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Early childhood is a sensitive period for learning and social skill development.
The maturation of cerebral regions underlying social processing lays the founda-
tion for later social-emotional competence. This study explored myelin changes

USA in social brain regions and their association with changes in parent-rated social-
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Along with sensorimotor and cognitive-language func-
tions, social-emotional (SE) development is one of the
primary domains of healthy child development (Walker
et al., 2007). SE development generally refers to the abil-
ity to express, recognize, and control one’s own feelings
as well as to accurately read and respond to the feelings of
others. Key contributors to SE processing, therefore, in-
clude sociability, autonomy, attachment, self-regulation,
empathy, and morality (Chen et al., 2018; Scharf et al.,
2016; Squires et al., 2002). SE skills are foundational to

developmental domain.

emotional development in a cohort of 129 children (64 females, 0-36 months,
77 White). Results reveal a steep increase in myelination throughout the social
brain in the first 3 years of life that is significantly associated with social-emotional
development scores. These findings add knowledge to the emerging picture of social
brain development by describing neural underpinnings of human social behavior.

They can contribute to identifying age-/stage-appropriate early life factors in this

the development of cognition, language, and adaptive life
skills, and are fundamental in shaping our social lives.
They begin to emerge during infancy with the infant’s
bonding to parents or caregivers, and gradually mature
through childhood and adolescence (Case-Smith, 2013).
SE skills in early childhood, thus, lay the foundation for
later competencies and benefits, and have been linked to
school readiness and the ability to adapt in school, ac-
ademic skills, emotional well-being, mental health, and
ethical decision making (Alducin et al., 2014; Denham &

Abbreviations: ACC, Anterior cingulate cortex; AIC, Akaike information criterion; ASQ:SE-2, Ages and Stages Questionnaire: Social-Emotional, 2nd edition;
dIPFC, dorsolateral prefrontal cortex; EEG, electroencephalography; ERP, event-related potential; FDR, False Discovery Rate; HPA, Hypothalamic—pituitary—
adrenal; IFG, inferior frontal gyrus; MCR, multicomponent relaxometry; mPFC, medial prefrontal cortex; MRI, Magnetic Resonance Imaging; MWF, myelin
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Brown, 2010; Huber et al., 2019; Landy, 2009; National
Scientific Council on the Developing Child, 2004). When
mature, these social abilities facilitate the interaction
and cooperation with others across different life do-
mains and contribute to perspective-taking, justice, and
morality (Chen et al., 2018).

Developmental stages of social-emotional
development

Children develop social-emotional skills with increasing
complexity from birth onwards allowing for increasing
autonomy, self-regulation, and relationships. Denham
et al., (2009) propose social competence, attachment,
emotional competence, self-perceived competence, and
temperament/personality as key domains in which devel-
opmental tasks or milestones are accomplished. In the
first 6 months, infants learn to detect as well as attend
to faces, biological motion and eye-gaze (Missana et al.,
2015), they form attachment bonds with adults (Denham
et al., 2009) and start smiling spontaneously in response
to pleasurable sensory input (Scharf et al., 2016). From
6 to 12 months, infants begin to discriminate between
emotions from faces, voices, and bodies and display ten-
dencies of joint attention (Grossman, 2013; Grossmann
etal., 2007; Missana et al., 2014) and start using sounds to
get attention (Scharf et al., 2016). From 12 to 36 months,
toddlers learn to understand others’ beliefs, intentions,
show prosocial tendencies, and develop complex emo-
tions such as empathy (Hoffman, 1977; Vaish et al., 2010;
Warneken & Tomasello, 2007). Toddlers can initiate play
with age mates and play alongside them. Their capac-
ity to self-sooth evolves with adult assistance and the
expression of more social emotions like shame and em-
pathy emerge (Denham et al., 2009; Scharf et al., 2016).
At around 4 years of age, children learn to predict the ac-
tions of others, prosocial behaviors, and interactions as
well as friendships emerge. Temperament begins to dif-
ferentiate into personality (Denham et al., 2009; Scharf
et al., 2016). Attainment of these milestones and devel-
opmental tasks is critical as deviations could result in
developmental difficulties.

Assessment of social-emotional development in
infants and toddlers

SE development, like other domains of child develop-
ment, can be assessed and monitored behaviorally using
clinical interviews, direct behavior observations, and
rating systems as well as parent- and teacher-report ques-
tionnaires. Relevant SE dimensions for developmental
assessments typically include social competence, attach-
ment, emotional competence, self-perceived competence,
and temperament (Denhametal., 2009). Age-appropriate
measures for very young children include the Minnesota

Preschool Affect Checklist as an observational meas-
ure as well as the Infant-Toddler Social-Emotional
Assessment, the Brief Infant-Toddler Social-Emotional
Assessment, and the Ages and Stages Questionnaire:
Social-Emotional as parent- and teacher-rated question-
naires (for an overview of measures see Denham et al.,
2009; McCrae & Brown, 2018). The latter assesses SE
health across seven key social-emotional areas: self-
regulation, compliance, social-communication, adaptive
functioning, autonomy, affect, and interaction with peo-
ple. It has been widely used in research studies, particu-
larly for SE development screenings (e.g., Briggs et al.,
2012; McCrae & Brown, 2018).

At the level of the brain, human SE development has
been studied using neuroimaging techniques to identify
neural substrates of SE skills.

Neural substrates of the social brain

Social skills and behaviors evolve progressively from
basic to complex behaviors and mature alongside un-
derlying physiological systems that provide important
drivers for SE development. Those systems include the
maturation of the autonomous nervous system, which
regulates stress and emotional responses in a social
context (Porges & Furman, 2011), the hypothalamic—
pituitary—adrenal (HPA) axis, which integrates envi-
ronmental information and the downstream release of
glucocorticoids to cause adaptive behavioral responses
to stimuli (Rubenstein & Hofmann, 2015), or the devel-
opment of brain areas and connections involved in social
information processing and coordinating social behav-
iors (Crafa, 2015; Soto-Icaza et al., 2015).
Neuroanatomically, social behaviors are associated
with neural circuits that comprise regions involved in
understanding and interacting with others—the “social
brain.” These regions include the superior temporal sul-
cus (STS) involved in recognition of others; anterior cin-
gulate cortex (ACC) involved in emotion and response
selectivity; medial prefrontal cortex (mPFC); temporo-
parietal junction (TPJ) involved in knowledge of self and
others and thinking about mental states; inferior fron-
tal gyrus (IFG) involved in self-other mapping; and the
anterior insula and amygdala, both specialized emotion
areas (Blakemore, 2008; Crafa, 2015; Sherwin et al., 2019).
These social brain areas have been reported consistently
for children, adolescents and adults in functional neuro-
imaging studies, as well as identified through lesion stud-
ies in patient populations (Blakemore, 2010, 2012). For
example, neuroimaging studies investigating fairness,
trust, and reciprocity considerations in social decision
making in children and adolescents have highlighted the
involvement of the anterior mPFC in decision-making
processes in which one evaluates other and self-related
goals; the dorsolateral prefrontal cortex (dIPFC) in re-
jection of unfair offers; and the insula in social norm
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violations (Giiroglu et al., 2009). In young adults, the
mPFC has been shown to underly both the perception
of social communication indicated by facial expressions
and the feeling of personal involvement indicated by eye
gaze, with a differential contribution ventral and dorsal
parts of the mPFC to social cognition. Activation of the
ventral mPFC has been shown during the analysis of so-
cial content, while the dorsal mPFC is active in the detec-
tion of self-relevance (Schilbach et al., 2006).

Precursors of the social brain emerge in infancy

Very few studies have investigated the precursors of so-
cial brain development during infancy, a developmental
stage that typically spans the first year of life. However,
research suggests that already the first months of life
may play a critical role in laying the foundation for later
social skills. During infancy, and thus earlier than often
assumed, important neurobiological as well as behavio-
ral precursors of the social brain emerge that are critical
for successfully navigating complex social environments
and relationships in later childhood as well as adult life.
These neurobiological and behavioral precursors of the
social brain start appearing in the first year of life with
the infant’s ability to process faces, emotions, biological
motion and to engage in joint attention (Grossmann &
Johnson, 2007). Infants develop the capacity to perceive
and discriminate between negative and positive emo-
tions from faces, voices, and body expressions at around
7 months (Grossman, 2013; Grossmann et al., 2007;
Missana et al., 2014). To show the relevance of those
early life milestones for later behaviors Grossmann et al.,
(2018) conducted a longitudinal study which demon-
strated a link between infants’ attention to fearful faces
at 7 months and their altruistic abilities during toddler-
hood at 14 months. More specifically, infants that looked
longer at fearful faces at 7 months showed an increase in
helping behaviors at 14 months. For the origins of empa-
thy, morality and justice, Chen et al., (2018) summarize a
developmental trajectory from early life distress percep-
tion in infants, as shown by the infant’s brain capacity
to discriminate distressful and threat-related voices from
emotionally neutral sounds already in the first months of
life, to affective arousal and emotional sharing, a basic
form of empathy, and to harm sensitivity, inequity aver-
sion, and fairness in young children. Those basic forms
of empathy, sympathy, and fairness are early precursors
of later empathy and pro-social behaviors and appear to
arise much earlier during development than previously
concluded (Chen et al., 2018).

Emerging evidence on infants’ neural correlates of
processing social information, mainly based on electro-
encephalography (EEG)/event-related potential (ERP)
studies, supports the idea of early life precursors of the
human social brain as well as the assumption of a func-
tional connectedness of those regions emerging during

infancy, for example, related to face, gaze, emotion, bio-
logical motion, action, and joint attention (Grossman &
Johnson, 2007).

The still limited findings from research in infants in-
dicate that the human brain is fundamentally adapted
to develop within a social context and most parts of the
social brain can be activated in infants, still displaying
differences to adults related to specialization, localiza-
tion, and functional differentiation. However, the early
functioning of cortical structures involved in perceiving
other humans, preferential attention to conspecifics and
their interactions in newborns allows for necessary input
to developing related cortical circuitry over the first few
months of life. With experience, social brain structures
become more differentiated and specialized, resulting in
the specialized activation patterns observed in the adult
social brain (Grossmann & Johnson, 2007).

Social brain networks become functionally
distinct in toddlers and young children

Evidence from functional neuroimaging studies provides
further understanding of the developmental dynamics of
the social brain across childhood and adolescence. A
functional Magnetic Resonance Imaging (fMRI) study
in N = 122 3- to 12-year-old children, including 65 chil-
dren between 3 and 6 years of age, reports cortical net-
works involved in reasoning about others’ minds (Theory
of Mind [ToM] network) and bodies (pain network) to be
functionally distinct by age 3 and to be related to behav-
ioral changes in ToM reasoning ability. The authors con-
sidered bilateral TPJ, precuneus, and dorso-, middle-,
and ventromedial prefrontal cortex as ToM brain regions
as well as bilateral medial frontal gyrus, insula, and sec-
ondary sensory cortex, and dorsal anterior middle cin-
gulate cortex as pain network. An increase in functional
specialization was demonstrated to occur throughout
childhood as well as an anti-correlation in older children
and adults between the two networks (Richardson et al.,
2018).

In adolescents, network activation closely resembles
that of adults while differences in activation dominance
are still present, shifting from anterior areas, includ-
ing the anterior mPFC in children and adolescents to
more posterior areas, such as STS and TPJ in adults
(Blakemore, 2008; Giiroglu et al., 2009). Heightened ac-
tivation in the mPFC in children has been shown, for
example, in response to social evaluation, particularly
to negative social feedback, in 7- to 10-year-old children
suggesting social motivation to already be highly sa-
lient in middle childhood (Achterberg et al., 2017). Ten
to 12-year-old children still showed increased activity in
the subgenual ACC in the context of social exclusion, an
area associated with negative affective processing, com-
pared to adolescents who in turn show no differences to
young adults (Moor et al., 2012). The decrease in activity
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between adolescence and adulthood is often suggested
as being due to developmental reductions in gray mat-
ter volume, presumably related to synaptic pruning
(Blakemore, 2008, 2010). Functional connectivity find-
ings further support late childhood as an age stage by
which the social brain network organization and its
functional architecture are in place. No age-related dif-
ference in social brain network organization was found,
for example, in a recent study of N = 50 8- to 16-year-old
participants. Study results moreover demonstrated that
social brain regions not only show strong functional re-
lationships between each other but also interface with
non-social regions (McCormick et al., 2018).

Those functional changes in childhood and adoles-
cence parallel structural changes in the social brain. A
longitudinal MRT study of N = 288 participants between
7 and 30 years of age highlights developmental changes
in the structure of the social brain. Participants under-
went at least two MRI scans approximately 2 years apart.
Regions of interest in that study were medial Brodmann
Area 10 (mBA10), TPJ, posterior STS, and anterior tem-
poral cortex. Results show a decrease in gray matter vol-
ume and cortical thickness in mPFC, TPJ, and posterior
STS from late childhood into the early twenties, an in-
crease in gray matter volume until adolescence and in
cortical thickness until early adulthood in the anterior
temporal cortex, and a peak in surface area trajectories
for each region in early or pre-adolescence before de-
creasing into the early twenties (Mills et al., 2014). The
study did not investigate the link of the investigated
structures to social skills, nor the link between the devel-
opmental structural changes and the evolution of social
skills in that age group. It yet provides an important con-
tribution to the understanding of the structural develop-
ment of the social brain.

The role of myelination in the developing brain

Myelination is a developmental process ensuring coordi-
nated communication between brain cells and networks
and is both a cornerstone of human structural neurode-
velopment as well as an expression of the functional ma-
turity of the brain (Barkovich, 2005; Dean et al., 2014).
Beginning in utero in the cerebellum and brain stem
and continuing into the Second and third decades of
life (Bartzokis et al., 2010), myelination follows a char-
acteristic pattern from deep to superficial brain regions
and a posterior-to-anterior arc. The protracted nature
of myelination imparts a high degree of plasticity to de-
veloping neural systems. However, the protracted devel-
opment also poses a prolonged risk of injury or insult
(Rodier, 1995). Myelinated white matter matures along-
side cognitive and learning abilities and has been shown
to be associated with cognitive performance both in in-
fants and children (Deoni et al., 2014) as well as in adults
(Scholz et al., 2009). In turn, alterations in myelination

timing and/or extent can significantly affect behavioral
and cognitive outcomes (Fields, 2008), and are consistent
findings in many neurological, psychiatric, and intellec-
tual disorders (Flynn et al., 2003; Hendry et al., 2006;
Wolff et al., 2012; Xiao et al., 2014). Regarding social as-
pects, adult rodent models indicate social isolation stress
and chronic social defeat stress to be associated with
social avoidance and myelin abnormalities in the pre-
frontal cortex, for example, reduced myelin thickness in
the mPFC (Antontseva et al., 2020; Bonnefil et al., 2019;
Liu et al., 2012). Furthermore, a human study in Major
Depressive Disorder has demonstrated reduced myelin
levels in prefrontal regions compared to healthy control
participants (Sacchet & Gotlib, 2017). However, myelina-
tion of the social brain in healthy development has not
yet been investigated.

The present study

The highlighted research suggests that structural and
functional changes throughout the mPFC, TPJ, the in-
sula, and ACC throughout childhood and adolescence
underpin SE skill development and predict successful
social interaction. Young children develop a sophisti-
cated understanding of others’ desires, thoughts, and
emotions, as distinct from their bodily reflexes and pains
(Richardson et al., 2018). This early period of child de-
velopment is a particularly sensitive period for brain,
cognitive, and behavioral maturation. In SE develop-
ment and social cognition, much of this development
occurs before first grade (age ~6). Recent studies have
highlighted the importance of linking changes in neural
substrates to behavioral development to better under-
stand the mechanisms underlying the developing social
brain and sociocognitive skills for better understanding
of the development of social interactions and relation-
ships. In addition, myelination is a particularly dynamic
neurodevelopmental process that has been linked to cog-
nitive development in infants and children, however, no
study investigated the link between developmental my-
elination, the social brain and related social behaviors
in healthy young children. This exploratory study, there-
fore, adds to previous research by examining the struc-
tural changes in toddlers’ and young children’s social
brains related to myelination and the relation to changes
in SE development as rated by parents.

METHOD
Participants

Data used in this study were drawn from a large observa-
tional study of healthy child brain and cognitive develop-
ment. General demographic details and visual timelines
of study visits of included children are presented in
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Table 1 and Figure 1. Children were recruited as a com-
munity sample through flyers, radio and print adver-
tisements, school and daycare information sessions,
and at local community events. As a longitudinal study,
enrolled children participated in study visits at approxi-
mately 6-month intervals between birth and 2 years of
age, and 12-month intervals from two through adoles-
cence. Children born pre-term (<37 weeks); small for
gestational age (<1500 g); non-singleton pregnancy; with

CHILD DEVELOPMENT

complicated delivery requiring a stay in the neonatal in-
tensive care unit (NICU) or 5 min APGAR scores <8,
or with in utero exposure to cigarettes, alcohol, or il-
licit substances; a family history of learning or psychi-
atric disorders (including major depressive disorder in
the mother requiring medication during pregnancy); or
neurological trauma or disorder (e.g., epilepsy) were ex-
cluded to help ensure a neurotypical population.

In the current analyses, N = 129 children (64 females)
were drawn from this larger cohort who were between 2
and 36 months of age and who had myelin and social-
emotional assessments performed at the same study
visit. While the larger study is longitudinal in nature, for
these analyses we used only a single visit for each child.
The distribution of child age on each included study visit
is shown in Figure 1.

MR image data acquisition

Neuroimaging was performed on a Siemens 3T Trio
and myelination was assessed using mcDESPOT mul-
ticomponent relaxometry (MCR) (Deoni et al., 2013).
MCR aims to decompose the measured MRI signal
into contributions from discrete anatomically separated
water pools based on their signal relaxation properties
(MacKay & Laule, 2016). In human brain, MCR analy-
sis consistently reveals the presence of at least two water
compartments that through histological comparisons

Mean Age: 234 +/- 230

600 800 1000 1200

Age at Study Visit (Days)

TABLE 1 General demographic profile of the included study
sample
Race White 73
African American 22
Asian 2
Hispanic 32
Maternal education High school complete 15
Partial college 39
College or University 34
Professional degree 26
Not reported 15
Birth weight (Ibs.) 7.1(1.2)
Gestation (days) 273 (14)
Mean age (days) 235(229)
70 . T
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& 40
c
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FIGURE 1

Histogram of child ages at assessment (corrected to a 40-week gestation)
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have been attributed to the intra and extra-cellular water,
and water trapped within the lipid bilayers of the myelin
sheath. Through appropriate analysis of MRI data, the
relative volume fractions of these water pools can be es-
timated, with the myelin compartment fraction termed
the myelin water fraction (MWF) and having strong as-
sociations with histological assessments of myelin con-
tent (Laule et al., 2006). mcDESPOT imaging involves
the acquisition of eight Tl-weighted spoiled gradient
(SPGR) images acquired over a range of flip angles; and
16 T1/T2-weighted balanced steady-state-free precession
(SSFP) images, also acquired of a range of flip angles
and with different radio-frequency phase-cycling pat-
terns (Deoni et al., 2013). Two additional magnetization-
prepared (IR-) SPGR images are also acquired. From
this collection of data, BO and Bl field inhomogeneities
are first calibrated and corrected; and MWF estimates
are calculated using a stochastic region-contraction ap-
proach. General imaging parameters for infants are pro-
vided in Table 2.

Infants and toddlers in this study were imaged at
night during natural and non-sedated sleep (Dean et al.,
2014) to help minimize intra-scan motion. Children were
swaddled with an infant or pediatric MedVac vacuum
immobilization bag (CFI Medical Solutions) and foam
cushions were packed around their head. Scanner noise
was reduced by limiting the peak gradient amplitudes
and slew rates. A noise-insulating insert (Quiet Barrier
HD Composite, UltraBarrier) was also fitted to the in-
side of the scanner bore. MiniMuff pediatric ear protec-
tors and electrodynamic headphones (MR Confon) were
used for all children. A pediatric pulse-oximetry system
and infrared camera were used to continuously monitor
children during scanning, and parents were allowed to
sit with their child in the scanner suite provided they had
no MRI counter indications.

Following image acquisition, the mcDESPOT data
were visually assessed for motion artifacts (e.g., blurring
and ghosting) and MWF myelin content measures were
estimated throughout the brain. The calculated MWF

TABLE 2 Acquisition parameters for the mcDESPOT MRI acquisitions

Sequence Parameter 0-9 months 9-24 months >24 months
SPGR FOV 16 x 16 cm? 19 x 19 cm? 22 % 22 cm?

X resolution 96 112 128

Slice thickness 1.7 1.7 1.7

# of slices 80 84 92

TE/TR 5.8/14 ms 5.4/14 ms 5.4/12 ms

Flip angle 3,4,5,6,7,9,11, 14 3,4,5,6,7,9,11, 14 3,4,5,6,7,9,11, 14

Bandwidth 350 hz/pixel 350 hz/pixel 350 hz/pixel
IR SPGR #1 FOV 16 x 16 cm? 19 x 19 cm? 22 x 22 em?

X resolution 64 64 64

Slice thickness 34 34 34

# of slices 40 42 40

TE/TR/TI 5.8/14/950 ms 5.4/14/900 ms 5.4/12/850 ms

Flip angle 5 5 5

Bandwidth 350 hz/pixel 350 hz/pixel 350 hz/pixel
IR SPGR #2 FOV 16 x 16 cm? 19 x 19 cm? 22 x 22 cm?

X resolution 64 64 64

Slice thickness 3.4 3.4 34

# of slices 40 42 40

TE/TR/TI 5.8/14/650 ms 5.4/14/600 ms 5.4/12/500 ms

Flip angle 5 5 5

Bandwidth 350 hz/pixel 350 hz/pixel 350 hz/pixel
SSFP FOV 16 x 16 cm? 19 x 19 cm® 22 x 22 cm?

X resolution 96 112 128

Slice thickness 1.7 1.7 1.7

# of slices 80 84 92

T/TR 6/12 ms 6/12 ms 6/12 ms

Flip angle 12, 16, 19, 23, 27, 35, 50, 70 12, 16, 19, 23, 27, 35, 50, 70 12, 16, 19, 23, 27,

35, 50, 70
Bandwidth 350 hz/pixel 350 hz/pixel 350 hz/pixel
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images were nonlinearly aligned to MNI space using a
multi-step, multi-scale approach (Avants et al., 2011).

Assessment of social-emotional development

Social-emotional development was assessed within
1 week of successful MRI, using the Ages and Stages
Questionnaires: Social-Emotional, second edition
(ASQ:SE-2). The ASQ:SE-2 is a parent-rated question-
naire that measures social and emotional development
in children between 0 and 6 years of age in seven key
social-emotional areas: self-regulation, compliance,
social-communication, adaptive functioning, autonomy,
affect, interaction with people (Squires et al., 2002).

Statistical analysis

Population-derived masks corresponding to SE-relevant
brain regions were superimposed on the MNI-aligned
MWEF images and mean values were calculated. To iden-
tify these regions, masks were used from the Destrieux
atlas (Destrieux et al., 2010) for right and left hemispheres
of the following SE-relevant brain regions: anterior cingu-
late (identified from the parcellation file as regions 1002
and 2002), posterior cingulate (regions 1023 and 2023), in-
sula (regions 1035 and 2035), medial orbital frontal (regions
1013 and 2013), middle frontal (regions1003 and 2003), ros-
tral middle frontal (regions 1027 and 2027), precuneus (re-
gions 1025 and 2025), superior temporal cortices (regions
1030 and 2030). Amygdala segmentation was performed
using FSL-FIRST. In addition, mean MWF values were

R Lateral

also calculated in right and left hemisphere posterior cen-
tral cortex (regions 1022 and 2022) and cerebellar cortices
(regions 8 and 47)—regions associated with motor func-
tions but not with socioemotional functions. These data
were included to test the regional specificity of our analysis.

FreeSurfer processing (Fischl, 2012) was performed
on all children >1 year of age and labeled cortical regions
from each were converted to volumes using the mri_la-
bel2vol command in FreeSurfer. These regions were
aligned to MNI-space using the registration transforma-
tion calculated above, averaged and threshold at 0.85 to
create mean region templates. These template volumes
were superimposed on each individual’s MWF data. To
visualize all results, p-value maps were projected to a
surface in FreeSurfer using the mri_vol2surf command,
with the mid-point projected (Figure 2).

The analyses presented represent an exploratory ap-
proach in a subset of children from a larger observa-
tional cohort and in a rather novel domain aimed to test
the hypothesis that social-emotional behaviors are asso-
ciated with cortical myelin development in specific brain
regions. We tested a series of linear models that related
ASQ:SE-2 scores to child age, gender, and with and with-
out SE brain region MWEF, that is,

ASQ:SE -2, =g, + p,Age; + p,Gender; )

and

ASQ:SE -2, =g, + f,Age; + p,Gender; + fsMWE,. (2)

The sum of square error (SSE) and the Akaike infor-
mation criterion (AIC) were calculated and compared

FIGURE 2 Overlay of social brain cortical regions on a representative child’s inflated cortical surface
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between the models for each anatomical region as well
as the average MWF from the complete network. For re-
gions where the AIC measure was smaller for the myelin-
included model, we calculated the False Discovery Rate
(FDR) adjusted p values for the MWF term to determine
is MWF was a significant model predictor.

This analysis was repeated for the control motor and
cerebellar cortex data to test our hypothesis that there
would be no significant association with ASQ:SE-2
scores and these regions.

A potential confound of the above analysis is the
nonlinear development of MWF throughout infancy.
To help account for this, we built on past work and first
modeled the mean MWF trajectory using a Gompertz
growth model with a bootstrap approach to estimate the
age-wise standard deviation. Using these data, we then
transformed the mean MWF estimates to MWF residual
Z-scores and repeated the above analyses substituting
individual Z-score for MWF in Equation (2).

RESULTS

Patterns of myelin development within the delineated
SE brain regions are shown in Figure 3, corresponding
to just the children included in this analysis who had a
corresponding ASQ:SE-2 assessment, and across all chil-
dren in our larger child study.

For each of the nine social brain regions per hemi-
sphere, and the complete network overall, we found that
the myelin-included model provided improved goodness-
of-fit measures with lower AIC values in all brain regions
(Table 3).

In contrast to the above results, Table 4 contains the re-
sults from the hypothesized non-SE involved brain regions
(motor and cerebellar cortices). Here we note that while
the MWF-included models provided improved goodness
of fits, MWF was not a significant predictor of SE scores.
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Finally, Table 5 shows results from analysis using re-
sidual Z-score in place of raw MWF measures to help
ensure results presented in Table 3 were not biased by
nonlinear patterns of MWF development. We find a rep-
lication of our prior results.

DISCUSSION

This is the first study to show the myelin trajectory of
the social brain in young children, indicating the same
steep increase in myelin characteristic of infancy and
throughout the first 3 years of life as reported in previous
developmental myelin trajectory studies for global brain
myelination. Patterns of myelin development within the
delineated SE brain regions (Figure 3) reveal a rapid in-
crease in myelination throughout the first 2-3 years of
life and showing in older childhood. In addition, we also
note an increase in population variability with child age,
potentially underlying individual differences in social-
emotional processing.

While prior studies have mapped out the social brain
areasinchildren which include the amygdala, anterior cin-
gulate, insula, medial orbitofrontal, middle frontal, poste-
rior cingulate, precuneus, rostral middle frontal, superior
temporal, anterior cingulate, medial orbitofrontal, mid-
dle frontal, posterior cingulate, precuneus, rostral middle
frontal, superior temporal (Blakemore, 2008; Crafa, 2015;
Sherwin et al., 2019), the structural changes in toddlers’
and young children’s social brain areas related to myelin-
ation and their links to changes in SE development re-
mained largely unexplored. This study examined this link
by investigating changes in myelination of social brain
areas and their subsequent links to SE behavior in chil-
dren. The results show a significant correlation between
this pattern of myelination and their social-emotional de-
velopment as observed and rated by parents, validating
the social brain areas previously described in adolescents
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FIGURE 3 Patterns of social brain myelination in (left) children included in this study and (right) children drawn from a larger study of
child health and development. Both present a characteristic pattern of rapid myelination over the first 2-3 years of life, followed by slower

development over later childhood
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TABLE 3 Summary measures from the model fitting relating social brain regions MWF with ASQ:SE-2 measures
FDR p
Brain region Non-myelin model AIC Myelin model AIC value
Left hemisphere Amygdala 871.573141 863.152746 .009861
Anterior cingulate 877.573141 869.409600 .030481
Insula 877.573141 864.577008 .013420
Medial orbitofrontal 877.573141 868.255657 .025644
Middle frontal 877.573141 869.171738 .026255
Posterior cingulate 877.573141 869.096751 027711
Precuneus 877.573141 867.005320 .018748
Rostral middle frontal 877.573141 869.077897 .027390
Superior temporal 877.573141 867.730716 .012962
Right hemisphere Amygdala 877.573141 860.855480 .016322
Anterior cingulate 877.573141 868.490108 027421
Insula 877.573141 867.190345 .017930
Medial orbitofrontal 877.573141 866.900949 .014296
Middle frontal 877.573141 867.499344 .013019
Posterior cingulate 877.573141 869.182772 .032014
Precuneus 877.573141 865.983459 .019293
Rostral middle frontal 877.573141 867.280473 .017476
Superior temporal 877.573141 867.553060 015732
Social brain regions 877.573141 867.256645 .017131
TABLE 4 Summary measures from the model fitting relating hypothesized non-social brain regions MWF with ASQ:SE-2 measures
FDR p
Brain region Non-myelin model AIC Myelin model AIC value
Left hemisphere Posterior central cortex 877.573141 1231.872481 246536
Cerebellar cortex 877.573141 1233.185712 .2293
Right hemisphere Posterior central cortex 877.573141 1233.311049 .214329
Cerebellar cortex 877.573141 1231.104478 .23105

and adults (e.g., Blakemore, 2008; Crafa, 2015; Sherwin
et al., 2019). While myelination has been described as a
brain maturation marker in young children (Dean et al.,
2015a, 2015b; Deoni et al., 2012) and has closely linked to
emerging general functions (Deoni et al., 2014; McKenzie
et al., 2014; O’Muircheartaigh et al., 2013, 2014), this
marks the first investigation of social-emotional develop-
ment in this context. It is, however, a particularly relevant
developmental domain for infants and toddlers as their
social environments begin to expand beyond immediate
family members. Their learning experiences also concur-
rently occur more routinely in social environments such
as day cares and activity camps.

Our myelination findings complement results from
functional imaging studies (e.g., Achterberg et al., 2017,
Giirogluet al., 2009; Richardson et al., 2018) that have high-
lighted the developmental dynamics of social brain activa-
tion across childhood, adolescence, and young adulthood.

To date, neuroimaging data linked to social brain and
social skill development in healthy young children seems

scarce. To our knowledge, this study is one of the first to
establish a link between social brain development and con-
current socioemotional skill development as rated by the
parents via the ASQ:SE-2. While the ASQ:SE-2 has been
previously used to track children’s development of SE be-
haviors (Alwaely et al., 2020) and to observe links between
maternal stress & children’s SE development (Briggs et al.,
2014; Salomonsson & Sleed, 2010; Sikander et al., 2019), so
far no study has investigated the link between the social
brain areas and SE development as captured by ASQ:SE-2.
Thus, the data may provide a new and additional angle to
linking brain growth and behavioral development. The
trajectory analyses allow for identifying sensitive windows
of social brain and social-emotional development.

Limitations and future directions

Our study has notable strengths, including a relatively
big sample with high-quality myelin imaging and
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TABLE 5 Summary measures from the model fitting relating myelin residual Z-score with ASQ:SE-2 measures

FDR p
Brain region Non-myelin model AIC Myelin model AIC value
Left hemisphere Amygdala 877.573141 865.405714 .004911
Anterior cingulate 877.573141 869.700308 .039027
Insula 877.573141 867.989063 .012823
Medial orbitofrontal 877.573141 869.111039 .046861
Middle frontal 877.573141 869.755577 .040719
Posterior cingulate 877.573141 869.740139 .047423
Precuneus 877.573141 869.092164 .025083
Rostral middle frontal 877.573141 869.716549 .045920
Superior temporal 877.573141 869.408177 .032997
Right hemisphere Amygdala 877.573141 868.123089 .010058
Anterior cingulate 877.573141 869.088320 .044340
Insula 877.573141 868.853327 .021369
Medial orbitofrontal 877.573141 868.583164 .029035
Middle frontal 877.573141 869.410968 .035654
Posterior cingulate 877.573141 869.360401 .032735
Precuneus 877.573141 868.678251 .020469
Rostral middle frontal 877.573141 869.305313 .031317
Superior temporal 877.573141 869.320955 .031238
Social brain regions 877.573141 869.189432 .033844

social-emotional data in early childhood. However, this
study also suffers limitations that merit consideration.
The first is our use of parent-reported measures of infant
social skills. Parent reports may be prone to certain bi-
ases that do not reflect objective developmental changes.
However, the ASQ:SE-2 has good validity (Squires et al.,
2002). Future studies may consider a wider range of so-
cial skill measures and assessments to minimize this
bias while also providing a more holistic measurement
of social skill development. Being competent in social
situations depends not only on social-emotional abili-
ties but also cognitive abilities such as social cognition,
which allow us to interact with others and understand
their intentions, feelings, thoughts, and behaviors (e.g.,
Grossmann & Johnson, 2007).

Second, the narrow assessment focus and the explor-
atory nature of our study does not consider the interplay
with other potential physiological pathways that may un-
derlie social behavior. These may include neural circuits
related to the brain reward system, gut-brain axis-related
pathways, neuroendocrine regulation, gene expression,
epigenetic regulation, and genome structure (Blumstein
et al., 2010; Chen et al., 2018; Rubenstein & Hofmann,
2015; Sherwin et al., 2019). To these latter points, poten-
tial associations between social brain myelination to the
microbiota-gut-social brain axis (Sherwin et al., 2019)
may provide new insights into healthy neurodevelop-
ment as well as potential targets for early life factors.

While statistically significant and meaningful, our
correlational findings do not imply causality nor allow

for any predictions for the impact of early myelination
on later social-emotional outcomes. Future studies may
include prediction models and or mediation analyses
to further validate the relevance of myelin early in life,
during its formative peak years, as an important brain
structural contributor that lays the foundation for future
mental health and development potential. It should also
be noted that the study sample has a relatively high so-
cioeconomic status background, which may limit gener-
alization of the data to other populations from different
backgrounds. Additional replication of these results in
a more diverse and generally representative community
sample is warranted.

CONCLUSIONS

This study is the first to investigate myelin trajectories
of the social brain in toddlers and young children and
linking it to SE development. The data contribute to the
important crosstalk between neuroimaging and behav-
ioral disciplines (Grossmann & Johnson, 2007) and may
add knowledge to the emerging picture of the develop-
ing social brain by describing neural underpinnings of
human social behavior. While several neural processes
contribute to social skill development, myelin is a non-
invasive, feasible, and relevant early life measure as
demonstrated by the significant association between
social brain myelin and behaviorally rated SE develop-
ment in this study. Understanding those developmental
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dynamics, their peaks and plateaus at the level of the
brain and behavior are relevant for supporting healthy
development as well as at risk development by provid-
ing targets for early stimulation or intervention strate-
gies that fit with behavioral as well as neural windows of
sensitivity for SE development. Furthermore, the study
findings may be relevant for understanding school readi-
ness and learning beyond intellectual abilities as well as
social norm compliance and/or violations development
(e.g., Bas Hoogendam et al., 2017).
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