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Abstract

The complex interaction between brain and behaviour in language disorder is
well established. Yet to date, the imaging literature in the language disorder field
has continued to pursue heterogeneous and relatively small clinical cross-
sectional samples, with emphasis on cortical structures and volumetric analyses
of subcortical brain structures. In our current work, we aimed to go beyond this
state of knowledge to focus on the microstructural features of subcortical brain
structures (specifically the caudate nucleus) in a large cohort of neonates and
study its association with emerging language skills at 24 months. Variations in
neonatal brain microstructure could be interpreted as a proxy for in utero brain
development. As language development is highly dependent on cognitive func-
tion and home literacy environment, we also examined their effect on the
caudate-language function relationship utilizing a conditional process model.
Our findings suggest that emerging language development at 24 months is
influenced by the degree of left lateralization of neonatal caudate microstructure,

Abbreviations: BSID-III, Bayley Scales of Infant and Toddler Development-3rd Edition; DTI, diffusion tensor imaging; FA, fractional anisotropy;

RO, region of interest.
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1 | INTRODUCTION

Phenotypic differences observed in language behaviours
may be associated with inter-individual variability
in language-related neural substrates. It is generally
accepted that language function is governed by a network
of cortical regions, including the pars opercularis and
pars triangularis of the inferior frontal gyrus (IFG;
Broca’s area) and posterior superior temporal gyrus
(pSTG; Wernicke’s area) (Friederici & Kotz, 2003;
Grodzinsky & Santi, 2008; Pallier et al., 2011). Recently,
there is increasing evidence that subcortical grey matter
structures, specifically the striatum, also play a significant
role in language processing, although published work in
this area is still relatively lacking. The striatum affects
language processing in several different ways (Dominey
et al., 2009; Dominey & Inui, 2009). For instance, its role
in attentional resource allocation may influence language
performances. The striatum is also implicated in phono-
logical short-term memory capacities, which are crucial
for language comprehension and learning as well as in
linguistic computation (Teichmann et al., 2009). Better
short-term memory will enable retention of more
information in mind, allowing the segmentation of the
auditory stream into meaningful words and phrases.
Cortico-striatal projection neurons from Brodmann area
47 (a cortical region involved in working memory for
semantic features) project to the ventral caudate, specifi-
cally the caudate head (Friederici, 2002). Semantic work-
ing memory allows the unification of individual semantic
features into an overall representation at the multi-word
level, an important component of the language compre-
hension network (Turken & Dronkers, 2011). The
caudate head, which is part of the ventral striatum, is
also strongly connected to the ventrolateral prefrontal
cortex (VLPFC) (Leh et al., 2007). The VLPFC is
implicated in various aspects of speech production and
language comprehension. In addition, fronto-striatal

indexed by diffusion tensor imaging (DTI)-derived fractional anisotropy (FA).
FA is an indirect measure of neuronal and dendritic density within grey matter
structures. We also found that the caudate-language function relationship is par-
tially mediated by cognitive function. The conditional indirect effect of left cau-
date FA on language composite score through cognitive function was only
statistically significant at low levels of home literacy score (—1 standard devia-
tion [SD]). The authors proposed that this may be related to ‘compensatory’
development of cognitive skills in less favourable home literacy environments.

caudate nucleus, emerging language development, fractional anisotropy

circuits play a key role in procedural memory (Krishnan
et al., 2016; Ullman & Pierpont, 2005). Individuals with
impaired procedural memory were shown to have poor
language abilities (Lee & Tomblin, 2015). Neuroimaging
studies show that the left caudate nucleus is frequently
reported to be engaged during language control (Branzi
et al.,, 2016; Crinion et al., 2006; Li et al., 2015; Zou
et al., 2012).

Various observations of language disorders support the
crucial role of the striatum in language function. For
instance, a reduction in caudate volume is observed in
children with language disorder compared with their
unaffected siblings (Badcock et al., 2012). Children who
stutter also show reduced right caudate volume and
atypical leftward asymmetry compared with controls
(Foundas et al., 2013). In another study, caudate volume is
found to be negatively correlated with non-word repetition
scores in children with language disorders (Bishop, 2014).
Evidence from degenerative and vascular disorders further
supports the crucial role of the striatum in language
function (Butters et al., 1986; Fromm et al., 1985; Kumral
et al., 1999; Ludlow et al., 1987; Mega & Alexander, 1994).
For instance, in patients with Huntington’s disease, an
inherited neurodegenerative disorder with primary
neuronal dysfunction in the striatum (Peschanski
et al., 1995; Vonsattel et al., 1985), Teichmann et al. (2005)
observed impairments involving verb conjugation.

Taken together, these point towards the crucial role
of the striatum in language function. Thus far, the
imaging literature in the language disorder field has
emphasized on cortical areas and volumetric analyses of
subcortical brain structures. We aimed to expand this
state of knowledge and shift focus to the microstructural
features of subcortical brain structures, specifically the
caudate nucleus, utilizing diffusion tensor imaging (DTI)
in the early neonatal period.

DTI enables the assessment of white and grey matter
integrity in normal development and many disease states,
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by providing quantitative measures of fractional anisot-
ropy (FA) and diffusivities, especially mean diffusivity
(MD) (Gunbey et al., 2017; Langley et al., 2016; Mayo
et al., 2017; Rollins et al., 2010; Seo et al., 2013; Zhang
et al., 2016). DTI, classically used to probe water motion
at the cellular level to investigate white matter integrity,
can be used to investigate grey matter microstructure
in vivo. Within white matter structures, enhanced
organization of white matter fibres is reflected by an
increase in FA (Beaulieu, 2002; Dubois et al., 2008). FA
values within grey matter structures on the other hand
are an indirect measure of neuronal and dendritic
density; a reduction in FA reflects an increase in neuro-
nal and dendritic density. For instance, an increase in FA
of the caudate nuclei with increasing age in healthy
adults is proposed to be the result of neuronal and
dendrite elimination (Beaulieu, 2002). This hypothesis of
age-related neuronal and dendrite elimination is also
supported by histology (Zaja-Milatovic et al., 2005).
In contrast, an excessive growth and disorganized
arborization of dendrites may result in FA reduction as
has been reported in children with fragile X syndrome
(Barnea-Goraly et al., 2003).

In this current study, we will first examine the
relationship between neonatal caudate microstructure
(caudate FA) and emerging language function (Bayley
Scales of Infant and Toddler Development-3rd Edition
[BSID-III] language composite scores) using linear
regression analysis. We will then study the effect of cog-
nitive function and home literacy environment on the
caudate-language relationship utilizing conditional
process analysis. This is important as language learning
is intimately related to cognitive function as well as
literacy environment. In the last few decades, emerging
evidence shows that language learning is dependent
on domain-general cognitive processes (Hollich et
al., 2000). Language is no longer seen as a standalone
entity as it draws on a set of processes shared with
other realms of cognitive function (Fernald et al., 2006).
In a longitudinal prospective study, Rose et al. (2009)
show that domain-general processes such as memory,
processing speed and attention not only contribute to
the emergence of language but also in its subsequent
development. This emphasizes the importance for the
inclusion of cognitive function into any models that
aim to comprehensively study the development of
language ability. Differences in young children’s
language skills are also critically affected by home
literacy environment (Hayiou-Thomas, 2008). A better
understanding of the influence of the home literacy
environment will guide environmental modification
strategies in the management of children with language
disorders.

2 | MATERIALS AND METHODS

2.1 | Participants

Participants were recruited from Growing Up in Singapore
Towards Healthy Outcomes (GUSTO), a large longitudi-
nal, Singaporean birth cohort study. The GUSTO study
was approved by the National Healthcare Group Domain
Specific Review Board (NHG DSRB) and the SingHealth
Centralized Institutional Review Board (CIRB). A total of
148 participants were included in this study. Written
consent was obtained from all guardians on behalf of the
children enrolled in this study. Baseline characteristics of
study participants are delineated in Table 1.

TABLE 1 Baseline characteristics of study sample

Neonatal characteristics

Number of participants

Boys 74

Girls 74
Ethnicity

Chinese 66

Malay 63

Indian 19

Postmenstrual age at birth

(weeks)
[min, max] (median, mean) [35.00, 41.29] (38.86, 38.88)

Postmenstrual age at scan
(weeks)

[min, max] (median, mean)

Birth weight (kg)

[36.43, 43.14] (40.21, 40.28)

[min, max] (median, mean) [2.01, 4.07] (3.10, 3.11)

Parental education

Group 1 0
Group 2 7
Group 3 23
Group 4 14
Group 5 26
Group 6 13

Household income

Group 1 4
Group 2 9
Group 3 34
Group 4 19
Group 5 13

Maternal age

|[min, max]| (median, mean) [18.00, 44.00] (29.00, 29.54)
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2.2 | Neurodevelopmental assessment

Neurodevelopmental outcomes of all study participants
were assessed by certified examiners performing the
BSID-IIT at the 24-month visit. The language scale of
BSID-IIT comprises two subscales: receptive communica-
tion and expressive communication. The cognitive scale
of BSID-IIT included items that assess attention to
novelty, memory, problem solving and habituation. Raw
scores from language (receptive and expressive communi-
cation) and cognitive scales were used to derive the
age-based scaled scores and composite scores for each
participant. Age-based scaled scores are scaled to a metric
with a range of 1 to 19, a mean of 10 and a standard
deviation (SD) of 3. Composite scores are scaled to a
metric with a range between 40 and 160, a mean of
100 and an SD of 15.

2.3 | Parental questionnaires and case
report forms

Parental questionnaires were used for the collection of
socio-economic data. These include parental educational
level (assessed on a 6-point scale: 1 for no formal educa-
tion, 2 for primary level education, 3 for secondary level
education, 4 for Institute of Technical Education Skills
Certificate, 5 for GCE/A-Levels/Polytechnic/Diploma,
6 for undergraduate and/or postgraduate degree) and
household income adjusted for family size (assessed on a
5-point scale: 1 for $0-$999, 2 for $1,000-$1,999, 3 for
$2,000-$3,999, 4 for $4,000-$5,999, 5 for more than
$6,000). The total childhood literacy score for each partic-
ipant was derived from a series of 14 questions related to
various home literacy activities (see Appendix A). Case
report forms were used for the collection of other socio-
demographic variables including child’s gender, birth
weight, gestational age at delivery, ethnic group and
maternal age.

24 | MRI acquisition

At 5 to 17 days of life, neonates underwent fast spin-echo
T2-weighted magnetic resonance imaging (MRI) and
diffusion imaging using a 1.5-Tesla scanner (GE Medical
Systems, Milwaukee, WI). Diffusion-weighted images
were acquired using a single-shot echo planar imaging
(EPI) sequence with sensitivity encoding parallel
imaging scheme: SENSE reduction factor =2, matrix
size = 64 x 64, field of view = 200 x 200 mm?, slice
thickness = 3 mm, repetition time = 7,000 ms, echo
time = 106 ms, flip angle =90°, 20 non-collinear

directions, b value = 600 s/mm> T2-weighted images
were acquired with the following imaging parameters:
repetition time = 3,500 ms, echo time = 110 ms, field of
view = 256 x 256 mm?, matrix size = 256 x 256, 50 axial
slices with 2-mm thickness. We obtained these images
while participants were sleeping in the scanner. They
were laid in a supine position and snugly swaddled in
blankets to maintain temperature during the imaging
procedure. Micro earplugs were placed in the bilateral
external auditory meatus for ear protection. All 148
participants had fast spin-echo T2-weighted MRI and
good-quality diffusion datasets.

2.5 | Diffusion data pre-processing and
analysis

Digital Imaging and Communications in Medicine
(DICOM) images were converted to Neuroimaging
Informatics Technology Initiative (NIfTI) format using
dem2niix (https://github.com/rordenlab/dcm2niix). DTI
datasets were then analysed using tools implemented in
FMRIB’s Software Library (FSL, v6.0) (http://www.fmrib.
ox.ac.uk/fsl). To prepare for eddy processing, b0 images
were skull stripped using the brain extraction tool to
generate a mask that excludes non-brain tissues. Each
neonate’s diffusion-weighted images were registered to
their respective non-diffusion-weighted (b = 0) image to
correct for spatial distortion due to eddy currents and
subject motion (Andersson & Sotiropoulos, 2016), with
outlier replacement. The outlier correction utilized a
Gaussian process to replace the outlier slice using predic-
tions based on undistorted data (Andersson et al., 2016),
and a threshold of 3 SDs was set to detect outlier slices.
Diffusion tensors were calculated voxel wise, using a
simple least squares fit of the tensor model to the
diffusion data (Behrens et al., 2003), with eddy-corrected
image and rotated b vectors produced from the previous
step as input. From this, the tensor eigenvalues,
describing the diffusion strength in the primary,
secondary and tertiary diffusion directions, and FA maps
were calculated. Finally, a summary of the quality
assessment metrics was generated using fsl_quad
(Bastiani et al., 2019). Quality control of the diffusion
datasets was performed at three stages: (1) manual visual
inspection of raw diffusion volumes and b0 images,
(2) summary statistics from fsl_quad report and (3)
manual visual inspection of FA maps. Subjects with diffu-
sion volumes exhibiting large signal dropout, incomplete
coverage, venetian blind artefacts and/or checkerboard
artefacts were excluded. Subjects with compromised b0
images were also excluded. Mean absolute and relative
displacements from the fsl_quad report were used as one
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of the quality control parameters. Data corrupted by
motion are defined as absolute and/or relative root mean
squared displacements of more than half a voxel’s width
(1.5 mm). Subjects with corrupted DTI volume(s) were
excluded as removal of artifactual DTI volume(s) may
potentially introduce bias into derived DTI parameters
(Ling et al., 2012).

There is currently no available automated image
processing pipeline for the segmentation of the ventral
caudate. Therefore, to derive FA values from the
ventral caudate, manual region of interest (ROI) analysis
is the only feasible method. Manual ROI analysis of the
generated FA maps was undertaken by a paediatric neu-
roradiologist (T.A.P.), utilizing the ITK-SNAP software
application (www.itksnap.org) (Yushkevich et al., 2006).
Consistency of positioning was ensured by having all
ROIs positioned by a single investigator (T.A.P.) with
more than 10 years of experience in neuroradiology prac-
tice. ROIs were placed at the caudate heads for FA value
quantification. The caudate head was selected as the ROI
in view of its connection to the VLPFC, which has been
implicated in various aspects of speech production and
language comprehension. Square-shaped ROIs placed at
the centre of the caudate heads were segmented on
T2-weighted images, which were normalized to individ-
ual FA maps. Normalization of structural T2-weighted
images to individual FA maps will ensure that ROI posi-
tions are aligned. Volumes of the square-shaped ROIs
were also kept constant for all subjects, between 45 and
46 mm®. These steps are put in place to at least partially
mitigate the effect of ROI size and position on FA value
quantification. The segmented ROI masks were then
registered onto FA maps to extract the ROI-specific FA
values (Figure 1). FA values of both caudates were
measured two times. Mean FA values were computed
and used in the following statistical analysis. The ratio of
right-to-left caudate FA was also calculated for each
participant, utilizing the following formula:

Right — to — left caudate FA ratio
= Right caudate FA /Left caudate FA.

2.6 | Analysis of the relationship
between caudate FA and BSID-III language
composite scores

Linear regression analyses were performed, with gesta-
tional age at birth, postmenstrual age at scan, gender,
ethnicity, birth weight adjusted for gestational age and
maternal age as covariates. All continuous variables were

WILEYL**

standardized to obtain standardized beta coefficients
from regression analyses. Three independent variables
were used in three separate linear regression analyses:
right caudate FA, left caudate FA and right-to-left
caudate FA ratio. Next, we ran a multiple regression
analysis with two independent variables (right caudate
FA and left caudate FA). All regression analyses were
performed using R Version 3.5.1. Results were considered
significant at p < 0.05 for all tests. To ensure that any
significant relationship we find are specific to the ventral
caudate, we performed two additional linear regression
analyses: (1) mean FA of the entire caudate and BSID-III
language composite scores and (2) putamen FA and
BSID-III language composite scores.

EJ N European Journal of Neuroscience FENS

2.7 | Analysis of the effect of cognitive
function and home literacy environment
on the caudate-language relationship
utilizing conditional process analysis

We synthesize our predictions in the moderated
mediation (or ‘conditional process’) model, depicted
conceptually and statistically in Figure 2. PROCESS
macro for R (Model 8) was used for this conditional
process analysis (Tingley et al., 2014). For the purpose of
this model, we chose the left caudate FA as the predictor
variable as language functions are typically lateralized to
the left hemisphere. This approach is however not data
driven but is based on a theoretical premise. To estimate
the conditional direct and indirect effects of the predictor
variable (X; left caudate FA), through the mediator
(M; BSID-III cognition composite score), on the outcome
variable (Y; BSID-III language composite score), with
childhood literacy score included as a moderator (W), the
PROCESS macro for Model 8 was used. This enabled the
moderating effect of childhood literacy environment to
be tested on two paths simultaneously, the direct effect
and the first stage of indirect effect. Gestational age at
birth, postmenstrual age at scan, gender, ethnicity, birth
weight adjusted for gestational age and maternal age
were included as covariates. Conditional indirect effects
are calculated as the product of standardized regression
weights for the path from the predictor (X) to the
mediator (M) and for the path from the mediator (M) to
the outcome variable (Y). Bias-corrected bootstrap
confidence intervals (CIs) were generated for conditional
direct and indirect effects at the mean, +1 and —1 SDs of
childhood literacy score based on 5,000 bootstrap
samples, an approach recommended by Preacher and
Hayes (2008) for examining moderated mediation
models. Conditional direct and indirect effects were esti-
mated at each percentile level of childhood literacy score.
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Preprocessing; skull stripping, Diffusion tensors were calculated

DICOM images were ' correct spatial distortion due to voxel wise, using a simple least
converted to NIfTI format eddy currents and subject motion, squares fit of the tensor model to

with outlier replacement. the diffusion data

----.-\------ﬂ'
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Segmented ROI masks were then Square-shaped ROls (volume: 45-46mms) FA maps were calculated

registered onto FA maps to extract were segmented on T2-weighted images
the ROI-specific FA values. which were normalised to individual FA maps.

FIGURE 1 Preprocessing and region-of-interest (ROI) analysis of diffusion data. Square-shaped ROIs (red square: right caudate head;
green square: left caudate head) were placed at the centre of the caudate heads. At the level of the basal ganglia/striatum, the caudate heads
were defined laterally to the frontal horns of the lateral ventricles (LV) and bounded postero-laterally by the anterior limb of the internal
capsule (ALIC; purple line). The ALIC is an easily identifiable white matter tract on FA maps, seen as a high-intensity structure (due to its
high anisotropy) between the lentiform nucleus (LN) and caudate head

Cognition
~ composite score
Cognition a, §/ (M) b
_~ | composite score N '\
- (M) N \
p ) .
_ ~ \ <, -
/,/ \\ \\\ \ Language composite
d N — \ \ score (Y)

e

Childhood Literacy score (W)

\ | Language composite \ c,(XW)
< sore o \ |5 7
\ a, (Xw) \ \ ', (W)
\. ‘\
\

Childhood Literacy
score (W)

M=i + [a1X + aZ(W) + as(XW)]
Y=i+ bM + [c’lx + c’Z(W) + c‘S(XW)]

FIGURE 2 (a)Conceptual and (b) statistical models illustrating hypothesized conditional direct and indirect effects for left caudate FA
(L CN FA; X), cognition composite score (M), childhood literacy score (W) and language composite score (Y). a,, effect of X on M; a,, effect
of W on M; as, interaction effect between X and W; b, effect of M on Y; ¢;, effect of X on Y; c,, effect of W on Y; c;, interaction effect between
X and W; iy and iy, regression constants; L CN FA, left caudate FA; M, mediator; W, moderator; X, predictor variable; Y, outcome variable
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Point estimates were considered significant if the 95%
CI does not contain zero. We posit that childhood
literacy environment moderates the relationship between
neonatal caudate microstructure (left caudate FA)
and language emergence (BSID-III language composite
score) and that this relationship is mediated
by a child’s cognitive function (BSID-III cognition
composite score).

3 | RESULTS

One hundred and forty-eight subjects were included in
this study, with age distribution as follows: (1) post-
menstrual age at time of scan (mean = 40.28
+ 1.11 weeks) and (2) gestational age at birth
(mean = 38.88 + 1.08 weeks). The summary statistics of
central tendency for total brain volume, caudate FA
values, BSID-III scores at 24 months and childhood liter-
acy scores at 12 months are delineated in Table 2. There
were between 0% and 47% data missing across variables
with least data available on household income.

3.1 | Effects of caudate FA on BSID-III
language composite scores

We observed highly significant associations between
caudate FA and BSID-III language composite scores
(Figure 3). There was a significant negative association

between BSID-III language composite scores and FA
values of the left caudate (f = —0.38, p <0.001). In
contrast, there was a significant positive association
between BSID-III language composite scores and FA
values of the right caudate ( = 0.63, p < 0.001). In the
subsequent multiple regression analysis with both right
caudate FA and left caudate FA as independent variables,
significant relationships between the two independent
variables and BSID language composite scores persisted
(right caudate FA: f = 0.709, p < 0.001; left caudate FA:
p = —0.427, p < 0.001). Also, there was a significant posi-
tive association between BSID-III language composite
scores and right-to-left caudate FA ratio (f = 0.75,
p < 0.001). The beta coefficient is higher when using
right-to-left caudate FA ratio as predictor variable, com-
pared with using left caudate FA and right caudate FA,
respectively. This may imply that it is the degree of
lateralization that drives the observed effect of emerging
language skills. We found no significant correlation
between mean FA of the entire right caudate and BSID-
IIT language composite scores (f = —0.342, p = 0.03).
There was also no significant correlation between mean
FA of the entire left caudate and BSID-III language
composite scores (f = —0.171, p = 0.233). Similarly, we
found no significant correlation between putamen FA
and BSID language composite scores (right putamen:
p=-0.053, p=0.685 left putamen: p=0.19,
p = 0.207). These findings suggest that the striatal-
language relationship we found in our initial analysis is
unique to the ventral caudate.

TABLE 2 Summary statistics for central tendency of study variable

Study variables
Total brain volume (cm?)
Fractional anisotropy (FA)
Left caudate FA
Right caudate FA
Right-to-left caudate FA ratio
Left putamen FA
Right putamen FA
BSID-III scores
Scaled scores for cognitive
Scaled scores for receptive communication
Scaled scores for expressive communication
Composite scores for cognitive
Composite scores for language composite

Childhood literacy score

Abbreviation: BSID-III, Bayley Scales of Infant and Toddler Development-3rd Edition.

Mean Median Range
544.9 542.2 436.8-739.4
0.11 0.11 0.084-0.136
0.115 0.115 0.086-0.142
0.961 0.961 0.716-1.198
0.121 0.121 0.091-0.146
0.118 0.118 0.091-1.32
10.3 10 5.0-19.0
8.6 9 2.0-17.0

8.9 9 2.0-16.0
101.4 100 75.0-145.0
92.76 94 56.00-138.00
4.265 4 0-12
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(a) Scatter plot of BSID-III language composite score and FA of the left caudate nucleus shows a negative association

between the two variables. (b) Scatter plot of BSID-III language composite score and FA of the right caudate nucleus shows a positive

association between the two variables

3.2 | Effect of cognitive function and
home literacy environment on the
caudate-language relationship (conditional
process analysis)

3.2.1 | The effect of left caudate FA (X) on
cognition composite scores (M): First stage of
indirect effect

There was no significant association between left caudate
FA (X) and cognition composite score (M) ( = —0.18,
p =0.21, 95% CI =[-0.46, 0.09]). Childhood literacy
score also did not significantly moderate the association
between left caudate FA and cognition composite score
(M) as the interaction effect between left caudate FA and
childhood literacy score was not significant (f = 0.33,
p = 0.09, 95% CI = [—0.02, 0.73]).

3.2.2 | The effect of cognition composite
scores (M) on language composite score (Y):
Second stage of indirect effect

We found a significant positive association between cog-
nition composite score (M) and language composite score
(Y) (p = 0.61, p < 0.001, 95% CI = [0.41, 0.78]).

3.2.3 | The conditional indirect effect of left
caudate FA (X) on language composite score
(Y) through cognitive function (M)

The conditional indirect effect of left caudate FA (X) on
language composite score (Y) through cognition composite

score (M) was only significantly different from zero at —1
SD level of childhood literacy scores (f = —0.31, p = 0.05,
95% bootstrap CI = [—0.65, —0.05]). At mean (f = —0.11,
p =0.23, 95% bootstrap CI =[—0.3, 0.05]) and +1 SD
(# = 0.09, p = 0.52, 95% bootstrap CI = [—0.17, 0.4]) levels
of childhood literacy scores, conditional indirect effect was
considered not significant as the 95% CIs based on 5,000
bootstrap samples contain zero.

3.2.4 | The conditional direct effect of left
caudate FA (X) on language composite
score (Y)

Holding constant the cognition composite score, the con-
ditional direct effect of left caudate FA (X) on language
composite score (Y) is significantly different from zero at
mean (f = —0.23, p = 0.04, 95% bootstrap CI = [—0.45,
—0.02]) and +1 SD (# = —0.39, p < 0.01, 95% bootstrap
CI =[-0.67, —0.1]) of childhood literacy scores. At —1
SD of childhood literacy score, the conditional direct
effect of left caudate FA (X) on language composite
score (Y) was not significant (f = —0.07, p = 0.71, 95%
CI = [—0.52, 0.24]).

325 |
summary

Conditional process analysis: Model

The association between left caudate microstructure
(indexed by FA) and emerging language development
(language composite scores at 24 months of age) occurs
directly and indirectly through cognitive function
(cognition composite scores at 24 months of age). The
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direct effect dominates at a low level of childhood
literacy score (—1 SD), whereas the indirect effect
through cognitive function dominates at higher levels of
childhood literacy scores (mean and +1 SD).

The conditional direct and indirect effects of our pro-
posed model are summarized in Table 3 and illustrated
in Figure 4.

4 | DISCUSSION

4.1 | Reflections of study outcomes

As hypothesized, we found that measures of neonatal
caudate microstructure predicted variations in emerging
language development at 24 months of age. This finding
provides further evidence of the role of the caudate
nucleus in emerging language development. In our
current study, we found that better emerging language
skills (higher BSID-III language composite scores) were
associated with a lower left caudate FA and a higher right

0.21

0.01

-0.21

Conditional Effects

-0.41

-0.6 1

T T T T

-1 0 1 2
Normalized Childhood Literacy Score at 12 months

FIGURE 4 Conditional direct and indirect effects at different
levels of childhood literacy scores

TABLE 3 Results of moderated mediation analysis
Language composite score (Y) Cognitive composite score (M)

Predictor i} SE LLCI ULCI p i SE LLCI ULCI p
Left FA (X) —0.23* 0.11 —0.45 —0.03 0.03 —0.18 0.14 —0.46 0.09 0.21
Childhood literacy score (W) —0.18 0.12 —0.41 0.04 0.12 0.07 0.16 —0.25 0.35 0.63
Cognitive composite score (M) 0.61%*  0.09 0.41 0.78 <0.001
Left FA x Childhood literacy score —0.16 0.13 —0.38 0.15 0.22 0.33 0.19 —-0.02 0.73 0.09
Indirect effect (al + a3*W)*b
Conditional indirect effects at different levels of childhood Bootstrapped Boot Boot Boot
literacy score: (M + 1 SD) indirect effect SE LLCI ULCI P
—1SD —0.31 0.16 —0.65 —0.05 0.05
M —0.11 0.09 —0.3 0.05 0.23
+1SD 0.09 0.15 —0.17 04 0.52
Direct effect (c1 + c3*W)
Conditional direct effects at different levels of childhood Bootstrapped direct Boot Boot Boot
literacy score: (M + 1 SD) effect SE LLCI ULCI P
—1SD —0.07 0.19 —0.52 0.24 0.71
M —0.23* 0.11 —0.45 —0.02 0.04
+1SD —0.39%* 0.14 —0.67 —-0.1 <0.01

Note: Conditional direct and indirect effects at three levels of childhood literacy score (16th: —1 SD, 50th: M and 84th: +1 SD percentiles). Conditional effect is
considered significant if 95% confidence intervals based on 5,000 bootstrap samples do not contain zero. Independent variable (X) = left caudate FA; mediating
variable (M) = cognition composite score; dependent variable (Y) = language composite score; moderator (W) = childhood literacy score. Standardized
regression coefficients are reported. Listwise N = 65. Bootstrap sample size = 5,000.

Abbreviations: FA, fractional anisotropy; LLCI, lower level confidence interval; SD, standard deviation; SE, standard error; ULCI, upper level confidence

interval.
*p < 0.05. *p < 0.01. **p < 0.001.
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caudate FA. Within grey matter structures, FA is an indi-
rect measure of neuronal and dendritic density. A higher
neuronal and dendritic density will result in increased
barriers to anisotropic water diffusion, reflected as a
reduction in FA. Therefore, in our study, the lower FA
values in the left caudate of children with better emerg-
ing language skills are likely related to a higher neuronal
and dendritic density. In contrast, the higher FA values
in the right caudate of children with better emerging lan-
guage skills are likely related to a lower neuronal and
dendritic density. These findings suggest that there is a
higher degree of left lateralization of caudate neuronal
and dendritic density in children with better emerging
language skills. To the best of our knowledge, our study
is the first to report an association between lateralization
of neonatal caudate microstructure and emerging lan-
guage development. Differential development between
both cerebral hemispheres is at least in part genetically
coded in utero (Francks, 2015), explaining the left lateral-
ization observed within the early neonatal period in our
study. The best studied model organism for the lateraliza-
tion of brain development is the zebrafish. During its
development, leftward migration of a midline subcortical
structure subsequently affects the development of
other neural structures (Concha et al., 2009). This
subcortical origin of lateralized development in zebrafish
suggests that similar mechanisms may take place in the
developing human brain. Hence, it is plausible that cere-
bral cortical lateralization is a downstream consequence
of early subcortical lateralization, which can be reflected
as asymmetry in neuronal and dendritic density. In con-
trast to the cerebral cortex, lateralization of human sub-
cortical structures and their potential effect on individual
differences in language development have not been
extensively explored. Most previous studies that report
asymmetry patterns of subcortical structures have been
linked to clinical populations with various neuropsychiat-
ric disorders. Specifically, caudate asymmetries have been
described in various clinical disorders with a component
of language impairment such as attention-deficit
hyperactivity disorder (ADHD) (Hynd et al., 1993),
Tourette’s syndrome (Singer et al, 1993) and
developmental stuttering (Foundas et al., 2013). These
findings suggest that asymmetries of subcortical brain
structures play a crucial role in language development, in
concordance with our current finding.

It is widely accepted that there is a close association
between language skills and cognitive function (Hollich
et al, 2000). Our finding of a significant association
between cognitive function and emerging language
development aligns with this body of evidence. Conditional
process analysis using our proposed model showed that left
caudate FA impacts emerging language development,

directly and indirectly through its effect on cognitive
function. Aside from its role in language development, the
caudate is also involved in various aspects of cognitive
functioning, including working memory and executive
functioning (Haber, 2016). These are all crucial elements
for successful learning, which will facilitate language devel-
opment, a plausible explanation for the mediating effect of
cognitive function observed in our research model.

The conditional indirect effect of left caudate FA on
language composite score through cognitive function was
only significant at low levels of home literacy score (—1
SD), which is indicative of a less favourable literacy
environment. We suggest that this may be related to
‘compensatory’ development of cognitive abilities in less
favourable home literacy environments. In a ‘less
favourable’ home literacy environment, a child may try
to compensate with cognitive skills, which enhance lan-
guage learning. Hence, the indirect effect via cognitive
function is only statistically significant at low levels of
childhood literacy score. In a ‘favourable’ home literacy
environment, ‘compensatory’ development of cognitive
skills is probably not required. It therefore seems possible
that our observations reflect the different effects of
cognitive function on emerging language development in
different home literacy environments.

In contrast, the conditional direct effect of left cau-
date FA on language composite score was not significant
at low level of childhood literacy score. This may suggest
that in a ‘less favourable’ home literacy environment, a
child is less likely to actualize his/her early potential for
language development, represented indirectly by the
measures of neonatal caudate neuronal and dendritic
density in our current model. Hence, although micro-
structural variations in language-related neural substrates
such as the ventral caudate can significantly impact
emerging language development, this potential can only
be optimized in a favourable home literacy environment.
In short, literacy stimulating home environments form a
solid scaffold upon which genetic potentials of language
development can be actualized. This is indeed not
surprising as the role of home literacy environment in
early language development is well acknowledged
(Frijters et al., 2000; Levy et al., 2006; Sénéchal &
LeFevre, 2002). Home literacy environment is commonly
regarded as literacy-related activities undertaken by
family members at home (Bracken & Fischel, 2008;
Burgess et al., 2002) as well as the literacy resources
available at home and parental view towards literacy
(Martini & Sénéchal, 2012). The predictive role of home
literacy environment on children’s language skills has
been reported in multiple studies (Evans et al., 2000;
Foy & Mann, 2003; Manolitsis et al., 2013; Martini &
Sénéchal, 2012). The differing degree of support for
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literacy development at home may at least partially
explain the high variability in emerging language devel-
opment observed within the population.

4.2 | Strengths, limitations and
recommendations for future research

The strengths of our current study include a unique neo-
natal neuroimaging dataset, the large sample size for a
neonatal imaging study, narrow age range designed to
enhance sample homogeneity and the well-documented
developmental assessment of participants including the
use of a validated clinical screening tool for neu-
rodevelopmental disorders. Neuroimaging data were
obtained from a large cohort of healthy term neonates,
with prospective evaluation of developmental outcome.
Interpretation of the current imaging literature in devel-
opmental language disorders is limited by small sample
sizes as well as variability across study methodology and
findings. Our study was carefully designed to overcome
at least some of these limitations. Despite attempts to
maximize group homogeneity, recruited subjects did
nonetheless show some degree of heterogeneity, for
instance, with respect to maternal risk factors. The mea-
sures of home literacy environment also do not include
direct observations in the home or measures of the
quality of interactions around literacy. In addition, the
authors recognized the intrinsic limitation of DTI;
the diffusion tensor model approximates biological water
diffusion with a Gaussian distribution. Deviation from
Gaussian behaviour of water diffusion becomes more
apparent in tissues with heterogeneous micro-environ-
ments, such as in grey matter structures, including the
caudate. Therefore, diffusion kurtosis imaging and neu-
rite orientation dispersion and density imaging (NODDI)
will be superior to conventional DTI in characterizing
neurite density. A complex construct such as ‘language
development’ is supported by different brain regions and
networks, which undergo development from the earliest
ages, influenced by genetic, environmental and socio-
economic factors. Hence, future research should adopt a
more holistic approach, incorporating these factors into
their research model. In particular, large-scale studies
that examine these factors longitudinally would likely
lead to a better understanding of this complex relation-
ship at various stages of development.

5 | CONCLUSIONS

Our findings provide further evidence of the role of
subcortical brain structures in language development and

underline the utility, and indeed the necessity, of
analysing microstructural properties of subcortical brain
structures. Although emerging language development at
24 months is clearly influenced by microstructural
variations in the caudate nucleus, this brain structure-
function relationship can be altered with modification of
the home literacy environment. This highlights the possi-
ble benefits of interventions to enrich the home literacy
environment to enhance a child’s early language skills
despite the variations in neonatal microstructural brain
measures, which could be interpreted as a proxy for in
utero brain development related to genetic and maternal
epigenetic factors. Children with lesser degree of left
lateralization of neonatal caudate microstructure may
benefit from intervention services that promote
environmental enrichment. Such informed targeted
intervention facilitates the planning of programmes to
address developmental needs of children with different
genetically predetermined language potential. Another
interesting finding from our study is the different effects
of cognitive function on language development in differ-
ent home literacy environments, which may be related to
‘compensatory’ development of cognitive skills in less
favourable home literacy environments.
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APPENDIX A: CHILDHOOD LITERACY—PARENTS’ QUESTIONNAIRE
Date:

1. Who is the main caregiver?

. Mother

. Father
Grandparent

. Another relative
. Unrelated person
Childcare family
. Others

o A o

h. What is the main language of the main caregiver?

. English

. Mandarin
Malay

. Tamil

. Others

o a0 o

f. How well does the caregiver read?

a. Very well
b. Fairly (average)
c. Poor or with difficulty


https://doi.org/10.1371/journal.pone.0165540
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d. How often does the mother read?

a. Daily
b. Several times a week
c. Weekly or less

d. How often does the father read?

a. Daily
b. Several times a week
c. Weekly or less

d. If the parent is not the caregiver, how often does the caregiver read?

a. Daily
b. Several times a week
c. Weekly or less

d. Does anyone in the home have a library card?

a. Yes

b. No

If Yes, how often is it used?

c. Does your family subscribe to newspapers/magazines?
a. Yes
b. No

If Yes, how many different types of newspaper? If Yes, how many magazines related to children? If
Yes, how many other magazines NOT related to children?

c. What are the child’s 3 favourite activities?

d. What are the 3 favourite activities the caregiver does with the child?




TAN ET AL.

e. Who reads to your child?
How often is he/she read to?
a. Daily

b. Several times a week
c. Weekly or less

d. Does the caregiver or parent read to the child at bedtimes?

a. Yes

b. No

If Yes, how many times?

a. <3 times per week

b. 3-5 times a week

c. 6-7 times a week

d. Approximately how many books do your child own?

a. Less than 10

b. 10-30

c. More than 30

d. How many hours per day does your child watch TV?
Mon-Fri:

Sat:
Sun:
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