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White matter (WM) fiber tract differences are present in autism spectrum disorder (ASD) and could be important markers of
behavior. One of the earliest phenotypic differences in ASD are language atypicalities. Although language has been linked to WM in
typical development, no work has evaluated this association in early ASD. Participants came from the Infant Brain Imaging Study
and included 321 infant siblings of children with ASD at high likelihood (HL) for developing ASD; 70 HL infants were later diagnosed
with ASD (HL-ASD), and 251 HL infants were not diagnosed with ASD (HL-Neg). A control sample of 140 low likelihood infants not
diagnosed with ASD (LL-Neg) were also included. Infants contributed expressive language, receptive language, and diffusion tensor
imaging data at 6-, 12-, and 24 months. Mixed effects regression models were conducted to evaluate associations between WM and
language trajectories. Trajectories of microstructural changes in the right arcuate fasciculus were associated with expressive
language development. HL-ASD infants demonstrated a different developmental pattern compared to the HL-Neg and LL-Neg
groups, wherein the HL-ASD group exhibited a positive association between WM fractional anisotropy and language whereas HL-
Neg and LL-Neg groups showed weak or no association. No other fiber tracts demonstrated significant associations with language.
In conclusion, results indicated arcuate fasciculus WM is linked to language in early toddlerhood for autistic toddlers, with the
strongest associations emerging around 24 months. To our knowledge, this is the first study to evaluate associations between
language and WM development during the pre-symptomatic period in ASD.
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INTRODUCTION
Autism spectrum disorder (ASD) is characterized by differences in
social-emotional reciprocity and the presence of restricted/
repetitive behaviors and interests [1], and is estimated to impact
approximately one in 36 children in the USA [2]. Although
language delays are no longer diagnostic criteria for ASD, atypical
speech is often one of the primary parental concerns when first
pursuing a diagnosis [3]. Furthermore, speech and language
outcomes are tightly related to other metrics of well-being,
including social and educational success for autistic individuals

with and without flexible speech [4]. Autism is highly heritable [5],
and younger siblings of children with ASD are at high familial
likelihood for ASD (HL1), with ~20% of high likelihood (HL) infants
siblings going on to receive an ASD diagnosis themselves [6].
Furthermore, an additional 30% of the infant siblings who are not
diagnosed with ASD display other developmental concerns,
including language delays [7], which are apparent by 12 months
of age [8, 9]. A recent meta-analysis and empirical investigation
suggested that HL siblings without ASD were three to four times
more likely to exhibit language delay versus siblings of
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non-autistic youth (low likelihood siblings; LL) without ASD [10].
Indeed, language atypicalities can be considered an endopheno-
type of ASD that emerges in higher frequency in first-degree
relatives [11], and thus studying language may provide more
power to uncover underlying mechanisms than relying on the
categorical diagnosis of ASD alone [11–13].
Autism is increasingly considered a disorder characterized by

differences in neural circuitry that emerge as early as the first
postnatal year [14, 15]. One of the earliest differences in brain
development observed in ASD is the atypical organization of
White matter (WM), which is evident by 6 months of age in fiber
tracts spanning the brain [16]. WM is composed of fiber bundles
containing millions of axons that connect different regions of the
brain to form functional circuits [17]. Axons are wrapped in myelin
comprised of fatty lipid proteins that gives WM its characteristic
white appearance. Myelin sheaths surrounding axons serve as
electrical insulators, augmenting the integrity of signal transduc-
tion within the brain [18]. Diffusion tensor imaging (DTI) can be
used to assess WM growth in vivo by measuring the organiza-
tional properties of WM, including diffusion anisotropy indexed by
fractional anisotropy (FA). FA can provide an index of the rapid
maturation of fiber pathways in the brain during the first two
postnatal years [18], with higher levels of FA typically found to
associate with increased postnatal age [19, 20] and thought to
reflect an increase in myelination and other fiber maturation
processes, as well as axon density and axon caliber [18].
Longitudinal studies have demonstrated that neural differences

during infancy are developmental in nature, with distinct
trajectories in autism unfolding over time [16], and emerging
evidence suggests that differences in developmental patterns of
FA in ASD have implications for behavior during infancy and early
childhood. For example, social cognition and behavioral control
have been linked to the inter- and intra-frontal WM pathways [21]
in toddlers with ASD, and repetitive behaviors and sensory
interests at two years of age have been associated with WM FA in
the genu and cerebellar pathways at 6 months of age [22].
Furthermore, WM FA in the superior longitudinal fasciculus and
splenium of the corpus callosum have been linked to autism trait
severity from ages 2.5 to 7 years [23]. Interestingly, in the study by
Wolff et al. [22], disordinal WM-behavior associations were
observed between infants later diagnosed with ASD and controls,
such that at 6 months of age, higher FA was related to increased
repetitive behaviors at age 2 among infants who later developed
ASD, while the opposite was true for controls (higher FA, less
repetitive behaviors). Similarly, Andrews et al. [23] reported
differential trajectories of FA development among individuals
with increasing autism severity over time (slower development of
FA) compared those with stable or decreasing trajectories of
symptom severity. While Solso et al. [21] did not test for
differential brain-behavior associations among infants based on
later diagnostic outcome, they did find that associations between
WM and behavior in the ASD group differed at different time
points in development (higher FA early, poorer outcomes at
toddler evaluation; higher FA later, better outcomes). This
suggests that the maturation of WM may have an age-specific
relationship to emerging behavior in ASD that is different from
that observed in typical development.
In typically developing groups, WM microstructure has been

shown to relate to general cognitive ability, motor, language, and
visual reception skills in the first two years of life, suggesting that
WM serves an important role in early cognition [20]. Specific to
language, expressive and receptive language in non-autistic
toddlers has been associated with development of the arcuate
fasciculus [20, 24] and corpus callosum [24], wherein higher FA
[20, 24] at a single time point in development during infancy has
been related to better language performance. Longitudinal
studies during this same period have reported somewhat mixed
results. One study from 6 to 24 months of age reported faster rates

of FA development in the splenium were related to greater
expressive language abilities at age 2 [25] whereas another study
reported that slower, protracted development of another diffusion
metric (radial diffusivity) across many fiber tracts (arcuate
segments, corticothalamic tracts, inferior and superior longitudinal
fasciculi, and inferior fronto-occipital fasciculus), from 1 to 2 years
of age was associated with better receptive language abilities [20].
Another study using a different technique [26] to assess WM
development has also reported that slower, prolonged develop-
ment of myelin may confer increased cognitive abilities in the first
year of life. Apparent discrepancies in findings could be due to
several factors including the age range studied, methodological
variability (e.g., use of different diffusion metrics, measures of
myelination) and the modeling of developmental change (e.g.,
calculation of change rates versus modeling of repeated
measures). Despite these reported links between WM and
language in typical development, and the well documented
differences in WM development in ASD, no studies to date have
evaluated associations between WM microstructure and language
development in ASD. Systematically evaluating the relationship
between WM microstructure and language in ASD is imperative
for understanding the neurobiology of language development in
ASD and informing and monitoring language interventions
[27, 28].

CURRENT STUDY
The goal of the current study was to evaluate the longitudinal
association between WM microstructure and language abilities in
HL infants with an ASD diagnosis (HL-ASD) compared to those
without an ASD diagnosis (HL-Neg) and LL infants without ASD
(LL-Neg) at 6-, 12-, and 24 months. We specifically sought to
evaluate: (1) whether WM development is related to (a) expressive
and (b) receptive language development in the first two postnatal
years, and (2) whether any observed associations between WM
tract organization and language ability varied as a function of
group membership. We hypothesized that (1) better performance
on expressive and receptive language measures would be
associated with increased FA in WM tracts across this develop-
mental period, and (2) the HL-ASD group would diverge from the
HL-Neg and LL-Neg groups in terms of their language and WM
associations. WM tracts of interest included the segments of the
arcuate fasciculus and corpus callosum which have been linked to
language in infants, and two other bilateral fiber tracts canonically
involved in language, including the uncinate [29] and inferior
longitudinal fasciculi [25].

METHODS AND MATERIALS
Participants
Participants were enrolled in the Infant Brain Imaging Study (IBIS), a
prospective, longitudinal study of infants at high and low likelihood for
ASD, defined by having an older sibling with a diagnosis of ASD (HL), or an
older typically developing sibling (LL). Infants were enrolled at one of four
sites: Children’s Hospital of Philadelphia, University of North Carolina,
University of Washington, and Washington University. Exclusion criteria for
IBIS participation were (1) evidence of a genetic condition, (2) vision or
hearing impairment, (3) gestational age < 36 weeks and/or birth weight <
2000 g, (4) significant perinatal adversity of prenatal toxin exposure, (5),
contraindication for magnetic resonance imaging (MRI), (6) primary home
language other than English, (7) sibling statuses of adopted, half-sibling, or
twins, and (8) first-degree relatives with diagnoses of psychosis, schizo-
phrenia, or bipolar disorder.
The current sample included 461 infants who met the following criteria:

(1) usable MRI scan at 6-, 12- or 24 months, (2) complete cognitive and
behavioral assessment battery at age 24 months including a diagnostic
evaluation of ASD, and (3) developmental assessment battery completed
at 6-, 12-, or 24 months. Our primary sample of interest were HL infants
who met diagnostic criteria for a clinical diagnosis of ASD at age
24 months (HL-ASD: n= 70). We also included HL infants who did not meet
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diagnostic criteria for ASD (HL-Neg; n= 251) and LL infants who did not
meet diagnostic criteria for ASD (LL-Neg; n= 140; Table 1) as comparison
samples. For complete information about the number of participants at
each visit and group, see Supplementary Table 1 (ST1). Written, informed
consent was obtained for all participants from their caregiver or guardian,
and all study procedures were approved by the institutional review boards
at each clinical site. The LORIS data management platform [30] served as
the behavioral, clinical, and imaging hub for this study; data is available
upon request.

Diagnostic and developmental evaluations
Clinical best estimate diagnoses were completed for the participants
included in the study based on DSM-IV-TR criteria using all available
assessment data including the Autism Diagnostic Observation Schedule
(ADOS) [31], Autism Diagnostic Interview-Revised (ADI-R) [32], Mullen
Scales of Early Learning (MSEL) [33] and Vineland Adaptive Behavior Scales
II [34]. Reliability for the diagnostic instruments was established and
maintained between sites through monthly case reviews. For a detailed
evaluation protocol, see Estes et al. [9].
Expressive and receptive language was assessed using the MSEL at 6-,

12-, and 24 months. The MSEL is a standardized, direct assessment of
development for ages 0–68 months [33]. MSEL subscales include
expressive and receptive language in addition to visual reception, fine
and gross motor skills. The MSEL has garnered evidence as a valid and
reliable measure of language in early infancy and in autistic populations
[35]. For the current project, the age equivalent scores for expressive and
receptive language were used as dependent variables of interest to avoid
T-score floor effects [36, 37].

MRI data acquisition and processing
Magnetic resonance imaging scans were acquired at all sites using 3T
Siemens TIM Trio scanners via 12-channel head coils assessed during
natural sleep. Intra- and inter-site reliability was established and
maintained across sites and time [38]. Diffusion weighted images were
collected using an ep2d_diff pulse sequence with a FOV of 190mm (6 and

12 months) or 206mm (24 months), 75–81 transversal slices, and voxel size
of 2 mm3, TR= 12,800-13,300ms, TE= 102ms, with 26 DWI volumes with
b values between 0 and 1000 s/mm2 in increments of 40, including a single
b= 0 s/mm2, and 25 gradient directions. As described previously [22, 25],
diffusion-weighted images were processed with DTI-prep, which detects
common artifacts, corrects for motion and eddy deformations, and flags
poor quality gradients for manual removal by expert raters [39, 40].
Datasets with fewer than 18 gradients were excluded from further
processing to ensure consistent signal-to-noise ratio. In sum, ~10.5% of DTI
datasets were excluded following quality control procedures with 25% of
excluded cases due to subject movement; an additional 4% were excluded
for incomplete acquisition. There were no differences between diagnostic
groups in proportion of scans excluded (Supplementary Table 1). We
tested for potential associations between the quality of the diffusion
datasets included in the study (i.e., remaining gradients after quality
control) and our primary language measures of interest by visit and by
likelihood group. The estimated correlations ranged from –0.02 to 0.20,
with 0.04 < r < 0.20 for the correlations with expressive language scores
and –0.02 < r < 0.18 for the correlations with receptive language scores;
none reached the level of statistical significance.
Group analysis of diffusion weighted data used an atlas-based

processing pipeline providing consistent spatial parameterization within
and between individual datasets across ages [19, 22, 41]. Deterministic
fiber tractography was performed with average atlas space using 3D Slicer
and refined via FiberViewerLight. Fiber tract definitions followed anatomi-
cally informed methods [42]. Tracts of interest included bilateral segments
of the arcuate, uncinate, and inferior longitudinal fasciculi, as well as the
genu, splenium, and body of the corpus callosum (Fig. 1). These tracts were
selected based on prior publications [20, 25] to include fiber bundles
previously associated with various aspects of language [43], and segments
of the corpus callosum, given previous links to language in infants [24, 25].
Of note, due to limitations of our diffusion sequence at the time of data
collection starting over a decade ago (e.g., low number of diffusion
gradients compared to current state-of-the-art protocols) and the difficulty
of tracking the arcuate in infants due to its curved structure and relatively
low level of myelination [18], we were not able to generate homologous

Table 1. Demographic characteristics.

HL-ASD (n= 70) HL-Neg (n= 251) LL-Neg (n= 140)

Female (%) 10 (14%) 116 (46%) 58 (41%)

Maternal education (% College+) 64 (93%) 224 (90%) 133 (97%)

Site

Philadelphia 17 (24%) 62 (25%) 27 (19%)

Seattle 17 (24%) 49 (20%) 37 (26%)

St. Louis 16 (23%) 77 (31%) 28 (20%)

Chapel Hill 20 (29%) 63 (25%) 48 (34%)

Race

Asian or Pacific Islander 0 (0%) 4 (2%) 1 (1%)

Black/African American 1 (1%) 4 (2%) 7 (5%)

More than one 10 (15%) 27 (10%) 19 (13%)

Unknown 0 (0%) 0 (0%) 1 (1%)

White 59 (84%) 216 (86%) 112 (80%)

ADOS RRB (24 months) 6.46 (2.3) 2.97 (2.3) 2.17 (1.9)

ADOS SA (24 Months) 6.00 (1.9) 1.87 (1.1) 1.70 (1.0)

MSEL-EL age equivalent (6 months) 5.47 (1.3) 5.52 (1.4) 6.06 (1.6)

MSEL-EL age equivalent (12 months) 10.3 (3.0) 11.9 (2.8) 12.7 (2.8)

MSEL-EL age equivalent (24 months) 18.9 (6.3) 23.9 (5.5) 25.8 (5.4)

MSEL-RL age equivalent (6 months) 5.70 (1.6) 5.97 (1.7) 6.38 (1.6)

MSEL-RL age equivalent (12 months) 9.84 (2.7) 11.2 (2.4) 12.3 (2.2)

MSEL-RL age equivalent (24 months) 17.9 (7.7) 25.9 (4.4) 28.0 (4.4)

HL-ASD high likelihood infants diagnosed with autism spectrum disorder, HL-Neg high likelihood infants not diagnosed with autism spectrum disorder, LL-Neg
low likelihood infants not diagnosed with autism spectrum disorder, UNC University of North Carolina, ADOS Autism Diagnostic Observation Schedule, RRB
repetitive/restricted behaviors subscale calibrated score, SA social affect subscale calibrated score, MSEL-EL Mullen scales of early learning expressive language,
MSEL-RL Mullen scales of early learning receptive language.
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left and right arcuate fasciculi in our atlas (see Fig. 1). While the left arcuate
in our atlas is defined as the direct fronto-temporal (arcuate-FT) segment
connecting Broca’s to Wernicke’s areas, the right arcuate is defined as the
anterior fronto-parietal (arcuate-FP) segment connecting Broca’s to
Geschwind’s areas. FA values were obtained via DTIAtlasFiberAnalyzer
[41]. FA represents the degree of diffusion along the primary fiber
orientation relative to the transverse diffusion. All components of this
processing pipeline are available as part of the UNC/Utah NAMIC DTI Fiber
Analysis Framework [41].

Statistical analysis models
Correlations between FA and language scores were calculated at each visit
to establish cross-sectional associations between the variables. To model
the associations between WM microstructure and expressive/receptive
language over the 6-month, 12-month, and 24 month visits, linear mixed-
effect models with linear regression splines were fit to the data. Fixed
effects included group (HL-Neg and LL-Neg compared to HL-ASD
participants), WM (scaled such that each coefficient corresponded to a
0.1-unit increase in FA), sex (female as referent group), piecewise linear
estimates for 6–12 months visit interval and 12–24 months visit interval.
Additional covariates included mother’s education (less than college
compared to college or more) and study site. We included interaction
terms between group and visit, group and FA, and visit and FA to address
differences in FA-language associations between groups and over time.
Random effects included a random intercept for each participant and a
random slope for the two piecewise linear time periods. The model used
an autoregressive correlation structure to account for within-participant
variance over time. Missing data were assumed missing at random with
patterns of missingness not varying by likelihood group or covariates.
Multiple imputations (k= 5) of the mixed-effects models were pooled and
summarized to produce the fixed effects and random effects results.
Mixed-effects models were estimated using the “nlme” package [44];
multiple imputations were estimated using both “mice” [45] and “amelia”
[46] packages in R 4.1.0. Type S and Type M error rates were calculated for
the linear regression results to account for multiple comparisons and
estimate degree of inflation (Gelman & Carlin, 2014 [47]; Supplementary
Table 6; Supplementary Fig. 2).

RESULTS
Descriptive statistics and cross-sectional analyses
Descriptive statistics for the sample are available in Table 1. As
reported in previous work [25], the sample is predominantly
white-non-Hispanic, with college educated caregivers. Correla-
tions (Supplementary Fig. 1) suggest small, positive associations,
0.21 <r < 0.42, between WM FA and language across select WM
tracts at 6 months (LL-NEG: CC-genu, CC-splenium, left uncinate;
HL-NEG: all tracts; HR-ASD: all but two tracts). In the HL-Neg and
LL-Neg groups, WM FA correlations with language decreased in
magnitude or became nonsignificant at the 12-month visit. By
24 months, only two significant correlations remained for the LL-
Neg and HL-Neg groups (right uncinate with expressive language
in the LL-Neg group and right arcuate-FP with expressive
language in the HL-Neg group). However, at 24 months, the left

arcuate-FT and right arcuate-FP fasciculus remained positively and
significantly correlated with expressive and receptive language in
the HL-ASD group. Correlations between expressive and receptive
language domains ranged from r= 0.33 (6 months) to r= 0.74
(24 months). Correlations controlled for false discovery rate using
Benjamini-Hochberg FDR correction method [48].

Longitudinal models
Results from the mixed-effects regression models indicated only
one WM tract was significantly associated with expressive
language: the right arcuate-FP. Importantly, the hypothesized
interaction between the right arcuate-FP and group reached
significance for both the HL-Neg group, β=−2.105, p= 0.017,
and the LL-Neg group, β=−2.424, p= 0.033, indicating the HL-
ASD group demonstrated a significantly different trajectory
between WM microstructure in the right arcuate-FP and
expressive language outcomes over time (Table 2). The mixed
effects model predicting expressive language and WM FA in the
arcuate-FP over time is depicted in Fig. 3, where different slopes of
language development over time are apparent for the HL-ASD
based on FA; HL-ASD infants with the least gains in FA values over
time exhibit the weakest gains over time and overall lowest
language scores by 24 months. All other WM tracts were non-
significant in their associations with expressive language (Supple-
mentary Table 3).
Regarding receptive language, no WM tracts were significantly

associated with receptive language either via main effect or
interactions (Supplementary Table 4). However, there were several
receptive language findings that may merit further study. The left
arcuate-FT was associated with receptive language both directly,
β= 1.811, p= 0.089, and in an interaction with the LL-Neg group,
β=−2.102, p= 0.057, despite not reaching statistical significance.
The right arcuate-FP also demonstrated associations with recep-
tive language both directly, β= 1.925, p= 0.054, and in an
interaction with the LL-Neg group, β=−1.885, p= 0.070 (Table 3).
The non-significant associations between arcuate segments and
expressive/receptive language are depicted visually in Fig. 2.
Sensitivity analyses were conducted to determine the specificity

of findings to language by comparing FA development to non-
verbal developmental quotients (NVDQ; [49]). We found no
evidence of group differences in the associations between FA
and NVDQ scores for any tracts (Supplementary Table 5).

DISCUSSION
In the present study, we sought to evaluate the associations
between WM microstructure FA and expressive and receptive
language abilities in the first two postnatal years in infants and
toddlers at low and high familial likelihood for autism. Results
suggested the right fronto-parietal segment of the arcuate
fasciculus is significantly associated with expressive language

Fig. 1 White matter fiber bundles from DTI tractography. a depicts the left hemisphere and b depicts the right hemisphere. Seafoam green,
anterior portion of the corpus callosum (CC-Genu); light blue, corpus callosum body (CC-Body); dark blue, splenium (CC-Splenium); orange,
uncinate; red, inferior longitudinal fasciculus; yellow, arcuate fasciculus (left = arcuate fronto-temporal, right = arcuate fronto-parietal).
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development across this period in autism. The HL-ASD group
demonstrated a significantly different FA-language relation
compared to the other two groups, wherein the HL-ASD group
showed a positive association across development between WM
FA and expressive language, which was weaker or absent in the
other two groups. Notably, our findings demonstrated that HL-
ASD infants with the least gains in FA values exhibited the least
gains in language over time (Fig. 3) and overall lowest language
scores by 24 months (Figs. 2 and 3). No other fiber tracts emerged
as significant predictors of expressive language. Although no WM
tracts were significantly associated with receptive language, some
interesting trends were observed that may warrant further study.
Supplementary analyses provided evidence of the specificity of
these findings to language, as replicating the analytic approach
with nonverbal developmental quotients comprised of scores on
fine motor and visual reception tasks resulted in no significant
group by FA interactions across any tracts of interest. Taken
together, this suggests that the arcuate may have a specific
developmental relationship to expressive language that emerges
over the course of the first years of life in infants who later receive
a clinical ASD diagnosis at 24 months.
The results connecting the arcuate-FP to expressive language

align with prior literature suggesting an association between this
WM tract and language in autistic individuals [50]. We did not,
however, find associations between arcuate-FP development and
language in our non-autistic groups, as would have been expected
based on the prior reports [20, 22]. This could be due to a variety
of factors, including the relatively small sample size of the LL-Neg
group compared to other studies [20], or differences in the ages
modeled [20, 24]. Further, while other studies have linked the
development of FA in the splenium [20] and other segments of
the corpus callosum [24] across this developmental period to
language abilities in non-autistic samples, we found no associa-
tions between splenium FA and the development of language, nor
did we find differences based on diagnostic outcome group.
Again, this could be due to differences in modeling, as our

approach included multiple subject groups (instead of a single
typically developing group) and statistically predicted language
development (e.g., change in language from 12 to 24 months), as
opposed to predicting language at a single timepoint in
development. Our results may suggest a level of specificity
between language and arcuate WM in the HL-ASD group, which
could reflect the early specialization of this fiber pathway in ASD
[25]. It also suggests that the arcuate-FP should be further
evaluated as a language biomarker in ASD [27].
Interestingly, the only significant results observed in the current

study were related to expressive language. Although some
potential trends of interest emerged with receptive language
that mirrored our expressive language findings, these did not
reach the threshold for statistical significance. Findings between
WM and expressive language, but not receptive language, is
surprising given receptive language often is used to differentiate
ASD from other clinical groups in toddlerhood (e.g., ASD from
language delay; [51]). The pattern observed in our study between
FA and expressive language may underscore the unique role
expressive language plays in early infancy as a gateway for further
language opportunities. Indeed, if early, aberrant vocalizations [52]
negatively impact future opportunities for language learning by
reducing parent-child conversational turns [53], expressive lan-
guage measurement at this age may reveal unique insights into
subsequent receptive and expressive development.
Our finding that higher FA values were associated with better

performance on expressive language measures in the HL-ASD
group suggests that mechanisms underlying fiber organization,
axon density or caliber, and/or myelination may play a role in
contributing to heterogeneity in language growth trajectories in
early ASD. Interestingly, the arcuate is one of the last white matter
pathways in the brain to mature [20, 54], and this protracted
maturation may reflect a notable role for experience-dependent
myelination and plasticity on the development of the arcuate;
processes that may be disrupted in ASD [15]. Though traditional
diffusion tensor MRI methods like those utilized in this study limit

Fig. 2 Cross-sectional relations between white matter fractional anisotropy in the left and right arcuate segments and expressive/
receptive language age equivalent by visit and likelihood group. Each data point reflects an individual’s WM arcuate fractional anisotropy
and expressive (top) or receptive (bottom) language age equivalent score at each time point, colored by group status. Bold lines represent the
linear relationship between WM FA and language age equivalent for each group at each visit. FT fronto-temporal, FP fronto-parietal. Red, HL-
ASD; gray, HL-Neg; blue, LL-Neg.
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our ability to speak to which mechanisms, specifically, may be
driving the associations observed in this report. Newer methodol-
ogies, including HARDI and NODDI, that can resolve crossing fibers
and providing estimates of neurite density and orientation within
a single voxel will be critical to disentangling the neurobiology
underlying the FA findings in this study [55, 56]. Our team is
currently collecting a new cohort of HL infants to replicate and
extend our work, and the updated imaging protocols include
multi-shell diffusion MRI and the ability to conduct NODDI
analyses; in future we will be able to address these questions
more directly. Cross-species studies may also yield important
mechanistic insight into observations made in-vivo, as mouse
models of Angelman syndrome—a neurodevelopmental disorder
sharing clinical features with ASD— have demonstrated that
atypical FA patterns were linked specifically to axon caliber, while
myelination and axon density were intact [57].
Correlation results indicated that the FA-language association in

ASD is strongest between 12 and 24 months of age, when the rate
of maturation in WM fibers has been reported to slow in infants
who develop ASD, ultimately resulting in lower FA values in ASD
compared to controls at 24 months of age [16]. When taken
together with our findings, which shares an overlapping sample of
HL infants to those reported by Wolff et al., this suggests that WM
development during the second year of life may be an important
period for ASD-related language development, with higher FA
values in this group being protective and associated with better
language outcomes. Future work will be needed to replicate these
findings in a new sample. It should also be noted that other
studies that overlap with this developmental window have shown
that increased FA in ASD (compared to typical development) may
still be present in the second year of life. Solso et al. [21] report a
similar trajectory in 1–4-year-olds (e.g., higher FA earlier, followed
by slower maturation and lower FA later), but the decrease in FA is
not apparent in their sample until sometime after age 2. Andrews
et al. [23] studied 2.5–7-year-olds and found that at the start of the

trajectory (~2 yrs of age) the ASD group showed increased FA,
with decreased FA becoming apparent later in childhood. Despite
reporting increase in FA as a group effect, these previous studies
did not explore behavioral heterogeneity related to FA changes in
early development. The factors underlying heterogeneity in FA
maturation in the HL-ASD group deserve further study and once
identified, may be important targets for behavioral intervention to
support language development. Future work may also consider
whether this relation between increased FA and language
development is evidenced in other clinical language-delayed
groups, such as apraxia of speech or specific language
impairments.
Further, the developmental timing of FA-language associations

implicates mechanisms that pre-date or coincide with the
emergence of autistic traits [14] and the emergence of burgeon-
ing expressive/receptive language skills [25]. Future research may
seek to evaluate denser developmental sampling within the
second postnatal year to evaluate whether associations in autistic
and non-autistic toddlers have clear divergence points during the
second year of life. Lastly, although previously established in this
sample in prior works [9, 25], the significant age by group
interactions suggested the HL-ASD group had distinct develop-
mental patterns of expressive and receptive language when
compared to their HL-Neg and LL-Neg peers. Results suggested
the HL-ASD group exhibited a slowed developmental trajectory of
expressive and receptive language, wherein by 24 months, autistic
toddlers demonstrated significantly lower expressive and recep-
tive language abilities than 24-month-old HL-Neg and LL-Neg
peers. These results are commensurate with previous literature
suggesting some autistic toddlers demonstrate slowed language
growth curves [58]. It is important to note the role of
measurement here as well, as the divergence at 24 months may
also reflect different types of language being measured, with
canonical babbling emphasized at 6–12 months (with some
evidence of hyper-vocal traits in infancy; [53]), followed by greater

Fig. 3 Model predicted mean trajectories of expressive language age equivalent scores by likelihood group paneled by right arcuate-FP
fractional anisotropy (FA) percentiles for whole sample. FA percentiles were calculated by taking the participant’s difference in 24-month
and 6-month visit right arcuate-FP FA values and finding its kth percentile among the whole sample (i.e., lowest percentile represents those
with the least gains in FA over this period). Lower third panel indicates percentile ≤ 33%, middle third panel indicates between percentile 33%
and 66%, and upper third panel indicates percentile ≥ 66%. Differential trajectories of model-predicted language are observed for the HL-ASD
group based on FA percentile group (e.g., difference in slope and predicted age-equivalent language score at 24 months in lower third vs.
upper third), while similar trajectories are observed for the HL-Neg and LL-Neg samples across FA percentile groups. Breakdown by FA
percentiles is for visualization purposes only; FA was treated as a continuous variable in longitudinal models.
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reliance on consonant-vowel-consonant early word forms from 12
to 24 months (wherein autistic toddlers may demonstrate slowed
growth; [59]). Further parsing the HL-ASD group by language
growth curve, and using more nuanced measures, may reveal
more subtle differences in the language-WM phenotype, which
represents an area for future research. Relatedly, our models in
this study evaluated in a unidirectional hypothesis (e.g., role of FA
predicting language); future research may also wish to consider
the bidirectional development of WM FA and language, asking
whether early changes in language abilities, perhaps on a finer
grained timescale, may also predict later changes in FA.
Although results for receptive language suggested associations

with the bilateral arcuate-FP warrant future study, the statistically
significant results were unique to the right arcuate-FP. These
findings are interesting given well documented left brain
lateralization for language areas [60]. A few possible reasons
may explain our right-dominant findings, including potential
differences related to tractography or lateralization in ASD. When
considering the FA measurements, the left and right arcuate-FP
tracts were not homologous (Fig. 1); as described in the methods,
we were unable to resolve the posterior segment of the right
arcuate fasciculus terminating in the temporal lobe. This is partly
due to a limitation of neuroimaging in young infants where
myelination levels are relatively low, which can impact tracto-
graphy, and is particularly true for the arcuate fasciculus given its
highly curved structure [61]. Further, our imaging sequence was
developed over a decade ago and includes a relatively low
number of diffusion gradients; this lower number of gradients has
implications for tractography, including the inability to resolve
crossing fibers which may also have contributed to the failure to
resolve the curved posterior segment of the arcuate in the right
hemisphere. Another explanation is that lateralization does not
occur to the same degree in ASD as in typical development, which
has been reported in numerous previous studies [62] for many
WM tracts [60], and specifically the arcuate in ASD [63]. In fact,
right-laterality in ASD may be primarily driven by language delays
[64], suggesting our right arcuate-FP and language findings may
reflect right-lateralization differences unique to ASD. Given
previous work suggesting laterality differences as early as
6-weeks of age [65], future research should continue to evaluate
laterality in the arcuate and its association with language in ASD
longitudinally. Lastly, a final explanation of the right-
predominance finding could be that this reflects a right-
dominant language process, such as prosody. These findings
may support the hypothesis that right-lateralized prosodic speech
processes, established to be atypical in ASD, may be foundational
for the subsequent language acquisition process [66].
To our knowledge, this study is the first to examine and report

longitudinal WM development in relation to language develop-
ment during the presymptomatic period in ASD. Our results
suggest an association between the maturation of the arcuate
fasciculus and language development, particularly between the
right fronto-parietal segment of the arcuate and expressive
language, that is specific to infants who are later diagnosed with
ASD. This association develops in the first two postnatal years
with clear associations emerging by 24 months. Future work is
needed to replicate these findings, further examine the
developmental time course of WM-language associations, and
identify factors (e.g., language exposure in the home) [67] that
may contribute to heterogeneity in arcuate and language
development in early ASD.
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