfer, Tager-Flusberg, Dowd, Tomblin, & Folstein, 2008; Mitchell et al., 2006;
Sperdin & Schaer, 2016). Indeed, it is estimated that over half of the children with ASD have
persisting language impairments throughout their lifespan (see Sperdin & Schaer, 2016 for
review). Prior studies have suggested that these behavioral deficits may in part reflect
underlying disruptions in brain connectivity (Joseph et al., 2014; Li, Xue, Ellmore, Frye, &
Wong, 2014; Solso et al., 2016; Wolff, Jacob, & Elison, 2017). Here, we aimed to investigate
whether language-specific structural alterations can be observed as early as 6 weeks of age
in infants at high familial risk for ASD, which, to our knowledge, is the youngest age
examined in this population to date.

Infants and toddlers who later go on to develop ASD already show altered structural
connectivity in language tracts well before the onset of overt behavioral symptoms and
language delay. Previous diffusion tensor imaging (DTI) studies in toddlers with ASD have
reported altered developmental trajectory of several white matter tracts during the first 2
years of life. In a study comparing high risk infants who underwent MRI at 6, 12, and 24
months who later did (HR+) or did not (HR-) go on to develop ASD, Wolff et al. (2012)
examined the white matter microstructure of many tracts, including the uncinate fasciculus,
which is part of the ventral language network. Overall, compared to the HR- group, HR+
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infants showed more robust microstructure (as indexed by higher fractional anisotropy, FA)
at 6 months extending to 12 months, followed by a blunted developmental trajectory (i.e.,
lower FA) by 24 months. This altered developmental trajectory was also associated with
ASD symptoms and later diagnosis. These findings are consistent with studies in older
toddlers with ASD which have reported a slower rate of change with age in various frontal
tracts including the arcuate fasciculus and the uncinate fasciculus (Solso et al., 2016), as
well as reduced integrity of language tracts by 3 years of age (see Conti et al., 2015 for
review). Furthermore, altered structural connectivity, as revealed by differences in white
matter microstructure, can be a predictor of later language development (Aeby et al., 2013).
Collectively, this evidence suggests that early alterations in white matter development may
predict later functional language deficits associated with ASD. However, the timeline for the
emergence of these differences remains unknown. Wolff and colleagues (2012; 2017) have
examined structural connectivity in infants at high familial risk for ASD as early as 6 months
of age, but there have been no studies to date examining earlier time points. In this study, we
examined whether differences in the structural connectivity of the dorsal language network
can be identified in 6-week-old infants.

In the adult brain, two dorsal white matter pathways connecting canonical language regions
— Wernicke’s and Broca’s areas — are associated with language production and syntactic
processing (Friederici, 2009, 2011; Glasser & Rilling, 2008). The arcuate fasciculus (AF)
connects the superior temporal gyrus (STG) to the precentral gyrus and is thought to play a
key role in coupling auditory input and motor output during the early stages of language
learning (Friederici, 2012). The superior longitudinal fasciculus (SLF) connects the STG to
the inferior frontal gyrus (IFG) pars opercularis and subserves higher-level language
processing, such as parsing complex syntactic structures, in the mature brain (Friederici,
2012). Phylogenetically, the AF and SLF are more robust in humans compared to nonhuman
primates, suggesting that the dorsal language pathways connecting the temporal and frontal
lobes are critical for the human capacity to learn and use language (Friederici, 2012, 2018;
Friederici, Chomsky, Berwick, Moro, & Bolhuis, 2017). In adults, both pathways have been
shown to support the processing of syntactically complex sentences (Brauer, Anwander, &
Friederici, 2011; Brauer, Anwander, Perani, & Friederici, 2013). However, the early
development of structural connectivity of these language tracts has only recently been
investigated. At birth, the AF has already begun to be myelinated whereas the SLF has not,
suggesting that the integration of sensory and motor representations must precede the
development of white matter tracts that support more advanced language processing (Perani
etal., 2011).

Here we used diffusion tensor imaging (DTI) to characterize the maturation of these white
matter tracts during very early development and the extent to which atypicalities associated
with ASD risk may already be present in the infant brain. DTI provides a measure of
structural connectivity by measuring the diffusion of water molecules in the brain to reveal
white matter anatomy (Mori & Zhang, 2006). More specifically, increases in fractional
anisotropy (FA) generally indicate increasing myelination and more robust white matter
microstructure within the identified tract (Qiu, Mori, & Miller, 2015). Given that much of
the prior infant literature on early structural connectivity has focused on differences in FA
(Dubois et al., 2016; Elison, Paterson, et al., 2013; Elison, Wolff, et al., 2013; Swanson et
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al., 2017; Wolff et al., 2012; Wolff, Swanson, et al., 2017), we focused on FA as our primary
measure of interest. We also expected to observe differences in laterality based on prior
evidence of altered lateralization profiles in older children and youth with ASD (Dubois et
al., 2016; Fletcher et al., 2010; Joseph et al., 2014; Wan, Marchina, Norton, & Schlaug,
2012). In this study, we aimed to identify the major dorsal language tracts at 6 weeks of age
and relate measures of early structural connectivity to later behavioral measures of language
development and ASD symptomatology in order to detect early signs of ASD risk.

MATERIALS AND METHODS

Subjects

Infants were assigned to risk cohorts based on family history: High risk (HR) infants had at
least one older sibling with a confirmed ASD diagnosis, while low risk (LR) infants had no
family history of ASD or any other neurodevelopmental disorders. All infant participants
were enrolled prior to 6 weeks of age. Informed consent was obtained from parents/legal
guardians of infant participants under protocols approved by the UCLA Institutional Review
Board (IRB). Exclusionary criteria for both groups included: 1) genetic syndromes or
neurological conditions (e.g., fragile X syndrome, tuberous sclerosis), 2) chronic medical
conditions or significant perinatal insult impacting development, 3) severe visual, hearing, or
motor impairment, 4) non-English speaking families, and 5) contraindication for MRI.

A total of 34 infants (19 HR, 15 LR) successfully underwent MRI during natural sleep at 6
weeks of age. An additional seven infants (1 HR, 6 LR) did not complete the DTI scan (i.e.,
woke up before or during the DTI scan). Out of the final sample of 34 infants, 23 infants (15
HR, 8 LR) provided adequate behavioral data tracking language development at 18 months
of age, and 19 infants (11 HR, 8 LR) provided data assessing ASD symptomatology at 36
months. Risk-based cohorts were matched on age, gender, race, and family income (Table
1).

MRI Data Acquisition

Imaging data were collected at 6 weeks of age on a Siemens 3T Tim Trio scanner using a
12-channel head coil during natural sleep. Diffusion-weighted data consisted of 32 diffusion
weighted directions (b=1000), three scans with no diffusion sensitization (b=0), and six
additional directions (b=50): TR=9500ms, TE=87ms, matrix size 256x256, FOV=256mm,
75 slices, 2mm in-plane resolution, with 2mm-thick axial slices. In addition, matched
bandwidth T2-weighted high-resolution echo planar images were acquired: TR=5000ms,
TE=34ms, matrix size 128x128, FOV=192mm, 34 slices, 1.5mm in-plane resolution, with
4mm-thick axial slices.

Infants underwent MRI during natural sleep. Parents were instructed to put their infant to
sleep using their regular bedtime routine; once asleep, swaddled infants were transferred to
the scanner bed. Soft and malleable silicone earplugs as well as MiniMuffs Neonatal Noise
Attenuators (Natus Medical Inc., San Carlos, CA) were used as hearing protection;
headphones used to convey auditory stimuli during a different scan further dampened
scanner noise. Infants were placed on a custom-made bed, which fit inside the head coil, and
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secured on the scanner bed with a Velcro strap. To minimize movement, a weighted blanket
was used and foam pads were positioned around each infant’s head. A study staff member
remained in the scan room for the duration of the scan to monitor infants for overt
movement, waking, or signs of distress.

Behavioral Measures

Developmental assessments were conducted at two later time points (Table 1). The
MacArthur-Bates Communicative Development Inventory (CDI; Fenson et al., 2007) Words
and Gestures checklist was completed at 18 months of age. This instrument is a parent-
report standardized questionnaire that measures expressive and receptive language skills.
Typically developing infants, and even infants who later exhibit language delays, typically
show an early receptive advantage (i.e., total number of words comprehended minus words
produced) based on the CDI; however, prior research has found that early language profiles
are often atypical in HR infants (Nevill et al., 2017). Importantly, several studies showed that
HR infants do not show such an advantage; this CDI receptive advantage metric has also
been shown to be predictive of ASD outcome in HR infants, such that infants who later
develop ASD have a lower receptive advantage score (Ellis Weismer, Lord, & Esler, 2010;
Hudry et al., 2014; Hudry et al., 2010). Based on these findings, in this study, we focused on
the CDI receptive advantage score.

The Autism Diagnostic Observation Schedule-2 (ADOS-2; Lord et al., 2012) was
administered at 36 months. This is a play-based clinical assessment and gold-standard
method for measuring ASD symptom severity. Participants were administered the
appropriate ADOS-2 module according to their developmental level (Npodute 1=2,

NModule 2=17). The calibrated severity score (CSS) was used to compare symptom severity
across ADOS modules whereby a higher CSS rating represented greater symptom severity
(Gotham, Pickles, & Lord, 2009).

Data Analysis

DTI Data Preprocessing—Diffusion weighted imaging data were first checked for data
quality using DTIPrep (Liu et al., 2010), which automatically detects and flags bad gradient
diffusion-weighted images. Volumes were then manually inspected and removed based on
the presence of residual artifacts. Following this quality control procedure, datasets with
fewer than 23 (72%) gradient diffusion-weighted images were excluded due to low signal-
to-noise ratio (as in Wolff et al., 2012). Seventeen datasets (9 HR, 8 LR) did not meet this
threshold and were removed, resulting in a final sample of 34 infants (19 HR, 15LR). There
were no significant differences between the two groups in the average number of gradients
remaining following this quality control step (Table 1). DTI data were then further
preprocessed and analyzed using FSL’s FDT (FMRIB’s Diffusion Toolbox version 3.0;
Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Behrens et al., 2003). This included
motion correction, eddy current correction, and brain extraction. There were no between-
group differences in mean or maximum relative motion, nor in mean or maximum absolute
motion (all ps > .05). In preparation for fiber tracking, DTIFit was used to fit the diffusion
tensor model at each voxel. Diffusion data were co-registered to each subject’s
corresponding matched bandwidth T2-weighted image, which was preprocessed using FSL
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version 5.0.8 (FMRIB’s Software Library; Jenkinson, Beckmann, Behrens, Woolrich, &
Smith, 2012; Smith et al., 2004), then registered to a neonate template brain in standard
space (Shi et al., 2011) using 12-parameter affine transformation.

Probabilistic Tractography—~Probabilistic fiber tracking was carried out in each
subject’s native diffusion space using FDT. First, bedpostx was used to generate a Bayesian
estimate of the probability distribution of different directions at each voxel. Using
anatomically defined regions-of-interest (ROIs) from a neonate atlas (Shi et al., 2011), fiber
tracking was performed using probtrackx2, which generated streamlines connecting voxels
from an originating seed ROI to voxels in a target ROI,; a total of 5,000 samples were drawn
from the connectivity distribution from each voxel in the seed ROI. Trajectories were
initiated in all voxels with FA > 0.1 and a curvature threshold of 0.2 (minimum angle of +/
- 80") was used. Streamlines were retained only if they passed through the source, target,
and waypoint voxels. Each ROI was used as both a source and target region for more
accurate delineation of these bidirectional tracts. Regions-of-exclusion (ROEs) were also
created to designate regions that streamlines could not pass through. The resulting path
distribution map displayed voxels that represented the total number of samples that
successfully passed from the seed ROI to the target ROI. For each subject, all tractography
outputs were first thresholded to exclude voxels with connectivity values less than 10, then
the two seed-to-target tracts were combined into one bidirectional tract for each white matter
tract of interest. Tracts were then normalized to standard space and summed to create a
normalized tract for each risk group, which was thresholded to include voxels that belonged
to a particular tract in at least 15% of the subjects within each group (as in Papinutto et al.,
2016).The normalized tract was transformed back to each subject’s native diffusion space
and measures of white matter microstructure were extracted and averaged, including
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD). A laterality index, which indicated whether a given tract was more left or
right lateralized, was computed for each tract by taking the between-hemisphere difference
in FA divided by the sum of the two: (Left FA — Right FA)/(Left FA + Right FA). For each
tract, a positive value would indicate leftward lateralization whereas a negative value would
indicate rightward lateralization.

Here we examined two tracts that are known to connect language-relevant brain areas and
have previously been shown to be present in 2-day-old infants (Perani et al., 2011): the
arcuate fasciculus (AF) and superior longitudinal fasciculus (SLF). For the AF, the ROIs
were the STG and precentral gyrus; for the SLF, the ROIs were the STG and IFG pars
opercularis. For both tracts, ROEs included the contralateral hemisphere and ipsilateral
insula.

Statistical Analyses

Given that FA was our primary measure of interest, for each tract (AF, SLF), a mixed
analysis of variance (ANOVA) was performed with risk group (HR, LR) and hemisphere
(left, right) as fixed factors to examine differences in FA. Next, between-group differences in
laterality index were examined by conducting one-way ANOVAs. Since these comparisons
were determined a priori, we did not correct for multiple comparisons for these tests.
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Exploratory post-hoc ANOVAs were performed to examine differences in MD, AD, and RD
for each tract. These post-hoc analyses were Bonferroni corrected to control for multiple
comparisons. Finally, we examined the strength of association across the whole group
between structural connectivity measures, including white matter integrity (FA) and
interhemispheric lateralization, and longitudinal behavioral measures, including the CDI
receptive advantage (18 months; Pearson’s correlation) and the ADOS-2 CSS (36 months;
Spearman’s correlation given that the data were not normally distributed).

RESULTS

Bidirectional probabilistic tractography performed for each language tract revealed that both
dorsal language tracts can be identified by 6 weeks of age (Figure 1). Mean FA values for
each tract were computed for each group (Table 2). For the AF, the interaction of risk group
by hemisphere was trending (Fq 32 = 2.75, p=.107). Follow-up one-way ANOVAs did not
reveal significant differences between the HR and LR groups within each hemisphere (Left
AF: F1 32 =225, p=.144; Right AF: Fq 35 = .02, p= .884; Figure 2). However, right AF FA
was significantly higher than left AF FA for both groups (HR: F1 36 = 16.87, p<.001; LR:
F1 28 =4.32, p=.047). For the SLF, the ANOVA testing for differences in FA of the SLF
yielded a significant interaction of risk group by hemisphere (F1 35 = 24.23, p< .001; Figure
2). Follow-up one-way ANOVAs showed that LR infants had significantly higher mean FA
in the left SLF compared to infants in the HR group (F1 32 = 5.92, p=.021); in contrast, in
the right SLF, HR infants showed significantly higher mean FA compared to infants in the
LR group (F1 32 = 4.92, p=.034). Furthermore, the right SLF FA was significantly higher
than left SLF FA in the HR group (F1 36 = 47.09, p < .001) with a similar pattern trending
towards significance in the LR group (F1 2 = 3.61, p=.068). For these analyses, one data
point was a mild outlier (i.e., exceeding inner but not outer fence). Importantly, however, all
findings remained significant even when excluding this data point, indicating that our results
were not due driven by this outlier.

To examine between-group differences in laterality, we computed a laterality index for each
tract whereby negative values indicated more robust connectivity (i.e., higher FA values) in
the right hemisphere and positive values indicated stronger connectivity in the left
hemisphere. Mean laterality index values for each tract were computed for each group
(Table 2). HR infants showed more rightward lateralization than the LR infants in the SLF
(F1,32 =23.51, p<.001, Figure 3). There was a similar pattern of laterality in the AF with
HR infants trending towards more rightward lateralization than the LR infants (F; 35 = 2.90,
p=.099; Figure 3).

Exploratory post-hoc analyses were also conducted to examine between-group differences in
MD, AD, and RD of each tract. Mean MD, AD, and RD values were first computed for each
group (Table S1 and Figure S1). Post-hoc ANOVAs yielded an interaction of risk group by
hemisphere only for RD of the SLF (F1 32 = 4.62, p=.039). As this finding did not survive
correction for multiple comparisons (Bonferroni-corrected for the three diffusion measures,
p<.0167; Table S2), no further analyses were conducted.
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Lastly, we addressed the question of how these early differences in structural connectivity at
6 weeks of age might relate to later language development, as indexed by behavioral
measures tracking language development as well as ASD symptomatology. Across the
whole group, infants who displayed more robust white matter integrity (i.e., higher FA) of
the left AF (1 = .418, p=.024; Figure 4a) and left SLF (r»1 = .437, p=.019; Figure 4b)
showed higher CDI receptive advantage scores at 18 months of age. Furthermore, early
measures of SLF laterality correlated with ASD symptom severity; infants who exhibited
more rightward lateralization of the SLF at 6 weeks of age had higher levels of social
communicative impairments as indexed by the ADOS-2 CSS at 36 months (o7 = —.520, p
=.011; Figure 5).

DISCUSSION

To our knowledge, this is the first study to examine structural connectivity of language
networks in 6-week-old infants at high familial risk for developing ASD. Whereas Perani
and colleagues (2011) were not able to detect the SLF in 2-day-old typically developing
neonates, here we demonstrate that both the SLF and AF are present and traceable by 6
weeks of age. We found that HR infants already showed altered structural connectivity in the
dorsal language network by this age. LR infants showed more robust connectivity of the left
SLF; in contrast, HR infants demonstrated the opposite pattern with stronger connectivity in
the right SLF. In examining laterality differences between the two groups, while both groups
showed evidence of weak rightward lateralization, HR infants showed more rightward
lateralization of the SLF compared to the LR group. Furthermore, white matter integrity
(FA) of both the SLF and AF was associated with measures of language development at 18
months of age. Lastly, interhemispheric asymmetry of the SLF was associated with ASD
symptomatology at 36 months of age.

Our finding that 6-week-old LR infants display stronger connectivity in the left SLF
compared to the HR group is consistent with prior work on older typically developing
infants as well as adults (see Dubois et al., 2014 for review; Dubois et al., 2016). Though
both HR and LR infants showed evidence for weak rightward lateralization, within the left
hemisphere, LR infants showed higher SLF FA compared with HR infants. In typical
development, more robust structural connectivity in the left hemisphere may lay the
groundwork for later leftward lateralization of functional language networks during speech
processing (Dehaene-Lambertz et al., 2002; Dehaene-Lambertz et al., 2010). Indeed,
beginning in the second year of life, functional connectivity of left hemisphere primary
language regions is known to increase (Emerson, Gao, & Lin, 2016). White matter
development can help to support functional connectivity by enabling language networks to
efficiently process speech. Since the increase in myelination of the SLF during development
correlates with an increasing ability to process complex sentences (see Friederici, 2017 for
review), an earlier transition toward a leftward structural asymmetry may prove important
for subsequent language development.

Altered structural connectivity has been found in many brain regions in infants later
diagnosed with ASD. Wolff and colleagues (2012; 2017) previously showed that HR infants
who later develop ASD exhibit altered developmental trajectories across many white matter
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fiber tracts throughout the brain from 6-24 months of age compared with HR infants who do
not go on to develop ASD. It is important to note that these studies utilized a different
sampling strategy compared to the present study in that they did not include a LR group in
their analyses. Nevertheless, our results provide further evidence that infants at high risk for
ASD display differences in structural connectivity. In addition, our findings demonstrate that
atypical development of white matter tracts, specifically of language tracts, starts very early
in infancy and is manifested by 6 weeks of age. Furthermore, in the HR group, more robust
connectivity in the right hemisphere as well as evidence for rightward lateralization of the
dorsal language network is consistent with prior findings in older children and adolescents
with ASD, who show less robust structural connectivity between left hemisphere language
regions (Joseph et al., 2014; Knaus et al., 2010; Wan et al., 2012). To the extent that the
atypical structural connectivity we observed in 6-week-old infants at high risk for ASD
antecedes language acquisition and any overt manifestation of language impairment, our
findings indicate that the altered language lateralization profiles observed in older
individuals with ASD in prior studies do not merely reflect a history of delayed language
development and/or aberrant language processing.

Altered interhemispheric laterality in the early infant brain observed in the present study is
also consistent with evidence from prior work using functional neuroimaging methods
showing atypical functional connectivity and language processing across development in
ASD. Imaging studies using fMRI have shown that while typically developing infants
initially show bilateral activity in response to language stimuli that shifts to left-lateralized
activity over the course of development (see Skeide & Friederici, 2016 for review), infants
and toddlers later diagnosed with ASD show atypical right temporal cortex activity (Dinstein
etal., 2011), left temporal region hypoactivity (Eyler, Pierce, & Courchesne, 2012), and
right-lateralized activation to speech sounds during language processing (Lombardo et al.,
2015; Redcay & Courchesne, 2008; Redcay, Haist, & Courchesne, 2008). This trend toward
an atypical rightward lateralization in ASD holds across development; adolescents and
adults with ASD, particularly those with language impairment, show reduced functional
lateralization of language and greater right hemisphere activation to language stimuli
(Fitzgerald et al., 2017; Herringshaw, Ammons, DeRamus, & Kana, 2016; Kleinhans,
Muller, Cohen, & Courchesne, 2008; Knaus et al., 2010; Lange et al., 2010; Sperdin &
Schaer, 2016). Alterations in the lateralization and function of language networks have been
hypothesized to be due to the failure of left hemisphere regions, such as the STG, to properly
respond to language stimuli (Eyler et al., 2012; Seery, Vogel-Farley, Tager-Flusberg, &
Nelson, 2013). The present findings suggest that altered structural lateralization beginning
very early in infancy could have cascading effects leading to the manifestation of atypical
language acquisition and altered functional lateralization.

Increasing myelination during development improves the efficiency of functional brain
networks by insulating axons that deliver information from one region to another (van der
Knaap et al., 1991). Thus, hemispheric differences of the dorsal language tracts observed in
this study suggest that language networks are differentially organized in HR infants very
early on. However, neuronal activity induced by stimulation can also influence the degree of
white matter myelination such that tracts connecting regions that respond with greater
activity are also more likely to be myelinated to facilitate information transfer. Accordingly,
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differences in white matter pathways may also reflect altered processing of language input.
Since language development and use require the integration of information across many
brain regions, altered structural connectivity may reflect inefficient integration of
multisensory information (e.g., visual, motor, auditory), which is critical for language
acquisition. Indeed, toddlers who later develop ASD show decreased local as well as global
efficiency particularly in the temporal lobe (Lewis et al., 2014; Lewis et al., 2017).

Early alterations in white matter connections between language regions may be a useful
predictor of early language acquisition and ASD symptomatology. In order to examine this
possibility, we examined the relationship between early structural connectivity measures and
clinically relevant language profiles associated with ASD. More specifically, we related
white matter integrity of the dorsal language network with measures of receptive advantage
at 18 months of age, which has previously been shown to be significantly reduced for infants
with an ASD outcome (Ellis Weismer et al., 2010; Hudry et al., 2014; Hudry et al., 2010).
Higher FA of both the AF and SLF was positively correlated with later language
development such that infants who showed more robust dorsal tracts at 6 weeks of age had
higher receptive advantage scores at 18 months of age. Our results are consistent with a
study examining structural connectivity of temporal regions in preterm infants (Aeby et al.,
2013), showing that early microstructure metrics in the neonate brain were associated with
receptive and expressive language at 2 years of age. Furthermore, in our study,
interhemispheric asymmetry strongly correlated with later ASD symptomatology; infants
who showed more rightward asymmetry in their dorsal tracts at 6 weeks of age had more
severe ADOS-2 CSS at 36 months of age. Taken together, these findings suggest that early
measures of structural connectivity may provide insight into subsequent language
development, as well as ASD risk.

In line with prior work on structural connectivity in language-relevant tracts in HR infants
(Wolff et al., 2012; Wolff, Swanson, et al., 2017) and in toddlers with ASD (Ben Bashat et
al., 2007; Conti et al., 2017; Solso et al., 2016; Weinstein et al., 2011; Xiao et al., 2014;
Zhang et al., 2018), our primary focus was on FA, a measure that provides an overall index
of white matter integrity. Exploratory analyses using MD, AD, and RD failed to yield robust
differences between the two risk groups. While these other white matter microstructure
indices can further inform our understanding of structural connectivity, prior studies in older
children and adults with ASD using such metrics are relatively few and have yielded often
inconsistent findings, perhaps reflecting differences in sample characteristics and
tractography approaches (see Travers et al., 2012 for review). However, in light of a growing
body of work which examines these diffusivity measures in typically developing infants
(e.g., Dubois et al., 2016; Gao et al., 2009; Sadeghi et al., 2013; Swanson et al., 2017),
future studies in infants at high familial risk for ASD should include a broad array of white
matter microstructure metrics in order to better characterize atypical development of
structural connectivity in this population.

This study presents some limitations that warrant discussion. First, though the risk groups
were matched based on socioeconomic status, which has been associated with differences in
language development (see Hackman & Farah, 2009; Hackman, Farah, & Meaney, 2010 for
review) and autism diagnosis (Durkin et al., 2017), we were not able to match based on
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maternal education. Importantly, however, maternal education was not related to any of the
DTI metrics for which we observed significant between-group differences (Table S3),
suggesting that our results were not driven by differences in level of maternal education. Our
findings are also based on a modest sample of infants for whom outcome measures were not
readily available; as such, our findings should be replicated in a larger sample and directly
related to developmental outcomes. Indeed, our goal was to examine whether white matter
microstructure of language tracts is associated with subsequent development, independently
of possible clinical implications which would be best addressed in a much larger sample
with variable outcomes. Our findings indicate that the relationship between white matter
microstructure and ADOS-2 CSS only accounts for 27% of the variance in the population.
While this is in line with previously published work relating structural connectivity to
behavioral measures in similar populations (e.g., Solso et al., 2016), the significant amount
of unexplained variance clearly highlights that many other variables, including genetic as
well as environmental/experiential factors, ultimately contribute to the developmental
trajectories observed in this population. Future research should aim to examine the complex
interplay between these contributing factors. In addition, while this study focused only on
the dorsal language tracts, several ventral tracts have also been shown to play a supporting
role in language processing in the adult brain (Dehaene-Lambertz, 2017). Despite mixed
findings on the developmental trajectories of these tracts in early childhood (Dubois et al.,
2016; Elison, Wolff, et al., 2013; Solso et al., 2016; Wolff et al., 2012), future research
should examine the role of these ventral tracts in early language development in at-risk
populations.

Given that our study focused on infants at high familial risk for ASD prior to the onset of
overt behavioral symptoms, some of these infants may ultimately receive an ASD diagnosis,
but this group is also expected to exhibit a range of heterogeneous outcomes which may
include other neurodevelopmental, learning, or language disorders (Miller et al., 2016;
Zwaigenbaum et al., 2007). Indeed, some of these infants may go on to experience
difficulties in the language domain, in line with prior reports that HR siblings of children
with ASD show higher rates of language delay, slower language acquisition, and lower
language scores as compared to LR infants (Franchini et al., 2018; Gamliel, Yirmiya, &
Sigman, 2007; lverson & Wozniak, 2007; Miller et al., 2015; Paul, Fuerst, Ramsay,
Chawarska, & Klin, 2011). Interestingly, a recent study examining high risk infants with
ASD and infants with early language delay, Swanson and colleagues (2017) reported
associations between subcortical brain volume (including the thalamus, amygdala, and
caudate) and later language skills, indicating that other language learning-related brain
structures may also be affected by risk status. The results from the present study may
therefore serve as an early predictor of atypical language development reflecting a more
general susceptibility to language impairment common to other developmental disorders.
Indeed, the mechanisms underlying disordered language acquisition may not be unique to
ASD but instead shared across a range of neurodevelopmental disorders. Findings from the
imaging genetics literature further support this notion since common variants on several
genes associated with language impairment, including CNTNAFPZ, have been linked to
delayed language development and altered structural connectivity in both typical and
atypical development (Alarcén et al., 2008; Eicher & Gruen, 2015; Geschwind, 2011; von
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Hohenberg et al., 2013). Accordingly, future studies should also consider genetic risk when
linking early brain development to language outcome.

In summary, the results of the present study confirm that white matter tracts connecting
dorsal language regions in the brain can be readily identified in 6-week-old infants using
DTI during natural sleep. Already by this age, early differences in these language tracts can
be detected: HR infants show altered structural connectivity in the SLF compared to their
LR counterparts and early atypical laterality profiles are related to behavioral indices of
language development. Importantly, our findings also suggest that early differences in
language-relevant white matter pathways are associated with future language development
and ASD symptomatology in infants at risk for developmental disorders. As such, future
large scale studies are warranted to further evaluate the validity of white matter
microstructure metrics in predicting language outcome and ASD diagnosis.
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RESEARCH HIGHLIGHTS

Compared to infants at high risk for ASD, low risk infants show more robust
connectivity in the left hemisphere superior longitudinal fasciculus at 6 weeks
of age.

High risk infants show increased rightward lateralization in the dorsal
language network compared to their low risk counterparts.

Differences in white matter microstructure and laterality of dorsal language
tracts are associated with later language development and ASD
symptomatology.

These findings indicate that altered white matter integrity and atypical
lateralization of the developing dorsal language pathways may lead to altered
language processing in ASD.
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Figure 1. Probabilistic tractography of dorsal language tracts.
(a) Arcuate fasciculus (AF) was traced using seed ROIs from STG (blue) and premotor

gyrus (green). (b) Superior longitudinal fasciculus (SLF) was traced using seed ROIs from
the STG (blue) and IFG pars opercularis (magenta).
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Figure 2. Differences in white matter microstructure by tract and hemisphere.
There was a significant interaction of risk group by hemisphere in the SLF (F1 g4 = 10.84, p

=.002). LR infants, in blue, showed higher FA in the left SLF whereas HR infants, in red,
showed elevated FA in the right SLF.
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Figure 3. Differences in laterality.

AF
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In the SLF, HR infants, in red, showed more rightward lateralization than the LR infants, in

blue (trending in the AF).
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Figure 4. Correlations between early white matter microstructure and later language
development.

Infants whose left language tracts were more robust (i.e., higher FA) at 6 weeks of age
showed higher (i.e., normative) receptive advantage scores at 18 months of age. This was
true for both the left AF (a) and left SLF (b).
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Figure 5. Correlation between early interhemispheric asymmetry and later ASD
symptomatology.

Infants who displayed more rightward lateralization of the SLF at 6 weeks of age had higher
(i.e., more severe) ADOS-2 CSS at 36 months.
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Table 1.
Subject Demographics.
LR HR p
N=15 N=19

Sex .22

Female 4 (27%) 9 (47%)

Male 11 (73%) 10 (53%)
Race .29

White 12 (80%) 12 (63%)

Non-white 3 (20%) 7 (37%)
Family Income 73

Not Answered 0 2 (11%)

<50 K 2 (13%) 3 (16%)

50-75 K 2 (13%) 3 (16%)

75-100 K 4 (27%) 4 (21%)

100-125 K 2 (13%) 2 (11%)

>125 K 5 (33%) 5 (26%)

Mean (SD) Mean (SD) P

Age at Scan (Weeks) 6.43 (1.27) 6.40 (1.03) .73
CDI Words and Gestures

Receptive Advantage (18 months) 168.50 (90.41) 89.47 (58.17) .01
ADOS-2 CSS (36 months) 3.25 (2.82) 3.55 (2.52) 40
Gradients remaining [Range] 30.80 (1.90) [25-32] 30.68 (1.67) [26-32] .85
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Mean FA and LI values.

LR HR
N=15 N=19
Mean (SD) Mean (SD)
Fractional Anisotropy (FA)
Left AF .168(.009)  .163(.009)
Right AF 175(.009)  .174(.008)
Left SLF A57(.010)  .147(.011)
Right SLF .164(.010)  .171(.010)
Laterality Index (L1)
AF FA -.021(.024) -.034(.021)
SLF FA -.022(.032) -.075(.032)
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