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Abstract

Developmental dyslexia (DD) is a heritable condition characterized by persistent difficulties in learning to read. White matter
alterations in left-lateralized language areas, particularly in the arcuate fasciculus (AF), have been observed in DD, and diffusion
properties within the AF correlate with (pre-)reading skills as early as kindergarten. However, it is unclear how early these
alterations can be observed. We investigated white matter structure in 14 infants with (FHD+; ages 6.6-17.6 months) and 18
without (FHD—; ages 5.1-17.6 months) familial risk for DD. Diffusion scans were acquired during natural sleep, and early
language skills were assessed. Tractography for bilateral AF was reconstructed using manual and automated methods, allowing
for independent validation of results. Fractional anisotropy (FA) was calculated at multiple nodes along the tracts for more
precise localization of group differences. The analyses revealed significantly lower FA in the left AF for FHD+ compared with
FHD- infants, particularly in the central portion of the tract. Moreover, expressive language positively correlated with FA across
groups. Our results demonstrate that atypical brain development associated with DD is already present within the first 18
months of life, suggesting that the deficits associated with DD may result from altered structural connectivity in left-
hemispheric regions.
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Introduction revealed that school-age children and adults with DD exhibit re-

Developmental dyslexia (DD) is a brain-based learning disability duced or absent functional activation in perisylvian, occipito-

characterized by difficulties with reading and reading-related
skills, such as fluent word recognition, spelling or written word
comprehension that cannot be attributed to low general cogni-
tive skills (Peterson and Pennington 2012).

Substantial evidence indicates that structural and functional
brain abnormalities underlie DD. Functional MRI studies have

temporal, and parieto-temporal cortical regions, as well as in-
creased activation in left inferior frontal regions, during reading
and reading-related tasks relative to controls (for a summary,
see Schlaggar and McCandliss 2007; Gabrieli 2009; Richlan et al.
2009, 2011). Individuals with DD also show decreased gray matter
volume and altered sulcal patterns in left occipito-temporal and
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temporo-parietal brain regions compared with typical readers
(e.g., Hoeft et al. 2007; Pernet et al. 2009; Richlan et al. 2013;
Im et al. 2015), and gray matter volume indices in these areas cor-
relate positively with reading and reading-related skills (e.g.,
Kronbichler et al. 2008; He et al. 2013).

These cortical brain regions are connected through axonal
bundles, and diffusion metrics in the region of these axonal
bundles have also been shown to be atypical in individuals
with DD, below-average readers, and young children at risk for
DD (e.g., Wandell and Yeatman 2013; Vandermosten et al.
2015). In particular, individuals diagnosed with DD and below-
average readers exhibit reduced fractional anisotropy (FA), a
measure which reflects fiber density, axonal diameter, and mye-
lination (Ben-Shachar et al. 2007), in the arcuate fasciculus (AF),
an axonal bundle connecting the posterior region of the tem-
poro-parietal junction with the frontal cortex that plays a critical
role in reading and language processing (Catani et al. 2005; Catani
and Mesulam 2008). Patients with lesions in the left AF exhibit
profound deficits in various skills important for successful read-
ing, such as phonological processing, reading fluency, or lan-
guage comprehension (Breier et al. 2008; Rauschecker et al.
2009; Shinoura et al. 2013). In school-age children, FA of the left
AF correlates with phonological awareness (Yeatman et al.
2011), a key predictor of the later reading outcome (Snowling
et al. 2000). Moreover, changes in volume of the AF between
ages 5 and 9 predict reading outcome during the developmental
period when children become fluent readers (Myers et al. 2014).
Several other white matter pathways, such as the left superior
longitudinal fasciculus, the left inferior longitudinal fasciculus
(Steinbrink et al. 2008; Yeatman, Dougherty and Ben-Shachar
et al. 2012), and the left inferior fronto-occipital fasciculus (Van-
dermosten et al. 2015) have been strongly linked to successful
reading, but the results are less consistent than for the AF.

DD is highly heritable and several candidate susceptibility
genes for DD (e.g., ROBO1, DCDC2, DYX1C1, and KIAA0319) have
been reported, the majority of which are involved in brain devel-
opment (Galaburda et al. 2006; Grigorenko 2009). Experimental
interference of these genes in rodents causes atypical neuronal
migration, which in turn results in localized gray matter malfor-
mations that affect cortical circuitry (Paracchini et al. 2006; Wang
et al. 2006), and postmortem studies of individuals with DD have
suggested similar cortical abnormalities (Galaburda et al. 1985). Re-
cent studies suggest that FA of temporo-parietal white matter is
particularly highly heritable (Darki et al. 2012; Jahanshad et al. 2013).

The genetic basis for DD is further supported by evidence that
structural and functional brain alterations can already be de-
tected in a group of kindergarteners at risk for DD, which indi-
cates that DD-related brain abnormalities are not a result of
reading failure, but rather seem to predate reading instruction
(Raschle et al. 2011; Raschle et al. 2012a; Saygin et al. 2013;
Simon et al. 2013; Raschle et al. 2014; Vandermosten et al.
2015). However, although most kindergarten beginners have
not yet received formal reading instruction, reading subskills in-
cluding phonological awareness have already begun to develop
by this age, as most preschool-age children receive some instruc-
tion at home or in a preschool setting (Anthony et al. 2007).
Therefore, it remains unclear to what extent the association be-
tween white matter structure and phonological awareness is a re-
sult of linguistic experience-dependent brain changes in early
childhood or infancy, or genetic predisposition.

To date, EEG studies have demonstrated alterations in neuro-
physiological activity in infants with a familial risk of reading and
language disorders in response to various prelinguistic and lin-
guistic stimuli, including rapid auditory processing, categorical

syllable perception, and phoneme perception (e.g., Guttorm
et al. 2001; Benasich and Tallal 2002; Richardson et al. 2003).
Moreover, these functional differences are predictive of later lan-
guage and reading outcomes (Molfese 2000; Guttorm et al. 2010;
Leppéanen et al. 2012) and are observed in individuals diagnosed
with DD (e.g., Gaab et al. 2007). However, no study to date has
characterized structural brain alterations in infants with a famil-
ial risk for DD, of which 34-77% will most likely develop DD
(Pennington and Lefly 2001; Snowling et al. 2003). Investigating
white matter organization in at-risk infants can provide crucial
information on how genetically driven alterations in structural
connectivity develop and give rise to previously reported func-
tional alterations in infants. Knowledge about alterations in
structural connectivity may in turn inform new theoretical mod-
els for future research in children with DD, prereading children
and infants at risk, and especially animal models.

In the present study, we employed manual and automated
tractography methods of diffusion tensor imaging (DTI) to com-
pare diffusion properties of the left and right AF between FHD+
and FHD- infants. Given the evidence of functional and struc-
tural brain alterations in kindergarten children at risk for DD, as
well as functional brain alterations in infants at risk for DD, we
hypothesized that FHD+ infants would already demonstrate al-
tered white matter diffusion metrics, namely decreased FA, in
the left AF. We further hypothesized a positive correlation be-
tween standardized language scores and FA of the left AF.

Materials and Methods
Subjects

After extensive data quality review, 14 FHD+ (7 female; mean age
=333+118 days) and 18 FHD- (10 female; mean age =298 + 99
days) infants were included in the analyses. Participating fam-
ilies completed a socioeconomic status (SES) questionnaire
adapted from the MacArthur Research Network (http:/macses.
ucsf.edu/default.php; see Supplementary Table 1), and a home
literacy questionnaire (see Supplementary Table 2). Based on
parental reports, infants were classified as FHD+ if they had at
least 1 first-degree (n=6) or second-degree relative (n=5) diag-
nosed with DD, or if they had at least 1 first- or second-degree relative
with a lifelong reading difficulty as determined via a question-
naire (n=3). Infants were classified as FHD- if they had no rela-
tives with a DD diagnosis or a history of reading difficulties. All
infants were born after 37 weeks of gestation, had no reported
history of neurological disease or trauma, and had no reported
hearing or vision problems. The study was approved by the Insti-
tutional Review Board of the Boston Children’s Hospital, and
written informed consent was provided by the legal guardians.

Mullen Scales of Early Learning

Subjects completed the Mullen Scales of Early Learning (MSEL)
(Mullen 1995), a standardized assessment of development from
birth to 5 years 9 months. The MSEL consists of 5 subtests: 1) Ex-
pressive Language; 2) Receptive Language; 3) Fine Motor Skills; 4)
Gross Motor Skills; 5) Visual Reception. Two-sample t-tests were
used to compare standard scores on the 5 subtests between FHD+
and FHD- subjects. Complete scores for all subtests were not ac-
quired for all subjects due to time restrictions or lack of cooper-
ation (for an overview, see Supplementary Table 3). Analyses for
the Receptive Language and Visual Reception subtests were not
performed because less than half of the scores (4 and 6, respective-
ly) were available for FHD+ infants. In addition, available measures
were used for correlation analysis with the diffusion-based data.
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Image Acquisition

The MRI scans were completed while the infants were naturally
sleeping. Diffusion scans and structural T1-weighted images
were acquired on a 3.0 Tesla Siemens TrioTim MRI scanner
with a 32-channel radio frequency head coil (see Supplementary
Material and Raschle et al. 2012b for details of the scanning pro-
cedure). Diffusion-weighted echo planar images were acquired
using 64 slices with a thickness of 2.0 mm from 30 gradient direc-
tions and 10 unweighted images without skip. Additional im-
aging parameters were as follows: flip angle =90°; TE =88 ms;
TR =8320 ms; TA =5:59 min; field of view =256 x256 mm; b=
1000 s/mm?. Structural T1-weighted whole-brain multi-echo
magnetization-prepared rapid gradient-echo sequences with
prospective motion correction (mocoMEMPRAGE) were acquired
with a spatial resolution of 1.1 x 1.1 x 1.0 mm (176 slices). Further
imaging parameters are as follows: flip angle =7°; TE = 1450 ms;
TR =2270ms; TA=4:51min; field of view=220x 220 mm, in-
plane acceleration (GRAPPA) factor of 2.

Data Preprocessing

Diffusion-weighted imaging is particularly sensitive to the ef-
fects of motion, and removing motion outliers or regressing out
motion diminishes these effects (Yendiki et al. 2013). Therefore,
scans were evaluated for motion and scanner-induced outliers
using DTIprep software (Liu et al. 2010). Motion parameters
were found by rigidly registering the interleaved subvolumes.
Translation threshold was set to 2.0 mm and rotation threshold
to 0.5°. All detected motion outliers were flagged and subse-
quently removed using an in-house script. Subjects (n=6) with
5 or more motion outliers were excluded from the analysis. All
data were visually inspected, and 3 additional subjects (2 FHD—,
1 FHD+) were excluded because of poor quality data after motion
outliers were removed. To exclude the possibility that the results
were biased by differences in motion between the 2 groups,
composite movement scores (mean of linear motion parameters
[X,Y, Z] in mm) were calculated. An independent t-test was used
to compare the composite motion scores between FHD+ and
FHD- infants. The analysis of the motion revealed no significant
differences between the groups (all P> 0.65).

Further preprocessing was done with the FMRIB Software
Library (FSL), version 4.1.617 (www.fmrib.ox.ac.uk/fsl). This
included the following steps: 1) creation of a brain mask of the
reference volume (no diffusion) by segregating brain tissue
from nonbrain tissue using Brain Extraction Tool 18 (Smith
2002); 2) eddy current and head movement correction using
EDDYCORRECT from FMRIB’s Diffusion Toolbox; 3) rotation of
the gradients by taking the corrected parameters from the eddy
current and head movement into account; and 4) local fitting of
diffusion tensors and constructing of individual FA maps using
DTIFIT from FMRIB’s Diffusion Toolbox.

Manual Tractography

Manual Tractography Procedure

The present analyses were performed on the left and right arcu-
ate fasciculi because of evidence of alterations in the AF in chil-
dren and adults diagnosed with DD (e.g., Odegard et al. 2009). In
order to determine whether any observed differences between
groups are specific to the AF, the left and right corticospinal tracts
(CST) were also reconstructed and used as control tracts. A stan-
dardized protocol was used to compute fiber tractography using
the Diffusion Toolkit 0.5 and TrackVis 0.5.1 (TrackVis.org n.d.)
(Supplementary Material and Supplementary Fig. 4). Two
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investigators conducted tractography blinded to the subjects’
condition. Interrater reliability of mean FA values for the bilateral
arcuate fasciculi for all subjects was calculated using an inter-
class correlation coefficient. A mean of the FA values obtained
by the 2 investigators was used for statistical analysis.

Statistical Analysis for Manual Tractography

Independent two-sample t-tests with an alpha level of P <0.05
were used to compare FA of the left and right arcuate fasciculi
and left and right CST between FHD+ and FHD- infants with
age in days as a covariate. The relationship between age and FA
are displayed for each group separately in the Supplementary
Figure 1. Results were corrected for multiple comparisons using
a Bonferroni correction (adjusted alpha level P =0.0125) (Benjami-
ni et al. 2001). Because the right AF was detected in less than half
of the subjects, an 4 test was used to determine differences be-
tween FHD+ and FHD- infants in the number of subjects with a
trackable right AF. The significance level was set to P <0.05. Add-
itionally, a Pearson’s correlation was used to compute the rela-
tionship between age-corrected mean FA of the left AF, left CST,
and right CST with expressive language MSEL standard scores,
composite SES, and home literacy environment scores.

Automated Tractography

Automated Tractography Procedure

Automated Fiber Quantification (AFQ; https:/github.com/
jyeatman/AFQ) was used as an independent validation method
in order to (a) confirm the mean FA of the manual tractography
obtained across the entire tract and (b) characterize the nature
of the group differences. AFQ is an automated tractography
method that reconstructs 18 major white matter tracts and calcu-
lates diffusion properties at multiple equidistant nodes along the
trajectory of each tract, instead of calculating mean diffusion
properties across entire tracts, allowing for a more precise local-
ization of group differences. Diffusion measures differ along the
trajectory of the tract, partially due to passing fibers and axons
that do not span the whole length of the tract. Therefore, obtain-
ing mean diffusion measures across an entire tract may not ad-
equately express precise group differences. AFQ, which has
been used to examine white matter alterations in individuals
with cerebral palsy and ventricular dilation, as well as premature
and typically developing children, is described extensively in
Yeatman, Dougherty and Myall et al. (2012). A description of the
procedure with parameters used is as follows: first, whole-brain
tractography was computed using a deterministic streamline
tracking algorithm seeded with a white matter mask defined as
all voxels with an FA of >0.1. Fiber tracking was terminated if
the minimum angle between the last path segment and the
next step direction was >40°. Next, individual fibers were as-
signed to a particular tract if they cross through the 2 waypoint
ROIs that characterize the central portion of that tract. These
ROIs were anatomically defined using the subject’s T1-image
based on the procedure described in Wakana et al. (2004) and
were created in MNI space on a group-average diffusion dataset.
These ROIs were converted into each subject’s native space based
on an estimated nonlinear transformation into MNI template
space. Then, fiber tract probability maps developed by Hua
et al. (2008) were transformed into each subject’s native space
and used to determine the probability of individual fibers belong-
ing to their assigned fiber group based on the voxels that they
pass through. Fibers that passed through low-probability voxels
were excluded from the fiber group. The fiber groups were further
cleaned by removing all fibers that were >4 standard deviations
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above the mean fiber length or >5 standard deviations away from
the core of the fiber group. Fiber groups were then clipped so that
they only spanned the region between the 2 waypoint ROIs, and
the resulting clipped tract was segmented into 100 equidistant
nodes. Spline interpolation was used to calculate FA, radial diffu-
sivity (RD), and axial diffusivity (AD) across each tract and at each
of the 100 nodes of each tract for each subject. These diffusion
properties were calculated by taking a weighted average of the
measures of each fiber at that node. The weight of each fiber
was determined based on the probability that the fiber belonged
to the fiber group.

Similar to previous studies that used AFQ (Yeatman, Dough-
erty and Myall et al. 2012), we found that the lowest FA along
the trajectory of the AF was in the region of the principal arc of
the tract. Because FA decreases in areas of high curvature and
in regions containing fibers with different orientations (Ben-
Shachar et al. 2007), individual differences in FA may be due to
differences in the position or size of the AF or diffusion properties
of crossing tracts, and not necessarily to the diffusion properties
of the AF itself. In order to address this issue, a tract alignment
procedure described in Yeatman, Dougherty and Myall et al.
(2012) was employed to coregister anatomically analogous
nodes of the left AF across subjects and ensure that equivalent re-
gions were compared. An automated procedure was used to lo-
cate the node with the lowest FA value in the left AF for each
subject, and the left AF of each subject was coregistered based
on the location of this node (Supplementary Fig. 2). Because we
only included the segments that overlapped across all subjects,
50 out of the original 100 segments were used in the analyses.
For a more detailed description of these coregistration methods,
see Yeatman, Dougherty and Myall et al. (2012).

Because AFQ uses strict criteria for tract identification, the
tracts of interest could not be located in all subjects. The number
of infants in which automated tractography was successfully ob-
tained for each tract are as follows: 28 infants (14 FHD+ and 14
FHD-) for the left AF, 10 infants (2 FHD+ and 8 FHD-) for the
right AF, 29 infants (13 FHD+ and 16 FHD-) for the left CST, and
30 infants (13 FHD+ and 17 FHD-) for the right CST. There are a
large number of DTI studies demonstrating asymmetry of the
AF in children and adults (Catani et al. 2007; Nucifora et al.
2005; Parker et al. 2005; Powell et al. 2006; Vernooij et al. 2007).
The absence of a trackable right AF may be due to this left-lateral-
ization of the AF and is in line with previous studies that were un-
able to identify a right AF even in adult subjects (Catani and
Mesulam 2008). For example, Dubois et al. (2009) reported left-
ward asymmetry in the AF in fetal and neonate brains. This
asymmetry, which is mainly characterized by larger volume of
the left AF, is probably related to asymmetries of the superior
temporal sulcus and the planum temporale. In the present
manuscript, the automated tractography method most likely
failed to identify the right AF in 8/10 FHD+ infants because (a)
the fibers were not continuous and fully developed yet and/or
(b) the fibers did not pass through the chosen ROIs.

Statistical Analysis for Automated Tractography

In order to validate the results of the manual tractography,
two-sample t-tests with age in days as a covariate were used
to compare mean FA values of the left AF between FHD+ and
FHD- subjects by averaging the FA values of all of the nodes
with an alpha level of P <0.05, Bonferroni corrected for multiple
comparisons with an adjusted alpha level of 0.017 (0.05/3 tests
for left AF, left and right CST). Because only a total of 10 subjects
(2 FHD+ and 8 FHD-) had a good-quality right AF based on visual
inspection (the approximate correctlocation and the characteristic

shape of the AF were used as the 2 criteria), analyses on the right
hemisphere were not carried out. In order to investigate whether
group differences in FA are driven by differences in (RD) or AD,
two-sample t-tests were used to compare RD and AD of the left
AF between FHD+ and FHD- subjects.

In order to statistically test differences in diffusion properties
in each segment of the left AF and correct for multiple compari-
sons at each node along the tract, Monte-Carlo permutations
were used by allocating the subjects randomly to 1 of 2 groups
and creating 5000 randomly assigned pairs of groups (P <0.05,
controlled for multiple comparisons). For each random group
pair, the 2 randomly generated groups were compared and the
number of consecutive significant segments was calculated,
which is the appropriate approach for Monte-Carlo permutations
for consecutive datasets (Nichols and Holmes 2002; Langer et al.
2013) that simultaneously corrects for multiple comparisons by
using the multiple comparisons nonparametric permutation ap-
proach of Holmes et al. (1996). Group differences were also com-
puted for the left and right CST in order to determine whether
observed group differences were specific to the AF.

Multivariate Pattern Classification

In order to investigate whether FA values in the segments along
the left AF could predict whether an infant belonged to the FHD+
or FHD- group, a multivariate pattern analysis (MVPA) was
employed. All FA measures of the equidistant segments were
entered as individual features. A linear support vector machine
classifier was trained and used a leave-one-out cross-validation
combined with a univariate rank searching method to evaluate
discriminative power. Significance level was set to P <0.05 cor-
rected for multiple comparisons. See Supplementary Material
for a detailed description of the MVPA.

Results

Group Characteristics

There were no significant differences in age, gender (Supplemen-
tary Table 3), SES (Supplementary Table 1), or home literacy
environment (Supplementary Table 2) between FHD+ and FHD—
infants (all P>0.121). No significant differences between FHD+
and FHD- infants were observed in performance on the Fine
Motor, Gross Motor, or Expressive Language subtests of the
MSEL (all P > 0.163) (Supplementary Table 1).

Manual Tractography

Group Differences

Ahigh inter-rater reliability (r = 0.85) of mean FA values for the bilat-
eral AF supported the reliability of the manual tractography. A y°
test revealed that the right AF was less likely to be tracked in the
FHD+ infants than the FHD- infants (Z = —4.70, P=0.030). Because
mean FA values of the left AF were significantly correlated with
age (r=0.51, P=0.004), age was regressed out for the subsequent
analyses. FHD+ infants demonstrated a significantly lower age-
corrected mean FA in the left AF compared with FHD- infants
(t=3.06, P=0.012, Bonferroni corrected). There were no significant
group differences in age-corrected mean FA in the right AF (t=0.88,
P=0.386), left CST (t=0.30, P=0.770), or right CST (t=-0.25,
P=0.806).

Correlation with MSEL, SES, and Home Literacy Variables
The correlation analyses between MSEL scores and FA values re-
vealed a significant positive correlation between standard scores
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on the Expressive Language subtest and age-corrected mean FA of
the left AF (Pearson r = 0.53, P = 0.022) (Fig. 1). There was no signifi-
cant correlation between age-corrected FA of the left AF and ex-
pressive language scores in the FHD+ (Pearson r=0.62, P =0.073)
nor FHD- (Pearson r = —0.13, P = 0.715) groups separately. Moreover,
no significant relationship was found between the standardized
Expressive Language and age (r=-0.29, P =0.19). No significant re-
lationship was observed between Receptive Language standard
scores and mean FA of the left AF, home literacy environment
or SES composite scores (all P >0.155). Additionally, there was
no significant correlation between FA of the left or right CST
and Expressive Language, Receptive Language, home literacy
and SES composite scores (all P>0.371).

Automated Tractography

Validation of Tractography Results

First, the correlation between mean FA of the left AF from the
manual and automated tractography was calculated. There
was a significant correlation between the 2 measures (r=0.77,
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Figure 1. Relationship between FA and expressive language. Scatterplot depicts
the correlation between the age-corrected FA values of the left AF and the
standard scores of the Expressive Language subtest of the MSEL. The red dots
represent infants with a familial risk for dyslexia and the blue dots represent
infants with no familial risk.
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P =0.002). See Figure 2 for examples of left AF tractography for
both methods.

Group Differences

An y?testrevealed that the right AF was less likely to be tracked in
the FHD+ infants than the FHD- infants (Z=5.72, P=0.017). Be-
cause the right AF could only be located in 2 FHD+ infants, further
analyses on the right AF were not performed.

FHD+ infants demonstrated a significantly lower mean age-
corrected FA in the left AF compared with FHD- infants, support-
ing the results of the manual tractography analyses (t=2.73,
P =0.011, Bonferroni corrected). There were no group differences
in age-corrected FA of the left CST (t=1.53, P=0.139) or right CST
(t=-0.36, P=0.720). In order to determine whether the mean FA
group differences were driven by differences AD or RD, mean
AD and RD of the left AF were compared between FHD+ and
FHD- infants. There was a significantly higher mean AD in FHD
+ infants compared with FHD- infants (t =2.85, P = 0.024, Bonfer-
roni corrected), but no difference in mean RD (t=-1.37, P =0.182).

Next, the left AF was segmented into 50 equidistant nodes,
and diffusion properties at each node were compared between
FHD+ and FHD- infants. FHD+ infants exhibited significantly
lower age-corrected FA in the compact region anterior and
posterior to the principal arc of the left AF compared with
FHD- infants (Fig. 3). FHD+ infants also exhibited significantly
lower age-corrected AD in the left AF (Supplementary Fig. 3),
but there were no group differences in age-corrected RD.

MVPA Results

The MVPA yielded a prediction accuracy of 82% (P =0.001, cor-
rected for multiple comparisons), with a sensitivity of 85% and
specificity of 79% (Fig. 4). The most discriminative features were
found in the segments posterior to the principal arcin the left AF.

Discussion

The present study is the first to demonstrate structural brain al-
terations in infants with a familial risk of DD. In accordance with
previous neuroimaging evidence of altered white matter struc-
ture in left temporo-parietal brain regions in individuals with
DD, FHD+ infants show reduced FA and AD in the left AF com-
pared with FHD- infants. No significant differences between

FHD-

Figure 2. Exemplary left arcuate fasciculi. AF tractography in infants with (FHD+) and without (FHD-) a familial risk for DD using (A) manual and (B) automated methods.

The intensity of the color represents the magnitude of the FA.
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Figure 3. Fractional anisotropy differences between infants with (FHD+) and without (FHD-) a familial risk for DD. (A) Tract profile of the left AF depicting FA values in FHD+
and FHD- infants at each of the 50 nodes. To illustrate the commonly reported dip in FA in the arc of the AF, we displayed the age-uncorrected FA values along the tract.
However, the results for the age-corrected FA group differences look equivalent. The solid line represents the mean FA and the dashed line denotes one standard
deviation. (B) Regions in which FHD+ infants exhibit significantly lower FA than FHD- infants are marked in red, and regions in which there are no significant
differences between groups are marked in dark gray. Regions colored in white were not included in this specific analysis due to insignificant overlap between the

infants (see also Supplementary Fig. 1).
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Figure 4. Multivariate pattern classification of infants with (FHD+) and without (FHD-) a familial risk for DD using a linear support vector machine. (A) Classification is
based on the FA values along the left AF and identifies a decision boundary (shown as a black line) that maximizes the margin to the nearest training cases of either class
between 2 predictive FA clusters. The FA values are age-corrected and z-transformed. The red dots represent the FHD+ infants and the blue dots represent the FHD—

infants. In (B), the 2 predictive segment clusters depicted in (A) are plotted in red.

groups were observed in the left or right CST, suggesting that de-
tectable white matter alterations in FHD+ infants are specific to
the white matter tracts connecting language-related areas in
the left hemisphere. These results were validated with an inde-
pendent method, which, in addition to measuring mean FA of
the entire tract, also investigates local differences along the tra-
jectory of the tract. An MVPA that utilized FA values of the left
AF to classify infants as FHD+ or FHD- yielded a high prediction
accuracy, suggesting that our measures are highly sensitive in de-
tecting early developmental brain differences. Additionally,
mean FA in the left AF correlated positively with expressive lan-
guage skills, which strongly predict future reading skills (Duff
et al. 2015), across both groups, suggesting a general relationship
between language measures and diffusion metrics of language-
related regions in infancy.

These results are consistent with previous evidence of white
matter alterations in individuals with DD. Evidence of reduced FA

in left temporo-parietal and fronto-temporal white matter re-
gions, particularly the left AF, is well-described in individuals
with DD and below-average readers (Klingberg et al. 2000;
Deutsch et al. 2005; Niogi and McCandliss 2006; Steinbrink et al.
2008; Carter et al. 2009; Odegard et al. 2009; Rollins et al. 2009;
Rimrodt et al. 2010; Vandermosten et al. 2012). However, it re-
mained unclear whether these white matter alterations predate
the onset of formal reading instruction or are a result of it, or
whether they may be caused by atypical language development.
Here, we were able to show that infants with a familial risk for DD,
of which 34-77% will most likely develop DD (Hallgren 1950; De-
Fries et al. 1987; Gilger et al. 1992; Gallagher et al. 2000; Penning-
ton and Lefly 2001), already show the characteristic white matter
alterations observed in individuals with a diagnosis of DD.

To date, only 2 DTI studies have shown alterations in the AF in
prereaders and beginning readers at risk for DD (Saygin et al.
2013; Vandermosten et al. 2015), and it is not clear from these
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studies whether the observed alterations are present at birth, or
emerge in parallel to or are influenced by (certain stages of) lan-
guage development. However, here we show that the same atypi-
calities shown in at-risk prereaders are already present in at-risk
infants with no detectable expressive or receptive language def-
icits, suggesting that the white matter alterations associated with
DD risk are already present within the first 18 months of life of
life. Based on the EEG literature (Molfese 2000) and on molecular
genetic work on DD susceptibility genes (Ramos et al. 2008; Tam-
mimies et al. 2013; Centanni et al. 2014) combined with the evi-
dence that the embryo begins to perceive speech sounds in the
16th week of gestation at the latest (Isaacson 1988), it is plausible
that such white matter alterations in the phonological system are
present earlier, possibly even in utero, but to date no study has
examined this.

Several DD susceptibility genes (e.g., KIAA0319, DYX1C1,
DCDC2, and ROBO1) that participate in brain development and
neuronal migration have been reported. Because single-nucleo-
tide polymorphisms acting on these genes have only been direct-
ly linked to gray matter, and not to white matter (see Kere 2014),
one could hypothesize that atypical gene expression in indivi-
duals with a genetic predisposition for DD may cause neuronal
migration abnormalities that lead to cortical gray matter malfor-
mations, which in turn lead to alterations in cortical connectivity
in these areas that underlie the characteristic perceptual and
cognitive deficits (e.g., auditory perception, receptive/expressive
language, verbal working memory) associated with DD. The al-
tered structure observed in the left AF in FHD+ infants may
form the basis for the functional disconnection between tem-
poro-parietal and frontal brain regions observed in individuals
with DD (Richlan et al. 2011).

Previous studies have shown that the AF can be either seg-
mented into 1 long direct segment connecting Wernicke’s and
Broca’s areas and 2 indirect segments (an anterior part between
Broca’s area and the inferior parietal lobe and a posterior part be-
tween Wernicke’s area and the inferior parietal lobule) (Catani
and Mesulam 2008), or it can be segmented into 2 parts, one pro-
jecting from Wernicke'’s to Broca’s area and one from Wernicke’s
to the premotor cortex (Perani et al. 2011). However, the part of
the AF projecting from the temporal cortex to Broca’s area
could not be detected in 3-day-old newborns (Perani et al. 2011).
Interestingly, our study revealed direct connections between the
temporal cortex (Wernicke'’s area) and inferior frontal cortex (Bro-
ca’s area) in an infant sample. This might be explained by (a) the
fact that the infants in the present study were much older (in-
fants versus newborns) and (b) differences in the tractography,
which relies primarily on ROIs to ensure that the main portions
of the AF are identified objectively and reliably in all subjects.
Moreover, the tractography method employed here enabled us
to divide the AF into multiple segments, allowing for examin-
ation of local differences. This is especially important in the
arc, which is the transition zone between the anterior indirect
segment and the posterior indirect segment, as described in Cat-
ani and Mesulam (2008), and the present study showed signifi-
cant differences between the 2 groups in precisely this region
as well as neighboring segments.

Our results also contribute to the abundance of evidence of
atypical brain functioning in infants at familial risk for DD. In-
fants with a familial risk of reading disorders exhibit alterations
in cortical brain responses to language-related and auditory stim-
uli compared with infants with no familial risk (Leppénen et al.
2002; Guttorm et al. 2003; Richardson et al. 2003; Friedrich et al.
2004; van Leeuwen et al. 2006, 2007; van Herten et al. 2008). Our
findings propose that these previously reported functional neural
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alterations in infants with a familial risk for DD might be driven
in part by underlying differences in left-lateralized language-re-
lated white matter regions.

Research on DD suggests that the white matter alterations
that underlie reading impairments are mainly rooted in atypical
RD rather than in AD in school-age children (Yeatman et al. 2011)
and adults (Vandermosten et al. 2012). RD may be related to the
degree of myelination, whereas AD may reflect axonal matur-
ation (Burzynska et al. 2010), although it should be noted that
the precise neurobiological properties that AD and RD reflect
are highly debated (Wheeler-Kingshott and Cercignani 2009).
However, here we observed reduced AD but preserved RD in in-
fants at familial risk for DD, suggesting that reduced white matter
FA in infants at risk for DD may be caused by other pathophysio-
logical processes, such as altered axonal development. However,
it is also possible that the reduced FA and AD observed in FHD+
infants may alternatively reflect more crossing fibers in left
temporo-parietal areas and therefore delayed or altered axonal
pruning in those infants. New methods need to be developed
in order to disentangle precisely the effects of myelination vs.
pruning on FA.

Limitations

The MSEL is a broad measure of language, and language assess-
ment in infancy is in general difficult to perform (Aylward and
Aylward 2011). Therefore, the obtained language scores must be
interpreted with caution. Moreover, this study would ideally be
carried out in neonates, because by 12 months, infants have ac-
quired phonological, prosodic, and lexical-semantic processing
skills with neural representations that are remarkably similar
to those of the adult brain (Kuhl 2010; Médnnel and Friederici
2013; Gémez et al. 2014). The phonological system appears to
emerge early in development, as there is evidence that basic
phoneme discrimination as measured by mismatch negativity
is already evident in utero (Mahmoudzadeh et al. 2013), and
phonological processing skills improve rapidly within the first
months of life (Dehaene-Lambertz et al. 2002). Despite this, in-
fants have not yet undergone the majority of language develop-
ment. Furthermore, increasing the number of subjects could both
enable more robust correlational analysis and improve the qual-
ity of the MVPA analysis because, for both objectives, our sample
is rather small.

Itis also important to note that because risk status for infants
included in the present study was determined based on family
history, and not on genetic data, inferences about the genetic na-
ture of the observed white matter alterations should be made
cautiously. Furthermore, because the present data are cross-sec-
tional, it remains to be determined which FHD+ infants will later
exhibit reading difficulties and receive a DD diagnosis, and
whether diffusion metrics of the left arcuate in infancy can pre-
dict later reading outcome. Future longitudinal research has to
quantify the specificity of the observed effects in the AF and
other structural brain regions. Nevertheless, our MVPA analysis
accurately predicted the group allocation of the infants, which
highlights the possibility of implementing such measures as ob-
jective biomarkers in future prospective studies.

Conclusion

In the present study, we demonstrated for the first time that pre-
viously reported left-hemispheric white matter alterations in in-
dividuals with DD could already be detected in a group of infants
with familial risk for DD. Our results provide further support for
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early atypical brain development in DD and suggest that DD may
originate from alterations in structural connectivity in left hemi-
spheric brain regions that are evident in infancy. This study
further supports the hypothesis that brain alterations in DD are
innate (Galaburda et al. 2006) and that they are causal to atypical
language and reading development in DD and not a result of it.
However, future studies are needed to determine whether altera-
tions of the AF are predictive of later reading performance and
whether these measures may be utilized, if sufficient sensitivity
and specificity is demonstrated, as an early general premarker for
DD or language-based learning disabilities. Identification of chil-
dren atrisk for DD earlier in the developmental time course could
offer the possibility for individualized instruction, early imple-
mentation of effective interventions, and amelioration of skills
that are essential for reading.
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Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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