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A B S T R A C T

Traumatic brain injury (TBI) during early childhood is associated with a particularly high risk of developing
social behavior impairments, including deficits in social cognition that manifest as reduced social interactions,
with profound consequences for the individuals’ quality of life. A number of pre-injury, post-injury, and injury-
related factors have been identified or hypothesized to determine the extent of social behavior problems after
childhood TBI. These include variables associated with the individual themselves (e.g. age, genetics, the injury
severity, and extent of white matter damage), proximal environmental factors (e.g. family functioning, parental
mental health), and more distal environmental factors (e.g. socioeconomic status, access to resources). In this
review, we synthesize the available evidence demonstrating which of these determinants influence risk versus
resilience to social behavior deficits after pediatric TBI, drawing upon the available clinical and preclinical
literature. Injury-related pathology in neuroanatomical regions associated with social cognition and behaviors
will also be described, with a focus on findings from magnetic resonance imaging and diffusion tensor imaging.
Finally, study limitations and suggested future directions are highlighted. In summary, while no single variable
can alone accurately predict the manifestation of social behavior problems after TBI during early childhood, an
increased understanding of how both injury and environmental factors can influence social outcomes provides a
useful framework for the development of more effective rehabilitation strategies aiming to optimize recovery for
young brain-injured patients.

1. Introduction

Young children in their first years of life are at high risk of sus-
taining a traumatic brain injury (TBI), resulting predominantly from
falls, motor vehicle accidents, and non-accidental head trauma (Araki
et al., 2017). It has been estimated that around 300 per 100,000 chil-
dren experience a TBI annually (Crowe et al., 2009), making it one of
the most common causes of morbidity and mortality in children
worldwide. Strikingly, children under the age of 4 years have a parti-
cularly high incidence of TBI, and further, appear to be at elevated risk
of poorer neuropsychological, psychosocial and neurocognitive out-
comes compared to when injuries are sustained during later childhood
or adulthood (Crowe et al., 2009; Anderson et al., 2012; Kraus, 1995).

Our ability to interact in a social capacity is crucial to human sur-
vival and life satisfaction. Social interactions form the basis of our ev-
eryday lives, allowing us to function in public, school, and workplace
environments, establish and maintain relationships, and relate

appropriately to those around us. Social skills, the underlying social
cognition that these skills require, and the neural circuitry that med-
iates these abilities, is not established at birth – instead, they develop
across a protracted time course from early childhood through to ado-
lescence and beyond (Nelson et al., 2016a). Brain maturation correlates
with a child’s increasing capacity for social information processing,
requiring increased regional specialization and connectivity between a
complex system of neuroanatomical regions often referred to as the
“social brain network” (Adolphs, 2001; Ryan et al., 2016a). This in turn
manifests as changes in the complexity of their social behavior (Yeates
et al., 2007). It is not surprising, therefore, that brain injuries acquired
during childhood can disrupt an individual’s social abilities. Poor social
functioning secondary to TBI has been largely underappreciated to
date, but is increasingly recognized as having widespread and detri-
mental consequences for quality of life among young TBI survivors
(Ryan et al., 2016b; Di Battista et al., 2012; Rosema et al., 2012; Li and
Liu, 2013).
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Specifically, studies have found that children sustaining a TBI
during early life are at elevated risk of enduring social behavior pro-
blems, including decreased social responsiveness, abnormal social in-
teractions, reduced social competence, social communication deficits
(including verbal and non-verbal, usage and comprehension), and im-
paired adaptive behaviors (Ryan et al., 2016a). Social competence is the
effectiveness of a persons’ functioning as an individual, both in a dyadic
relationship as well as in group settings (Yeates et al., 2007). These
deficits are most apparent when TBI is sustained prior to school age,
and may reflect not only the loss of pre-existing social function but also
an inability to acquire new skills as a consequence of the brain injury,
alongside potentially concurrent problems with cognition, executive
function or attention (Anderson and Moore, 1995; Anderson et al.,
2009). Social behavior dysfunction commonly surfaces over time after
early life TBI, becoming apparent as the child re-integrates into home
and school environments (Ryan et al., 2016b). Many children may in-
itially appear to be on par with their age-matched peers for some time
after TBI, but subsequently fall behind as they struggle to establish the
new skills required to keep up developmentally (Giza et al., 2009). This
progressive emergence of social behavior deficits has been associated
with concomitant progressive neuropathology in the injured brain,
whereby a severe TBI in particular disrupts connectivity of the dis-
tributed neural networks mediating social functioning (Anderson et al.,
2009; Ryan et al., 2015). Such behavioral problems in children are
reported to linger for years after injury, while other functional or be-
havioral consequences such as motor and non-social cognition deficits
are more likely to resolve or stabilize over time (Wozniak et al., 2007;
Cicerone and Tanenbaum, 1997).

Chronically, social behavior problems can impact many facets of an
individuals’ life. Poor social function has consequences for appropriate
and satisfying social interactions in school, work and home environ-
ments. Severe TBI during childhood results in a high risk of a reduction
in social support and friendships, as well as a reduction in opportunities
to establish new social contacts (Morton and Wehman, 1995). Family
lives must also adjust to the presence of a brain-injured child, which can

cause significant emotional distress for all involved (Brown et al.,
2013).

Comorbid psychiatric morbidities such as anxiety and depression
are also common in this population (Sariaslan et al., 2016). Increased
risk-taking behavior during adolescence and young adulthood, in-
cluding consumption of illicit and addictive substances or involvement
in criminal activities, has also been associated with childhood TBI
(Kennedy et al., 2017a; Kennedy et al., 2017b), with a recent review
concluding that TBI is a risk factor for earlier, and more violent, of-
fending (Williams et al., 2018). While pediatric TBI is known to result in
impulsivity, poor social communication skills and concomitant ex-
ternalizing behaviors (e.g. aggression), which may result in poor deci-
sion-making leading to crime, dissecting out the contribution of post-
injury social impairments in particular to such complex outcomes is
challenging (Williams et al., 2018).

A common framework for the development of social skills,
Beauchamp and Anderson’s SOCIAL model proposes that three main
components contribute to social maturation: brain development and in-
tegrity, internal and external factors, and current cognitive and psychosocial
function (Beauchamp and Anderson, 2010). This model provides a
foundation upon which to understand both how a TBI may affect social
behavior – i.e. by influencing brain development and integrity - as well
as how injury at different developmental stages can differentially
compromise social functioning (Ryan et al., 2015). Further, it in-
troduces the concept that variables both intrinsic and extrinsic to the
individual can influence social outcomes after a TBI.

Traumatic brain injury is a very heterogeneous condition, spanning
a wide range of injury severities, impact locations and mechanisms
(Bigler et al., 2013a). While mild and concussive head injuries are the
most prevalent, moderate and severe TBI account for the majority of
mortality and morbidity in this population (Kraus, 1995). Even amongst
children with severe TBI for whom social behavior deficits are re-
portedly most common, substantial variability in outcomes has been
noted between individuals (Anderson et al., 2005; Catroppa et al.,
2008). Not all patients with a TBI will develop abnormal social

Fig. 1. Summary of the key pre-, post- and injury-
related factors that have been identified as con-
tributors to social behavior outcomes after traumatic
brain injury during childhood, from both preclinical
and clinical studies. Several factors, such as family
functioning, family mental health, and socio-
economic status, are considered to be determinants
of social outcomes by having influence both pre-in-
jury and post-injury. Other factors will influence
only one time period – e.g. co-morbid deficits in
cognitive function will only affect post-injury social
behavior development. Some variables such as ge-
netic predisposition or susceptibility to social beha-
vior impairments have been minimally investigated
to date. WM = white matter.
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functioning, and the causes of social impairments after TBI are poorly
understood. This uncertainty renders clinicians poorly equipped to
identify children at greatest risk, knowledge which would then guide
towards more appropriate intervention strategies (Ryan et al., 2016b).
Such observations have spurned increasing interest in the factors that
may predict individual differences in outcome among young children
with TBI (Anderson et al., 2012).

A number of pre-injury, post-injury, and injury-related factors have
been identified that influence the manifestation of social behavior
problems after childhood TBI (Fig. 1). These include variables asso-
ciated with the injured individual (e.g. age, genetics, the extent of white
matter damage), proximal environmental factors (e.g. family func-
tioning), and more distal environmental factors (e.g. socioeconomic
status, access to resources) (Ryan et al., 2015; Yeates et al., 2004;
Anderson et al., 2006; Wade et al., 2016). Many of these factors have
been identified in clinical populations, mostly by retrospective, cross-
sectional study designs, as well as in preclinical settings by the use of
experimental animal models of TBI. In this review, we aim to synthesize
the evidence for known and hypothesized determinants of social out-
come after pediatric TBI, focusing in on neuroanatomical correlates,
and suggest avenues for future study.

2. Preclinical evidence of factors influencing social behavior
following TBI

Social behaviors have a multifaceted role in promoting survival and
fitness, and are just as important to inherently social species like ro-
dents as they are to humans (Pellis et al., 2010; Feldman et al., 2016).
The importance of social cognition (the ability to recognize, attend to,
and interpret social cues, in a context-specific manner) cannot be un-
derstated, yet it is infrequently studied in preclinical models of TBI. In
preclinical studies, social behaviors encompass numerous activities,
including but not limited to: play fighting, mating rituals, social in-
vestigation, scent/olfactory identification, and various forms of com-
munication [for review see (Ryan et al., 2016c)]. Play fighting is a
complex array of behaviors that are greatly influenced by motivational
and reward circuits, as well as the individual’s energy reserves and
availability of play partners. Juvenile play is believed to provide an
array of benefit to the participants, including development of the social
brain (Pellis et al., 2010; Pellis and Pellis, 2007). Analysis of play
fighting is commonly used to measure complex social behaviors in ro-
dents.

Social interaction and social recognition are two aspects of social
cognition that are also commonly explored in preclinical models, using
the three-chamber test and the resident-intruder or reciprocal interac-
tions task. The three-chamber test provides researchers with a measure
of sociability attributed solely to the social approach behaviors of the
test rodent towards an unknown conspecific, and permits subsequent
investigation of social memory and recognition (Yang et al., 2016). In
contrast, the resident-intruder task allows for quantification of social
interest as well as antagonistic or aggressive behavior in a freely-in-
teracting setting (Koolhaas et al., 2013). Although not used as regularly,
the social odor recognition task has been employed to examine social
memory for distinctive conspecifics (Dudchenko et al., 2000), while
ultrasonic vocalization recordings have also been incorporated into
preclinical testing paradigms as an ethologically valid measure of social
communication (Knuston et al., 2002).

The utility of animal models in preclinical experiments arise from
similar brain maturation patterns with condensed developmental time
courses (Semple et al., 2013). The basic principles of brain and social
behavior development appear to be consistent for mammals other than
humans, including common laboratory animals such as rats and pri-
mates, albeit with shortened timelines. In comparison to humans, rats
and mice are born developmentally younger (approximately at the end
of the human 2nd trimester) and they mature more rapidly (Kolb et al.,
2012). Weaning for a rodent occurs at roughly postnatal day 21 (P21),

which can be considered the end of toddlerhood and beginning of the
childhood period (2 – 4 years of age). Although many have argued that
adolescence is a uniquely human aspect of development (Bogin, 1994),
there are a plethora of physiological and neurobehavioral factors that
corroborate the occurrence of an adolescent period in species such as
rodents and primates. Primates, for example, have extended periods of
adolescence whereby the brain undergoes significant anatomical and
neuro-functional changes that are comparable to those identified in
human populations (Schwandt et al., 2010). Similarly, rodents undergo
accelerated brain growth rates that mimic spurts during human ado-
lescent periods (Kennedy, 1967). For the purpose of this review, in
rodents the neonatal period is considered to span from birth to P21,
childhood or the juvenile period will be considered to encompass P21-
P27, adolescence P28-P45, and late-adolescence P46-P56, with the
onset of adulthood at 8 weeks of age (Semple et al., 2013). For pri-
mates, the neonatal period will range from birth to age 2, with ado-
lescence spanning between 2 and 6 years of age.

In the context of preclinical pediatric TBI, there are numerous fac-
tors that contribute to social outcomes ranging from parental genetic
and epigenetic influences, early life experiences such as diet and stress,
characteristics of the injury itself, and post-injury manipulations such as
environmental enrichment. This section will focus on factors identified
in the preclinical literature that modify social outcomes and neuro-
plasticity following neurological insult in the pediatric period.

2.1. Characteristics of the injury differentially influence social behaviors

Given the functional distribution of the brain, and the heterogeneity
of brain injury locations and etiologies, it is not surprising that varia-
tions in these factors result in different social deficits. With respect to
social cognition, two brain regions appear to be particularly important,
the temporal lobe and the prefrontal cortex (PFC), which is further
divided into the orbital frontal cortex (OFC), medial prefrontal cortex
(mPFC) and the dorsolateral prefrontal cortex (dlPFC) (Overwalle,
2009). For example, one of the easiest variables to manipulate in pre-
clinical TBI studies is location of the insult. In rodents, neonatal lesions
to the OFC, mPFC and motor cortex all impair social behavior but in
different ways. Specifically, neonatal rats with bilateral surgical lesions
of the motor cortex do not exhibit age-dependent changes in play be-
havior (Kamitakahara et al., 2007). Similarly, unilateral focal lesions
generated by controlled cortical impact to the frontal lobe focused on
the primary motor cortex in P21 mice also failed to generate social
deficits (Chen et al., 2013). Conversely, rats with neonatal OFC surgical
lesions do exhibit typical age-dependent maturation in play, but are
hyperactive, and cannot modify their play behavior with respect to the
identity of their play partner (i.e. they engage in the same behaviors
regardless of whether or not their playmate is dominant or subordinate
to them) (Pellis et al., 2006). Finally, neonatal surgical lesions to the
mPFC reduce the complexity of defensive tactics, but not the overall
level of play (Bell et al., 2009). Interestingly, complete neonatal dec-
ortication does not affect the overall vigor of play behavior, but merely
reduced the frequency of pinning actions and the duration of the pin
(Panksepp et al., 1994). These findings suggest that the motivation to
play remains intact following brain injuries to the PFC; however, defi-
cits arise in formulating and executing complex context-specific beha-
viors.

Localization of neurological insult has also been examined in pri-
mate models. Studies have demonstrated that surgical lesions to the
perirhinal cortex impair a monkey’s ability to modulate their behaviors
in response to complex social situations, reduces hostile behaviors, and
increases cooing vocalizations in adulthood (Ahlgrim et al., 2017).
Neonatal aspiration lesions to the medial temporal lobe produce dif-
ferent social deficits than lesions to the inferior temporal lobe
(Bachevalier et al., 2001). Of significance, deficits were more severe
following medial temporal lobe lesions as compared to inferior tem-
poral lobe lesions. In addition, medial temporal lobe damage resulted in
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an inability to develop and maintain social bonds, whereby monkeys
with medial temporal lobe injuries initiated fewer social interactions
and actively avoided social contact (Bachevalier et al., 2001). They also
failed to convey socially relevant facial and postural expressions and
displayed an increase in self-directed behaviors (Bachevalier et al.,
2001). On the contrary, deficits following neonatal lesions of the in-
ferior temporal lobe were less severe; these monkeys engaged in less
social behavior compared to controls, but did generate weak social
bonds and could produce socially relevant facial expressions and pos-
ture when required, although it was rarely spontaneous (Bachevalier
et al., 2001).

The severity, timing, and etiology of the injury also influences
subsequent social behaviors. One study of young mice found that re-
peated mild closed head injury was associated with social passiveness
that was not evident following moderate TBI (Bajwa et al., 2016). Si-
milarly, when severe experimental TBI (controlled cortical impact) was
produced at P21, but not P35, investigators found a reduction in social
investigation and impaired sociosexual behavior in adulthood (Semple
et al., 2014). This latter study parallels what is seen in the clinical
population in terms of a higher vulnerability to social behavior im-
pairments after injury at a younger age (Anderson et al., 1997; Ewing-
Cobbs et al., 1997).

2.2. Genetic and epigenetic factors influence TBI-related social deficits

Growing literature has highlighted the importance of gene – en-
vironment interactions on almost all aspects of brain development and
behavioral functioning. Social outcomes following TBI are no different
and demonstrate significant variation with respect to genetic and epi-
genetic factors. First and foremost, research has demonstrated that sex
substantially influences social behaviors post-TBI. In a study of mild
experimental TBI (mTBI) and play fighting behaviors in adolescent rats
(P35-40), being female was associated with increased risk for poor so-
cial outcomes. While all sham rats exhibited a reduced interest in
playing with brain injured rats, thereby decreasing their exposure to
normal social interaction, this was particularly reduced in female pairs
(Mychasiuk et al., 2014). Conversely, in a model of neonatal hypoxic-
ischemic (HI) brain injury, reduced ultrasonic vocalizations were
identified in all brain injured animals, but the effects were more sig-
nificant in males (Saucier et al., 2008). Sex also differentially influenced
social deficits following severe pediatric TBI (controlled cortical im-
pact) in mice. In this particular study males exhibited deficits in
sociability and social recognition, while females exhibited a reduction
in sociability and increased sociosexual avoidance (Semple et al.,
2017). Similar to the clinical literature, there does not seem to be a
consensus regarding sex effects as social determinants in the preclinical
data; rather it appears that sex differentially moderates outcomes de-
pendent upon other injury related characteristics.

With the advancement of personalized medicine and the known
contributions of genetic susceptibility to disease, there is growing in-
vestigation into gene-dependent risk factors for TBI-related deficits.
Preclinical models provide an ideal mechanism for the study of specific
genes in relation to social cognition following TBI. For example, Klaric
and colleagues studied the role of the Npas4 gene on sociability in mice
following HI (Klaric et al., 2017). Npas4 is an activity-dependent
transcription factor with a known role in synaptic plasticity. Although
all mice with HI spent less time with the stranger mouse compared to
the empty cage in the three-chamber test, indicating a reduction in
sociability, these effects were attenuated somewhat in Npas4 knockout
mice (Klaric et al., 2017). This interesting finding highlights the role of
genetics in social behavior and underscores the need for future research
within this context. There have been a plethora of genes, such as the
oxytocin receptor and the arginine vasopressin receptor, linked to
sociability and social cognition [for reviews see (Ebstein et al., 2010;
Robinson et al., 2008)], but they have not been thoroughly examined in
the context of TBI and provide a fruitful opportunity for future research

endeavors.
Maternal and paternal experiences, and the role of epigenetics, in

TBI-dependent social functioning is another emerging field of research.
Variations in maternal diet ranging from caloric restriction to high fat/
high sugar, have been shown to change gene expression and thereby
influence offspring recovery from experimental mTBI in adolescence
(Mychasiuk et al., 2015a). While this study did not specifically examine
social behavior, a subsequent study from the same laboratory examined
variations in social play behavior associated with maternal diet, and
found significant changes to the frequency and complexity of offspring
play patterns that were dependent upon the mothers’ diet (Hehar et al.,
2016a). Given that maternal diet altered cognitive and emotional re-
covery from mTBI, as well as modified play behavior in healthy off-
spring, one could presume that maternal diet would likely also influ-
ence social play post-mTBI, and this hypothesis should be further
explored. In a similar fashion, paternal experiences have also been
demonstrated to modify anxiety- and depressive-like behaviors fol-
lowing mTBI through epigenetic programming of sperm in fathers and
their offspring (Hehar et al., 2016b; Hehar et al., 2017). Again, al-
though sociability was not specifically tested, change in cognition and
emotional functioning are likely to also influence social behaviors.
While the mechanisms driving the neurological effects of TBI on
sociability have not been fully elucidated, it is feasible that epigenetic
changes in gene expression are involved and provide a means by which
environmental factors can influence functional recovery and social
cognition.

2.3. Experiences prior to the injury modify subsequent social behaviors

Just as lesion studies can teach us about the localization of social
cognition, manipulation of early life factors in the context of TBI can
also highlight important social processes. Given that there is a dearth of
literature regarding the role of early life factors on specific social be-
haviors, this section will more broadly focus on emotional and execu-
tive functions that likely contribute to social cognition. Children are
exposed to a vast array of experiences and events during their life, and
we therefore require an understanding of how various experiences
contribute to the heterogeneity in post-injury social functioning. For
example, simply being exposed to a prior injury influences recovery
from future injuries, with some studies indicating that a single previous
TBI may be neuroprotective (Mychasiuk et al., 2015b; McColl et al.,
2018).

In addition, just as cognitive reserve influences recovery from TBI in
clinical populations, Yamakawa and colleagues found that in a rodent
study of experimental mTBI, not only did pre-injury environment (en-
richment vs. deprivation) modify behavioral outcomes such as anxiety
and depression, it also altered the rodents’ response to pharmacological
treatment (Yamakawa et al., 2017). Moreover, consistent with findings
that parental diet influences social cognition following TBI, early life
dietary manipulations have also demonstrated the ability to modulate
TBI-dependent changes in sociability. When young rats were fed a diet
supplemented with resveratrol, prebiotics, and omega fatty acids prior
to an experimental mTBI in adolescence, they exhibited attenuated
emotional and cognitive deficits and improved recovery (Salberg et al.,
2017). Conversely, when adolescent rats were exposed to chronic caf-
feine in their drinking water prior to repeated mTBI, they exhibited a
worsening of emotional and cognitive outcomes, with effects being
more significant in males (Yamakawa et al., 2017). These findings are
in alignment with evidence from clinical studies, as described above,
suggesting that individual variations in environment may contribute to
the dramatic heterogeneity in TBI-induced social dysfunction.

2.4. Post-injury manipulations modify injury-induced social deficits

Given that one of the primary goals of TBI research is the devel-
opment of effective therapeutics, the effects of post-injury
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manipulations on social behaviors is one of the more thoroughly stu-
died facets. Although not always beneficial, post-injury manipulations
provide a valuable opportunity to examine the progression of TBI-in-
duced deficits. In the context of worsening social function, chronic
cannabinoid treatment in adolescence exacerbated social deficits fol-
lowing neonatal mPFC surgical lesions, further reducing the rat’s in-
terest in playful activities and their overall tendency to initiate play
with their peers (Schneider and Koch, 2005). Another study, utilizing
the three-chamber social approach test, found that severe controlled
cortical impact in adolescence produced impairments in social inter-
actions which were exacerbated by exposure to post-TBI hypoxia
(Davies et al., 2018). Following from this, additional research has de-
monstrated that exposure to stress in the context of a foot shock, fol-
lowing repeated experimental mTBI in adolescence, impaired social
recognition and increased depression (Klemenhage et al., 2013).

There are also numerous post-injury manipulations that result in
attenuation of social deficits and improvements in overall recovery. In a
model of neonatal HI, rats that experienced HI were impaired socially;
exhibiting reduced overall play and reductions in the number of playful
approaches and play initiations. However, post-injury treatment with
estradiol remediated the injury-induced effects and eliminated all of the
social deficits (Waddell et al., 2016). Similarly, Panksepp et al., found
that while neonatal surgical ablation of the frontal lobe induced hy-
peractivity and excessive playfulness, rough and tumble play therapy
with normal rats was able to remediate these effects (Panksepp et al.,
2003). Finally, post-injury exercise was also shown to actually improve
emotional and cognitive recovery in rats, while social isolation had
deleterious effects (Mychasiuk et al., 2016). In a similar study with
mice, socialization with normal mice was critical for recovery from
ischemic brain injury (Venna et al., 2014), suggesting that supporting
the social environment post-injury can be a positive modulator of
outcome. These studies demonstrate that post-injury social deficits are
amendable to targeted interventions but require further investigation to
maximize efficacy in a context-specific manner.

In summary, the preclinical literature demonstrates that genetic and
epigenetic influences, premorbid experiences, characteristics of the
injury itself, and post-injury manipulations contribute to different in-
jury trajectories and the presentation of different social deficits, making
prognosis difficult. The occurrence and severity of the social dysfunc-
tion is dependent upon a complex and multifaceted array of factors.
When extended to humans, these findings may have important im-
plications for the clinical management and prognosis of TBI outcomes
in children and youth. Our results suggest that expectations for social
recovery will need to be adjusted as a function of the factors presented
above.

3. Clinical evidence of factors influencing post-injury social
functioning

3.1. Injury-associated predictors of social outcomes after pediatric TBI

Studies of patient populations have identified several factors in-
trinsic to the injury itself as predictors of long-term psychosocial out-
comes. Injury severity is the most obvious of these, with several studies
showing an association between severity and aspects of social func-
tioning in TBI survivors (Ryan et al., 2016b). In one longitudinal pro-
spective study, children with severe TBI demonstrated significantly
worse social problems compared to typically-developing age-matched
controls, as well as compared to children with mild or moderate TBI,
and further, these problems significantly increased between 12 to 24
months post-injury (Ryan et al., 2016b). This is largely in agreement
with earlier studies, such as Rivara and colleagues (1993) who reported
the greatest decline in post-injury social function in children with se-
vere TBI compared to those with mild or moderate TBI, and only
minimal improvements noted by one year post-injury (Rivara et al.,
1993). Further investigations have found that severe TBI in particular

was linked with poorer social participation and social adjustment (Ryan
et al., 2015; Yeates et al., 2004; Anderson et al., 2013), and the extent
to which children achieve developmentally-appropriate goals (Yeates
et al., 2007). Yet other studies have demonstrated that injury severity is
associated with poorer social cognitive function (Dennis et al., 2012;
Ryan et al., 2014a; Muscara et al., 2009), and reduced maintenance of
peer friendships (Prigatano and Gupta, 2006).

As introduced earlier, social cognition and information processing
capacity in the brain develops with increasing brain maturation (Yeates
et al., 2007). Injuries to any of the many brain regions involved in social
functioning, particularly during early stages of brain maturation, are
therefore likely to influence subsequent manifestation of social skills.
Indeed, age at the time of injury is another consistently-reported risk
factor for the development of social behavior problems after TBI (Ryan
et al., 2016a; Wells et al., 2009). Broadly, TBI sustained during pre-
school age is associated with more persistent functional deficits com-
pared to brain injuries occurring during adolescence or adulthood
(Anderson et al., 2005; Anderson et al., 1997; Ewing-Cobbs et al.,
1997). Two studies specifically compared those who sustained a TBI
prior to or after 12 years of age, and found that earlier injuries resulted
in worse social integration and reduced independent living (Hanten
et al., 2008; Donders and Warschausky, 2007). Both age and injury
severity have also been associated with language performance, with
severe injury at a younger age resulting in greater linguistic impair-
ments such as reduced fluency, vocabulary and verbal comprehension
(Anderson et al., 1997; Ewing-Cobbs et al., 1987).

TBI results in both primary and secondary damage to the brain
which may be either focal or diffuse in nature, or a combination of
these. After pediatric TBI, as detailed in a subsequent section below,
neuropathology has been reported in many regions of the social brain
network including the hippocampus, amygdala, temporal lobe, tha-
lamus and white matter tracts, associated to various extents with
measures of social dysfunction (Bigler et al., 2013b; Ryan et al., 2016d).
Interestingly, it has been noted that injury-related factors, such as in-
jury severity and the location/spread of brain pathology, appears to be
most relevant to early outcomes after childhood TBI, but is of lesser
importance with the passage of time post-injury (Anderson et al., 2012).
Indeed, several studies have shown that injury severity, while the most
consistent predictor of social outcomes, does not account for a sig-
nificant proportion of the variance seen between patients (Anderson
et al., 2005; Catroppa et al., 2008; Wells et al., 2009). Such observa-
tions suggest that additional factors modulate and shape the manifes-
tation of social behavior deficits in survivors of TBI.

3.2. Pre-injury and post-injury modifiers of social behavior outcomes after
pediatric TBI

The health and status of an individual prior to sustaining a TBI has
been found to be a significant predictor of social outcomes and re-
covery. For example, the presence of pre-existing social and cognitive
problems is associated with lower levels of social participation in sur-
vivors of childhood TBI (Ryan et al., 2015); on the contrary, a high
cognitive reserve may yield a degree of neuroprotection. Pre-injury risk
factors may be defined as either intrinsic (i.e. features of the individual)
or extrinsic (i.e. features of the pre-injury environment). Intrinsically,
biological sex is hypothesized to influence social functioning after a
brain insult; however, findings to date in this arena are conflicting.
Among adult survivors of pediatric TBI, females report an increased
incidence of internalizing problems such as depression and anxiety,
while males are more likely to report externalizing behaviors such as
aggression (Despins et al., 2015; Scott et al., 2015).

Several longitudinal studies have suggested that the quality of an
individual’s pre-injury environment can interact with a TBI to have
either positive or negative consequences on social outcomes. Strong
family functioning is reported to have a positive influence on psycho-
social development after injury (Yeates et al., 2010). The home or
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family environment, including family structure, stability, financial
status, and social resources, appears to significantly moderate devel-
opmental outcomes after an injury to either stunt or maximize potential
recovery (Yeates et al., 2004; Kurowski et al., 2011). Anderson and
colleagues (2012) examined 40 children with TBI using a family func-
tioning questionnaire, and found a robust correlation between family
intimacy and social outcomes at 10 year post-injury (Anderson et al.,
2012). A much larger study of over 500 children between 2.5 – 15 years
after TBI, found that a high social capital (an index reflecting an in-
dividual’s perceptions of their personal, family, neighborhood and
spiritual community support) contributed to positive social outcomes
(Keenan et al., 2018). This is in agreement with other studies from
school-aged children after TBI, in which outcomes were examined at
earlier time points post-injury (Catroppa et al., 2008; Yeates et al.,
2010; Anderson et al., 2004).

Family functioning is influenced by parental beliefs, parenting styles
and behaviors, disciplinary practices, and the quality of the relationship
between the child and parent or caregiver (Wade et al., 2016). Even in
uninjured children, warm and authoritative parenting styles have pre-
viously been shown to predict more socially appropriate behavior and
better social adjustment (Ladd and Pettit, 2002; Rubin et al., 2002). In a
landmark study by Yeates and colleagues (2010), authoritative parenting
(defined as high acceptance and expectations, warmth, and autonomy
development) was found to be predictive of better social competence at
18 months post-injury, whereas permissive parenting (low expectations
of appropriate behaviors, little instruction, and high responsiveness to
child’s needs) was predictive of worse social competence across time.
Further, this relationship was evident not only in children with TBI but
also in age-matched orthopedic-injured controls (Yeates et al., 2010).
Similarly, another prospective, longitudinal observational cohort study
examining TBI children an average of 6.7 years after injury found that
less-favorable home environments, defined as those with higher levels
of permissive parenting or authoritarian parenting (parent-centered,
demanding, unresponsive, and punishment-heavy) were associated
with more pronounced functional impairments, even in those with re-
latively mild TBI (Wade et al., 2016). This finding suggests that a sub-
optimal home environment is a considerable risk factor for poor social
outcomes, whereby even children with less severe TBI may develop
social deficits relative to their age-matched peers. On the contrary, a
supportive home environment may enhance the capacity for recovery.

Intricately linked with family functioning is the influence of socio-
economic status. While some studies have failed to detect a relationship
between the family’s socioeconomic status and social or behavioral
outcomes (Ryan et al., 2015), several studies have indeed demonstrated
a link whereby lower financial standing and fewer family resources can
exacerbate the negative social consequences following a pediatric TBI
(Yeates et al., 2004). Differences between studies may be due to dif-
ferences in the sensitivity of the assessment tool used, or the time point
when social functioning was assessed. Socioeconomic status is also a
strong predictor of language and vocabulary difficulties after TBI
(Catroppa and Anderson, 2004). These observations suggest that fa-
milies with higher social and financial resources may have greater ac-
cess to medical resources, and may experience less stress, although the
precise mechanisms of this interaction are likely to be complex and
nuanced. A potential confound is that differences in quality of and/or
access to education and parental involvement in language development
can also influence language skills, regardless of TBI status (Head Zauche
et al., 2017).

In summary, pre- and post-injury factors, including both those in-
trinsic to the injured child as well as extrinsic environmental variables,
have been identified from clinical studies to independently predict or at
least modify social outcomes after pediatric TBI. While it can be chal-
lenging to differentiate between the pre- versus post-injury timing of
when these factors (e.g. family functioning and socioeconomic status)
have their greatest effect, together, the evidence strongly suggests that
a developing child’s environment is crucial to how social functioning is

affected by pediatric TBI.

4. Neuroanatomical damage underlying social deficits after TBI

Social cognition is reflective of the development of multiple brain
regions across infancy, childhood and adolescence (Nelson et al.,
2016b). Functions crucial to social processing such as facial expres-
sions, speech and body perception, or executive functions, while con-
nected, are all mediated by different brain regions. Regions in the
temporal lobe form connections with other regions such as the dor-
somedial and ventromedial prefrontal cortex, anterior insula, amyg-
dala, fusiform and occipital face area and together form the “social
brain network”, as introduced earlier (Adolphs, 2001; Ryan et al.,
2016a). It is therefore not surprising that injury to the brain results in a
spectrum of social impairments depending on the location and severity
of injury. Early during normal childhood development, the brain size
and gray matter volume starts to increase, but as the brain continues to
mature and the social brain network starts to develop, the ratio of gray
to white matter decreases, indicating the establishment and con-
solidation of complex network connections (Mills et al., 2014). Injury at
a young age not only disrupts the newly formed connections, but also
changes the development of the networks that are to be formed later in
life. This makes longitudinal studies on children that have sustained an
injury at a young age much more important, particularly when social
cognition is impaired.

Due to the bony structure of the skull and brain orientation, focal
injury affects brain regions differently. Therefore, some parts of the
brain are more susceptible to injury, specifically where the frontal and
temporal lobes are enclosed by the anterior and cranial fossa (Bigler,
2007). Sudden movements, severe acceleration/deceleration or a blow
to the head causes the soft brain tissue to have contact with the bony
edges of the skull, which consequently damages the frontotemporal
area (Hardman and Manoukian, 2002). Although the frontal and tem-
poral areas are the primary regions to be affected by focal injury,
deeper located structures particularly in the pediatric population can
also be readily damaged, due to the stretching and shearing of axonal
tracts (Donders and Warschausky, 2007; Bigler and Maxwell, 2011;
Yuan et al., 2007). Due to the cascade of secondary cellular events that
follow the primary traumatic insult, including Wallerian degeneration,
functional deficits can occur months to years following the initial injury
(Wilde et al., 2005; Meythaler et al., 2001). Secondary pathology can
extend to both the gray matter located deep in the brain as well the
white matter fibers that connect these regions together (Mills et al.,
2014). As described earlier, patients who sustain a TBI in their early
years commonly suffer from neuropsychological impairments and fail
to interpret the social and emotional cues needed to sense the social
situation (Levin et al., 2004; Anderson et al., 2017). This is especially
evident in adults who have sustained injury during their developing
childhood years (Anderson et al., 2012; Yeates et al., 2004; Ryan et al.,
2014b), suggesting an association between these observations and the
developmental trajectory of the underlying neuroanatomical regions. In
this section, we examine evidence for the involvement of key regions of
the social brain network in mediating the social behavior deficits seen
in patients after pediatric TBI.

4.1. Hippocampal pathology following pediatric TBI

The most common way of detecting brain changes is through vo-
lumetric analysis of magnetic resonance imaging (MRI). MRI has re-
volutionized the detection of brain damage in acute, subacute and
chronic stages after TBI, and has made longitudinal investigations in
still-developing populations possible.

Brain scans of children with moderate to severe TBI, compared to
age-matched uninjured controls, show gray matter structures such as
the amygdala and hippocampus undergoing significant volume loss for
at least 10 years post-TBI (Wilde et al., 2005; Wilde et al., 2007).
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Damage along the anterior-posterior axis of the hippocampus most
commonly affects the CA1 region (Ariza et al., 2006), which be both
due to the region’s orientation in the brain and also to its high vul-
nerability to neuronal loss in acute and chronic stages post-TBI (Bigler
and Maxwell, 2011)(Maxwell et al., 2003; DeMaster et al., 2017). Given
that memory formation and retrieval is one of the main functions of the
hippocampus (Brickman et al., 2011; Budson, 2009), it is unsurprising
that memory dysfunction is a common chronic pathology of TBI. The
level and type of memory loss varies among individuals depending on
the extent of hippocampal volume loss, with one study demonstrating
that a definite memory impairment is apparent when the hippocampus
undergoes a substantial (≥ 40%) loss in volume (Rempel-Clower et al.,
1996). This is particularly important in the context of pediatric TBI
given the positive correlation between memory function and bilateral
hippocampal volume in the developing brain (Ostby et al., 2012), as
well as the propensity for progressive neurodegeneration over time
post-injury. Hippocampal damage after pediatric TBI likely contributes
to deficits in social recognition memory, which has been associated
with dorsal hippocampal lesions in particular, and is required to re-
member familiar faces, objects and places, thereby facilitating naviga-
tion through social challenges (Tanimizu et al., 2017). Evidence of
mood disorders and anxiety have also been linked to chronic hippo-
campal atrophy that continues months to years after TBI and can have
devastating negative consequences for the patients’ social life
(DeMaster et al., 2017; Terpstra et al., 2017).

4.2. Amygdala volume changes post-TBI

In addition to the hippocampus, other regions in the temporal lobe
such as the fornix and limbic regions undergo progressive damage and
volume loss after pediatric TBI (Bigler, 2007). The amygdala, an im-
portant component of the limbic system and with close proximity to the
hippocampus, undergoes volume changes after injury (Moreno and
Gonzalez, 2007); however, different studies have found contradictory
evidence on the direction of these changes. While Wilde and colleagues
(2007) reported that the amygdala undergoes volume loss over years
following pediatric TBI, in contrast, Beauchamp and colleagues (2011)
found that the amygdala was abnormally enlarged by 10 years post-
injury (Wilde et al., 2007; Beauchamp et al., 2011). Further, a subacute
study failed to report any changes in amygdala volume (Juranek et al.,
2012). However, microstructural changes were evident using advanced
MRI techniques, which correlated with increased anxiety in the pa-
tients. The amygdala has been implicated in social and emotional
processing, social anxiety, social recognition, as well as social com-
munication (Gupta et al., 2011; Wang et al., 2014). Of note, an increase
in amygdala volume observed in the abovementioned study is con-
sistent with patients’ suffering from other disorders associated with
social dysfunction, such as emotional dysregulation (Tottenham et al.,
2010; Bornhofen and McDonald, 2008), anxiety (De Bellis et al., 2000),
depression (Lange and Irle, 2004) and autism (Schumann et al., 2004).

4.3. Thalamus atrophy following TBI

Despite its deep location, the thalamus is not protected from the
damage of head impact (Sidaros et al., 2009). Located in the core center
of the brain, the thalamus forms afferent and efferent connections with
distinct regions of the cortex and is therefore involved in complex in-
formation processing between multiple regions to play an important
role in cognitive function and executive processing as well as social
functioning (Izhikevich and Edelman, 2008; Law et al., 2018).

MRI volumetric analysis shows the vulnerability of thalamus in
moderate to severe adult TBI, with reduced tissue volume and disrupted
white matter connections regardless of the lesion site (Zhang et al.,
2004; Viano et al., 2005; Sabet et al., 2008; Bayly et al., 2005)
(Anderson et al., 1996; Natale et al., 2002; Little et al., 2010). The
corticospinal tract passing through the thalamus, and multiple white

matter fibers within the thalamus, are highly vulnerable to the shear
and tear that result from diffuse traumatic injuries (Maxwell et al.,
2006; Maxwell et al., 2004). Reduced thalamic volume and lost con-
nections in thalamic white matter tracts has been correlated with def-
icits in cognition (Grossman et al., 2012; Messe et al., 2011), learning
and memory (Ge et al., 2009), executive functioning (Little et al., 2010;
Ge et al., 2009) and associative learning (Fernandez-Espejo et al., 2010;
Salmond et al., 2005). While not yet examined in depth after TBI during
early childhood, after TBI in adults, changes identified by diffusion
tensor imaging in the bilateral thalamus were also found to be a sig-
nificant contributor to socio-cognitive performance and the processing
of complex social information (McDonald et al., 2018a).

4.4. White matter microstructural changes following TBI – use of advanced
neuroimaging

While brain regions of the gray matter each contribute to aspects of
social cognition [i.e. hippocampus involved in learning and memory
(Brickman et al., 2011), amygdala involved in emotion and face re-
cognition (Brickman et al., 2011; McDonald et al., 2018a) and the
thalamus involved in executive processing and attention (Law et al.,
2018)], it is through the social brain network of connections between
these individual regions that social cognition emerges (Wang and
Olson, 2018). White matter connects a large body of brain tissue, and as
a result, white matter deficits are commonly seen in patients with dif-
ferent injury severity and locations; particularly in children in whom
the white matter is still developing. Considering the ongoing matura-
tion-dependent development of myelin, axons in the developing brain
in highly vulnerable to injury (Yeates et al., 2007; Ryan et al., 2014b).
The resulting loss of connection between brain regions or hemispheres
is observed as neuropathology years after a brain injury, when children
are seen to have impaired social functioning compared to typically-
developing controls (Ryan et al., 2014b).

While volumetric MRI analysis serves as a good indicator of gray
matter damage, it doesn’t appear to be as sensitive to subtle changes
that occur in white matter tracts, especially in mild TBI and diffuse
injury (Gentry et al., 1988). Volumetric MRI scans of children with TBI
in comparison to age-matched controls showed that relying on the le-
sion size, severity and location does not suffice to predict the children’s
performance in a social test (Yeates et al., 2007). Even without a focal
lesion, shearing of unmyelinated axonal fibers resulting in diffuse ax-
onal injury can occur, although more sensitive tools than standard MRI
are needed to accurately detect such damage.

Advanced imaging techniques have made imaging the white matter
and small axonal injuries possible. In particular, diffusion weighted
imaging (DWI) utilizes the natural water diffusion through brain tissues
as a qualitative measure for structural differences. White matter is a
highly organized structure that greatly hinders water diffusion; water
would have a direction of movement that is quantified by fractional
anisotropy (FA) values (Assaf et al., 2004; Mori et al., 2001). The di-
rection of water movement fits into a tensor model and is analyzed by
diffusion tensor imaging (DTI) (Basser et al., 1994). Any injury that
disrupts the fiber bundle and modifies water diffusion can be detected
with DTI. Typically, the FA value is highest in normal white matter
tissue and lowest in gray matter and cerebrospinal fluid (Neil et al.,
2002; Singh et al., 2010). While FA shows the direction of water dif-
fusion, the amount of diffusion is measured by the apparent diffusion
coefficient (ADC) which is another commonly used estimate of white
matter structure in clinical settings; as is mean diffusivity (MD). MD is
the average of the longest and shortest axes of water direction in a voxel
(pixel with volume). The tensor fits an ellipsoid model with the longest
axis measured as axial diffusivity (AD) and the sum of the two shorter
axes measured as radial diffusivity (RD). AD and RD are other DTI me-
trics used in analyzing white matter damage (Song et al., 2002). The
majority of studies in both pediatrics and adults use DTI metrics to
quantify white matter integrity.
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Reduced FA, predominately seen following TBI, may be a result of
demyelination, axonal injury, inflammation or edema. This makes FA a
good model for detecting damage but not a specific measure of the
underlying microstructural damage. Other measures are used to give a
more comprehensive interpretation of changes happening within a
voxel. MD is an indication of myelination/demyelination, fiber density
and axonal packing following injury and the extracellular space. RD and
AD represent the myelin and axon integrity, respectively. Based on the
type of injury and severity, and the developmental stage of the brain,
these values can change in both directions. In addition, in recent years,
new analysis techniques have been developed to complement these
highly used DTI metrics, such as tractography, which provides a more
comprehensive interpretation of white matter damage (Hofer and
Frahm, 2006; Correia et al., 2008).

4.5. White matter changes following pediatric TBI are associated with social
behavior deficits

Since the initiation of clinical evaluations of white matter in TBI
(Arfanakis et al., 2002), there have been numerous studies using DTI to
show microstructural progression of neurodegeneration in the pediatric
population after brain injury [see review (Hulkower et al., 2013)].
Analyzing white matter tracts of childhood TBI patients at a sub-acute 1
month post injury and a chronic stage of 2 years, found that MD and AD
values were the most sensitive indices to detect microstructural changes
in correlation with impairments in information processing (Genc et al.,
2017). Over the past decade, increasing studies have sought to identify
such changes after TBI alongside how they relate to measures of social
functioning.

The corpus callosum is the largest white matter in the brain, and is
involved in social information processing through connecting areas of
the cortical gray matter and transferring information between hemi-
spheres (Hofer and Frahm, 2006). Wilde and colleagues showed that FA
was reduced in all areas of the corpus callosum of children after TBI;
however, low FA in the splenium was seen particularly in patients with
larger lesions and correlated with poor cognition (Wilde et al., 2006).
The splenium connects the superior temporal and posterior parietal
regions and is involved in social cognition (Adolphs, 2001). A sub-
sequent study also found a significant reduction and increase in re-
spective FA and RA measures, respectively, primarily in the posterior
section of genu along with the body and splenium, with the highest
significance reported in the splenium (Ewing-Cobbs et al., 2008). In
another study, the corpus callosum of brain-injured children with low
IQ levels, slow processing speed, cognitive and motor deficits, showed
microstructural changes such as low FA at a sub-acute time point,
which continued to decline chronically associated with an increase in
MD, AD and RD at 1 year post injury. Interestingly, low FA and high MD
levels also correlated with poor signal transfer between hemispheres
and slow processing speed (Dennis et al., 2015; Dennis et al., 2017).
This emphasizes the importance of white matter integrity in informa-
tion processing, which is an important aspect of social cognition (Arioli
et al., 2018).

Yet another study (Wozniak et al., 2007) reported low FA values in
inferior and superior frontal and supra-callosal white matter tracts after
pediatric TBI, correlating with slow processing, memory and executive
functional deficits. This is in agreement with findings from Wu and
colleagues (2010), in which children with poor processing speed at 3
months post-injury were reported to have low FA and high ADC levels
in the splenium of the corpus callosum (Wu et al., 2010). However, a
follow up at 18 months showed an increase in FA, which could have
been interpreted as corpus callosum recovery, albeit when combined
with other metric such as ADC, suggested otherwise. ADC levels also
continued to increase over time. This suggests that the temporary re-
duction in FA levels at subacute levels might be due to acute post-injury
biological events such as edema, that is resolved by 18 months. Similar
to these cases in pediatric TBI, demonstrating an association between

brain structural changes and behavior impairments, low FA was also
detected in adults after TBI alongside deficits in social interpretation.
Specifically, low FA was also reported in the splenium along with other
white matter tracks such as corticospinal tract and fornix, and corre-
lated with social and cognitive impairments (McDonald et al., 2017;
McDonald et al., 2018b).

Contrary to the majority of studies, Ryan and colleagues (Ryan
et al., 2018) showed that FA was not different in pediatric TBI patients
at 24 months after injury compared to typically-developing controls;
however, MD, RA and AD values of the white matter tracts such as
cerebro-cerebellar and commissural tracts, uncinate fasciculus, and
dorsal cingulum were increased. These MRI analyses also correlated
with attention deficits, speech and cognitive impairments, all of which
are involved in social cognition.

Injury progression in other white matter tracts also shows correla-
tion with social cognition impairments. Children with moderate to se-
vere TBI were found to have low FA and increased ADC of the cingulum
(Hanten et al., 2008; Wilde et al., 2010), coinciding with poorer cog-
nitive measures when compared to orthopedic injury controls. WM
tracts such as the inferior longitudinal fasciculus (ILF) showed in-
creased MD, RD and AD levels, while the inferior fronto-occipital fas-
ciculus (IFOF) showed reduced FA levels. Importantly, changes in both
tracts correlated with poor facial discrimination, which may underlie
reported social recognition deficits. Impairments in the ability to
identify facial emotions in brain-injured children was also associated
with reduced hippocampal volume (Genova et al., 2015).

In summary, pediatric TBI results in diverse and heterogeneous
neuropathology detectable by MRI and DTI. Increasing evidence de-
monstrates progressive and chronic damage in both gray and white
matter regions of the social brain network, which likely underlie the
observed social behavior deficits in this patient population.

5. Contribution of co-morbid behavioral deficits to social
problems

Social behavior deficits rarely present in isolation after a pediatric
TBI, and instead, are more likely to be observed alongside concurrent
impairments in aspects of cognition as well as behavioral changes.
Longitudinal studies on adults who sustained a childhood brain injury
show that injury can also lead to comorbidities, most commonly seen as
depression and anxiety (Juranek et al., 2012; Jorge et al., 2004; Max
et al., 2006; Kirkwood et al., 2000; Holsinger et al., 2002). Studies have
suggested that the extent of depression in brain-injured children at 6-12
months post injury is associated with damage in both the gray and
white matter of the prefrontal and temporal lobe (Terpstra et al., 2017;
Max et al., 2012), and is modulated by other factors including age of
injury and family history of depression and anxiety. Inflicted TBI injury
in patients under 6 years old has also been shown to affect their mental
state in later stages of life (Ewing-Cobbs et al., 1998). This also applies
for significant intellectual and cognitive deficits seen in children with
severe TBI; similar to their influence on social outcomes, family dys-
function, psychiatric history and family income are factors that can
worsen cognitive outcomes in these children (Max et al., 1999). These
neurocognitive and behavioral impairments in turn (for example, dif-
ficulties controlling impulsive behaviors) can contribute to additional
challenges when navigating social scenarios (Wells et al., 2009). As
social deficits often also coexist alongside other neurobehavioral
changes such as anxiety and depression, it can be challenging to
therefore dissect out the underlying biological mechanisms of social
dysfunction specifically.

6. Limitations and future directions

There are several limitations, in terms of the abovementioned
clinical and preclinical studies, that hinder our ability to synthesize
these findings into a comprehensive predictive model of chronic social
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behavior deficits after pediatric TBI. Firstly, many studies focused on
patient populations are underpowered and cross-sectional in design,
capturing one moment in time. For longitudinal studies, issues with
attrition may inadvertently create bias, via a disproportional drop-out
rate for extended follow-up being reported in particular amongst chil-
dren from lower socioeconomic families, limiting the generalizability of
study findings to the general population of children with TBI (Yeates
et al., 2004). Variation in the measurement tools used, the age range of
the populations being studied, and the choice of control groups (e.g.
age-matched uninjured peers, or orthopedic-injured children) also
confound the ability to compare findings between studies. Interestingly,
there is sometimes variation in the measurement tools used even within
the same study, to account for different aged children over time (e.g.
preschool versus school-aged versions of the task) (Yeates et al., 2010).
Many studies of social and psychosocial outcomes, particularly in pe-
diatric populations, are based upon parent or caregiver reports. How-
ever, these reports are subject to observer and recall bias and provide
only an indirect indicator of an individual’s social function. When in-
corporated, more direct measures such as peer interactions and the
extent of social networks, provide data that is less subjective to how a
brain-injured patient is perceived.

There are also limitations associated with the interpretations of
preclinical findings. Few studies to date have incorporated etiologi-
cally-appropriate experimental models of TBI, and there is some re-
sistance from the research community regarding the utility of social
behavior assays in rodent models in terms of their applicability to the
human condition. Due to a lack of data, we have here also drawn upon
other models of brain injury (e.g. ischemic stroke, and HI injuries at
various developmental ages), which have some parallels with traumatic
injuries but also some distinct differences.

Advanced neuroimaging techniques can assist in identifying the
progressive neuroanatomical damage resulting from a pediatric TBI
that contributes to the development of social behavior deficits. Novel
metrics such as tract density imaging, tract-weighted imaging, average
path length mapping and curvature of tractography data from DTI,
appear to be more sensitive to detecting subtle white matter changes
after injury, although these have not yet been applied in the context of
sociability following pediatric TBI (Calamante et al., 2010; Calamante,
2017; Calamante et al., 2017; Pannek et al., 2011a; Pannek et al.,
2011b; Wright et al., 2017; Willats et al., 2014).

Finally, we are only just beginning to appreciate how social beha-
vior deficits evolve after injury in the broader context of other neuro-
cognitive, behavioral and emotional problems, such as depression and
anxiety. Other comorbidities including post-traumatic epilepsy likely
also perpetuate these behavioral and functional consequences (Semple
et al., 2018). Our understanding of how many of the identified risk
factors for social dysfunction interact with each other is also in its in-
fancy; for example, how a combination of younger age and greater
injury severity results in the worst outcomes (Anderson et al., 2005).

Despite these limitations, knowledge of individual, injury-related
and environmental factors which influence and shape the degree of
social behavior impairments that manifest after a pediatric TBI can now
be applied to better predict patient outcomes, as well as assist in the
development of appropriate rehabilitation strategies. Ongoing work to
define the progressive neuroanatomical changes after pediatric TBI
hopes to identify prognostic neuroimaging biomarkers that would
identify the subset of patients at greatest risk of social behavior deficits.
Evidence that post-injury modifiers such as the family environment,
socioeconomic status, and social participation level, can influence the
social outcomes following a brain injury, suggests that efforts to opti-
mize a child’s environment and strengthen the family’s coping me-
chanisms, even many years post-injury, may be an effective strategy to
promote and enhance optimal recovery of social problems after pe-
diatric TBI (Ryan et al., 2016b; Ryan et al., 2016c). Pilot studies have
indeed found evidence that rehabilitation strategies targeting not only
the child but also the child’s family and caregivers in terms of education

and interventions is beneficial (Yeates et al., 2010; Woods et al., 2014).

7. Conclusions

In summary, the extent of social behavior impairments after pe-
diatric TBI can be moderated by several variables related with the in-
jury itself, as well as pre- and post-injury factors associated with the
individual and their environment (Fig. 1). No single factor can accu-
rately predict the manifestation of social behavior problems, due to the
complexity of how an injury interacts with the particular develop-
mental stage of the child’s brain, their premorbid functional status, as
well as their family and broader community support network. The
known evolution of neuropathology over time post-injury, and the
emergence and/or varying functional and behavioral deficits during
this time, highlights the need for additional longitudinal follow-up
studies (Keenan et al., 2018). Over the past decade, advances in our
understanding of social neuroscience and developmental psychology,
alongside the application of clinically-relevant animal models and ad-
vanced neuroimaging methodologies, has resulted in identification of
the above-described factors that mediate risk versus resilience to poor
social outcomes after a brain injury. However, there remains a pressing
need for ongoing research into the nature, trajectory and consequences
of social dysfunction after pediatric TBI, which has such a profound
influence on quality of life for survivors (Stancin et al., 2002).

Acknowledgements

The authors acknowledge funding support from the National Health
and Medical Research Council of Australia (NHMRC) in the form of a
Project Grant and Career Development Fellowship to BDS, the Canadian
Institute of Health Research (CIHR) in the form of a Project Grant to
RM, as well as from Monash University Central Clinical School and the
Alberta Children’s Hospital Research Institute.

References

Adolphs, R., 2001. The neurobiology of social cognition. Curr. Opin. Neurobiol. 11 (2),
231–239.

Ahlgrim, N., Raper, J., Johnson, R., Bachevalier, J., 2017. Neonatal perirhinal cortex
lesions impair monkey's ability to modulate their emotional responses. Behav.
Neurosci. 131 (5), 359–371.

Anderson, V., Moore, C., 1995. Age at injury as a predictor of outcome following pediatric
head injury: a longitudinal perspective. Child Neuropsychol. 1, 187–202.

Anderson, C.V., Wood, D.M., Bigler, E.D., Blatter, D.D., 1996. Lesion volume, injury se-
verity, and thalamic integrity following head injury. J. Neurotrauma 13 (2), 59–65.

Anderson, V.A., Morse, S.A., Klug, G., Catroppa, C., Haritou, F., Rosenfeld, J., et al., 1997.
Predicting recovery from head injury in young children: a prospective analysis. J. Int.
Neuropsychol. Soc. 3 (6), 568–580.

Anderson, V.A., Morse, S.A., Catroppa, C., Haritou, F., Rosenfeld, J.V., 2004. Thirty
month outcome from early childhood head injury: a prospective analysis of neuro-
behavioural recovery. Brain 127 (Pt 12), 2608–2620.

Anderson, V., Catroppa, C., Morse, S., Haritou, F., Rosenfeld, J., 2005. Functional plas-
ticity or vulnerability after early brain injury? Pediatrics 116 (6), 1374–1382.

Anderson, V., Morse, S., Catroppa, C., Haritou, F., Rosenfeld, J., 2006. Understanding
predictors of functional recovery and outcome thirty-months following early child-
hood head injury. Neuropsychology 20, 42–57.

Anderson, V., Spencer-Smith, M., Leventer, R., Coleman, L., Anderson, P., Williams, J.,
et al., 2009. Childhood brain insult: can age at insult help us predict outcome? Brain
132 (1), 45–56.

Anderson, V., Godfrey, C., Rosenfeld, J., Catroppa, C., 2012. Predictors of cognitive
function and recovery 10 years after traumatic brain injury in young children.
Pediatrics 129 (2), e254–e261.

Anderson, V., Beauchamp, M.H., Yeates, K.O., Crossley, L., Hearps, S.J., Catroppa, C.,
2013. Social competence at 6 months following childhood traumatic brain injury. J.
Int. Neuropsychol. Soc. 19, 539–550.

Anderson, V., Beauchamp, M.H., Yeates, K.O., Crossley, L., Ryan, N., Hearps, S.J.C., et al.,
2017. Social competence at two years after childhood traumatic brain injury. J.
Neurotrauma 34 (14), 2261–2271.

Araki, T., Yokota, H., Morita, A., 2017. Pediatric traumatic brain injury: characteristic
features, diagnosis, and management. Neurol. Med. Chir. (Tokyo) 57 (2), 82–93.

Arfanakis, K., Haughton, V.M., Carew, J.D., Rogers, B.P., Dempsey, R.J., Meyerand, M.E.,
2002. Diffusion tensor MR imaging in diffuse axonal injury. AJNR Am. J.
Neuroradiol. 23 (5), 794–802.

Arioli, M., Crespi, C., Canessa, N., 2018. Social cognition through the lens of cognitive and
clinical neuroscience. Biomed. Res. Int. 2018, 4283427. https://doi.org/10.1155/

A. Zamani et al. Experimental Neurology 314 (2019) 34–45

42

http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0005
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0005
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0010
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0010
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0010
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0015
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0015
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0020
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0020
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0025
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0025
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0025
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0030
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0030
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0030
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0035
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0035
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0040
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0040
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0040
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0045
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0045
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0045
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0050
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0050
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0050
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0055
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0055
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0055
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0060
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0060
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0060
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0065
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0065
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0070
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0070
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0070
https://doi.org/10.1155/2018/4283427


2018/4283427. (18 pages).
Ariza, M., Serra-Grabulosa, J.M., Junque, C., Ramirez, B., Mataro, M., Poca, A., et al.,

2006. Hippocampal head atrophy after traumatic brain injury. Neuropsychologia 44
(10), 1956–1961.

Assaf, Y., Freidlin, R.Z., Rohde, G.K., Basser, P.J., 2004. New modeling and experimental
framework to characterize hindered and restricted water diffusion in brain white
matter. Magn. Reson. Med. 52 (5), 965–978.

Bachevalier, J., Malkova, L., Mishkin, M., 2001. Effects of selective neonatal temporal
lobe lesions on socioemotional behavior in infant Rhesus monkeys (Macaca mulatta).
Behav. Neurosci. 115 (3), 545–599.

Bajwa, N., Halavi, S., Hamer, M., Semple, B., Noble-Haeusslein, L., Baghchechi, M., et al.,
2016. Mild concussion, but not moderate traumatic brain injury, is associated with
long-term depression-like phenotype in mice. PLoS One 11 (1), e0146886.

Basser, P.J., Mattiello, J., LeBihan, D., 1994. MR diffusion tensor spectroscopy and
imaging. Biophys. J. 66 (1), 259–267.

Bayly, P.V., Cohen, T.S., Leister, E.P., Ajo, D., Leuthardt, E.C., Genin, G.M., 2005.
Deformation of the human brain induced by mild acceleration. J. Neurotrauma 22
(8), 845–856.

Beauchamp, K.M., Anderson, A.J., 2010. SOCIAL: an integrative framework for the de-
velopment of social skills. Psychol. Bull. 136, 39–64.

Beauchamp, M.H., Ditchfield, M., Maller, J.J., Catroppa, C., Godfrey, C., Rosenfeld, J.V.,
et al., 2011. Hippocampus, amygdala and global brain changes 10 years after
childhood traumatic brain injury. Int. J. Dev. Neurosci. 29 (2), 137–143.

Bell, H., McCaffrey, D., Forgie, M., Kolb, B., Pellis, S., 2009. The role of the medial pre-
frontal cortex in the play fighting of rats. Behav. Neurosci. 123 (6), 1158–1168.

Bigler, E.D., 2007. Anterior and middle cranial fossa in traumatic brain injury: relevant
neuroanatomy and neuropathology in the study of neuropsychological outcome.
Neuropsychology 21 (5), 515–531.

Bigler, E.D., Maxwell, W.L., 2011. Neuroimaging and neuropathology of TBI.
NeuroRehabilitation 28 (2), 63–74.

Bigler, E.D., Abildskov, T.J., Petrie, J., Farrer, T.J., Dennis, M., Simic, N., et al., 2013a.
Heterogeneity of brain lesions in pediatric traumatic brain injury. Neuropsychology
27 (4), 438–451.

Bigler, E.D., Yeates, K.O., Dennis, M., Gerhardt, C.A., Rubin, K.H., Stancin, T., et al.,
2013b. Neuroimaging and social behavior in children after traumatic brain injury:
findings from the Social Outcomes of Brain Injury in Kids (SOBIK) study.
NeuroRehabilitation 32 (4), 707–720.

Bogin, B., 1994. Adoelscence in evolutionary perspective. Acta Paediatr. 406
(Supplement), 29–35.

Bornhofen, C., McDonald, S., 2008. Emotion perception deficits following traumatic brain
injury: a review of the evidence and rationale for intervention. J. Int. Neuropsychol.
Soc. 14 (4), 511–525.

Brickman, A.M., Stern, Y., Small, S.A., 2011. Hippocampal subregions differentially as-
sociate with standardized memory tests. Hippocampus 21 (9), 923–928.

Brown, F.L., Whittingham, K., Sofronoff, K., Boyd, R.N., 2013. Parenting a child with a
traumatic brain injury: experiences of parents and health professionals. Brain Inj. 27
(13–14), 1570–1582.

Budson, A.E., 2009. Understanding memory dysfunction. Neurologist 15 (2), 71–79.
Calamante, F., 2017. Track-weighted imaging methods: extracting information from a

streamlines tractogram. MAGMA 30 (4), 317–335.
Calamante, F., Tournier, J.D., Jackson, G.D., Connelly, A., 2010. Track-density imaging

(TDI): super-resolution white matter imaging using whole-brain track-density map-
ping. NeuroImage 53 (4), 1233–1243.

Calamante, F., Smith, R.E., Liang, X., Zalesky, A., Connelly, A., 2017. Track-weighted
dynamic functional connectivity (TW-dFC): a new method to study time-resolved
functional connectivity. Brain Struct. Funct. 222 (8), 3761–3774.

Catroppa, C., Anderson, V., 2004. Recovery and predictors of language skills two years
following pediatric traumatic brain injury. Brain Lang. 88, 68–78.

Catroppa, C., Anderson, V., Morse, S., Haritou, F., Rosenfeld, J., 2008. Outcome and
predictors of functional recovery 5 years following pediatric traumatic brain injury
(TBI). J. Pediatr. Psychol. 33 (7), 707–718.

Chen, C., Noble-Haeusslein, L., Ferriero, D., Semple, B., 2013. Traumatic brain injury to
the immature frontal lobe: A new murine model of long-term motor impairment in
the absence of psychosocial or cognitive deficits. Dev. Neurosci. 35 (6), 474–490.

Cicerone, K.D., Tanenbaum, L.N., 1997. Disturbance of social cognition after traumatic
orbitofrontal brain injury. Arch. Clin. Neuropsychol. 12 (2), 173–188.

Correia, S., Lee, S.Y., Voorn, T., Tate, D.F., Paul, R.H., Zhang, S., et al., 2008. Quantitative
tractography metrics of white matter integrity in diffusion-tensor MRI. NeuroImage
42 (2), 568–581.

Crowe, L., Babl, F., Anderson, V., Catroppa, C., 2009. The epidemiology of paediatric
head injuries: data from a referral centre in Victoria, Australia. J. Paediatr. Child
Health 45 (6), 346–350.

Davies, M., Jacobs, A., Brody, D., Friess, S., 2018. Delayed hypoxemia after traumatic
brain injury exacerbates long-term behavioral deficits. J. Neurotrauma 35, 790–801.

De Bellis, M.D., Casey, B.J., Dahl, R.E., Birmaher, B., Williamson, D.E., Thomas, K.M.,
et al., 2000. A pilot study of amygdala volumes in pediatric generalized anxiety
disorder. Biol. Psychiatry 48 (1), 51–57.

DeMaster, D., Johnson, C., Juranek, J., Ewing-Cobbs, L., 2017. Memory and the hippo-
campal formation following pediatric traumatic brain injury. Brain Behav. 7 (12),
e00832.

Dennis, M., Simic, N., Gerry Taylor, H., Bigler, E.D., Rubin, K., Vannatta, K., et al., 2012.
Theory of mind in children with traumatic brain injury. J. Int. Neuropsychol. Soc. 18,
908–916.

Dennis, E.L., Ellis, M.U., Marion, S.D., Jin, Y., Moran, L., Olsen, A., et al., 2015. Callosal
function in pediatric traumatic brain injury linked to disrupted white matter in-
tegrity. J. Neurosci. 35 (28), 10202–10211.

Dennis, E.L., Rashid, F., Ellis, M.U., Babikian, T., Vlasova, R.M., Villalon-Reina, J.E., et al.,
2017. Diverging white matter trajectories in children after traumatic brain injury: the
RAPBI study. Neurology 88 (15), 1392–1399.

Despins, E.H., Turkstra, L.S., Struchen, M.A., Clark, A.N., 2015. Sex-based differences in
perceived pragmatic communication ability of adults with traumatic brain injury.
Arch. Phys. Med. Rehabil. 97 (2 Suppl), S26–S32.

Di Battista, A., Soo, C., Catroppa, C., Anderson, V., 2012. Quality of life in children and
adolescents post-TBI: a systematic review and meta-analysis. J. Neurotrauma 29 (9),
1717–1727.

Donders, J., Warschausky, S., 2007. Neurobehavioral outcomes after early versus late
childhood traumatic brain injury. J. Head Trauma Rehabil. 22 (5), 296–302.

Dudchenko, P., Wood, E., Eichenbaum, H., 2000. Neurotoxic hippocampal lesions have
no effect on odor span and little effect on odor recognition memory but produce
significant impairments on spatial span, recognition, and alternation. J. Neurosci. 20
(8), 2964–2977.

Ebstein, R.P., Isreal, S., Chew, S.H., Zhong, S., Knafo, A., 2010. Genetics of human social
behavior. Neuron 65 (6), 831–844.

Ewing-Cobbs, L., Levin, H.S., Eisenberg, H.M., Fletcher, J.M., 1987. Language functions
following closed-head injury in children and adolescents. J. Clin. Exp. Neuropsychol.
9 (5), 575–592.

Ewing-Cobbs, L., Fletcher, J.M., Levin, H.S., Francis, D.J., Davidson, K., Miner, M.E.,
1997. Longitudinal neuropsychological outcome in infants and preschoolers with
traumatic brain injury. J. Int. Neuropsychol. Soc. 3 (6), 581–591.

Ewing-Cobbs, L., Kramer, L., Prasad, M., Canales, D.N., Louis, P.T., Fletcher, J.M., et al.,
1998. Neuroimaging, physical, and developmental findings after inflicted and non-
inflicted traumatic brain injury in young children. Pediatrics 102 (2 Pt 1), 300–307.

Ewing-Cobbs, L., Prasad, M.R., Swank, P., Kramer, L., Cox Jr., C.S., Fletcher, J.M., et al.,
2008. Arrested development and disrupted callosal microstructure following pedia-
tric traumatic brain injury: relation to neurobehavioral outcomes. NeuroImage 42
(4), 1305–1315.

Feldman, R., Monakhov, M., Pratt, M., Ebstein, R.P., 2016. Oxytocin pathway genes:
Evolutionary ancient system impacting on human affiliation, sociality, and psycho-
pathology. Biol. Psychiatry 79 (3), 174–184.

Fernandez-Espejo, D., Junque, C., Bernabeu, M., Roig-Rovira, T., Vendrell, P., Mercader,
J.M., 2010. Reductions of thalamic volume and regional shape changes in the ve-
getative and the minimally conscious states. J. Neurotrauma 27 (7), 1187–1193.

Ge, Y., Patel, M.B., Chen, Q., Grossman, E.J., Zhang, K., Miles, L., et al., 2009. Assessment
of thalamic perfusion in patients with mild traumatic brain injury by true FISP ar-
terial spin labelling MR imaging at 3T. Brain Inj. 23 (7), 666–674.

Genc, S., Anderson, V., Ryan, N.P., Malpas, C.B., Catroppa, C., Beauchamp, M.H., et al.,
2017. Recovery of white matter following pediatric traumatic brain injury depends
on injury severity. J. Neurotrauma 34 (4), 798–806.

Genova, H.M., Rajagopalan, V., Chiaravalloti, N., Binder, A., Deluca, J., Lengenfelder, J.,
2015. Facial affect recognition linked to damage in specific white matter tracts in
traumatic brain injury. Soc. Neurosci. 10 (1), 27–34.

Gentry, L.R., Godersky, J.C., Thompson, B., 1988. MR imaging of head trauma: review of
the distribution and radiopathologic features of traumatic lesions. AJR Am. J.
Roentgenol. 150 (3), 663–672.

Giza, C.C., Kolb, B., Harris, N.G., Asarnow, R.F., Prins, M.L., 2009. Hitting a moving
target: Basic mechanisms of recovery from acquired developmental brain injury. Dev.
Neurorehab. 12 (5), 255–268.

Grossman, E.J., Ge, Y., Jensen, J.H., Babb, J.S., Miles, L., Reaume, J., et al., 2012.
Thalamus and cognitive impairment in mild traumatic brain injury: a diffusional
kurtosis imaging study. J. Neurotrauma 29 (13), 2318–2327.

Gupta, R., Duff, M.C., Tranel, D., 2011. Bilateral amygdala damage impairs the acquisi-
tion and use of common ground in social interaction. Neuropsychology 25 (2),
137–146.

Hanten, G., Wilde, E.A., Menefee, D.S., Li, X., Lane, S., Vasquez, C., et al., 2008. Correlates
of social problem solving during the first year after traumatic brain injury in children.
Neuropsychology 22 (3), 357–370.

Hardman, J.M., Manoukian, A., 2002. Pathology of head trauma. Neuroimaging Clin. N.
Am. 12 (2), 175–187 vii.

Head Zauche, L., Darcy Mahoney, A.E., Thul, T.A., Zauche, M.S., Weldon, A.B., Stapel-
Wax, J.L., 2017. The power of language nutrition for children's brain development,
health, and future academic achievement. J. Pediatr. Health Care 31 (4), 493–503.

Hehar, H., Ma, I., Mychasiuk, R., 2016a. Effects of metabolic programming on juvenile
play behavior and gene expression in the prefrontal cortex of rats. Dev. Neurosci. 38
(2), 96–104.

Hehar, H., Yu, K., Ma, I., Mychasiuk, R., 2016b. Paternal age and diet: the contribution of
a father's experience to susceptibility for post-concussion symptomology.
Neuroscience 332, 61–75.

Hehar, H., Ma, I., Mychasiuk, R., 2017. Intergenerational transmission of paternal epi-
genetic marks: mechanisms Influencing susceptibiliyt to post-concussion sympto-
mology in a rodent model. Sci. Rep. 7, 7171.

Hofer, S., Frahm, J., 2006. Topography of the human corpus callosum re-
visited—comprehensive fiber tractography using diffusion tensor magnetic resonance
imaging. NeuroImage 32 (3), 989–994.

Holsinger, T., Steffens, D.C., Phillips, C., Helms, M.J., Havlik, R.J., Breitner, J.C., et al.,
2002. Head injury in early adulthood and the lifetime risk of depression. Arch. Gen.
Psychiatry 59 (1), 17–22.

Hulkower, M.B., Poliak, D.B., Rosenbaum, S.B., Zimmerman, M.E., Lipton, M.L., 2013. A
decade of DTI in traumatic brain injury: 10 years and 100 articles later. Am. J.
Neuroradiol. 34 (11), 2064–2074.

Izhikevich, E.M., Edelman, G.M., 2008. Large-scale model of mammalian thalamocortical
systems. Proc. Natl. Acad. Sci. U. S. A. 105 (9), 3593–3598.

Jorge, R.E., Robinson, R.G., Moser, D., Tateno, A., Crespo-Facorro, B., Arndt, S., 2004.

A. Zamani et al. Experimental Neurology 314 (2019) 34–45

43

https://doi.org/10.1155/2018/4283427
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0080
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0080
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0080
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0085
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0085
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0085
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0090
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0090
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0090
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0095
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0095
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0095
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0100
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0100
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0105
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0105
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0105
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0110
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0110
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0115
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0115
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0115
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0120
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0120
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0125
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0125
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0125
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0130
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0130
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0135
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0135
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0135
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0140
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0140
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0140
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0140
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0145
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0145
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0150
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0150
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0150
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0155
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0155
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0160
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0160
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0160
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0165
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0170
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0170
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0175
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0175
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0175
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0180
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0180
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0180
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0185
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0185
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0190
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0190
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0190
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0195
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0195
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0195
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0200
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0200
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0205
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0205
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0205
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0210
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0210
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0210
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0215
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0215
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0220
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0220
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0220
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0225
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0225
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0225
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0230
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0230
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0230
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0235
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0235
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0235
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0240
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0240
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0240
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0245
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0245
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0245
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0250
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0250
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0250
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0255
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0255
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0260
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0260
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0260
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0260
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0265
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0265
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0270
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0270
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0270
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0275
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0275
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0275
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0280
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0280
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0280
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0285
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0285
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0285
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0285
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0290
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0290
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0290
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0295
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0295
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0295
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0300
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0300
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0300
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0305
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0305
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0305
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0310
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0310
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0310
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0315
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0315
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0315
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0320
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0320
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0320
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0325
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0325
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0325
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0330
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0330
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0330
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0335
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0335
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0335
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0340
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0340
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0345
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0345
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0345
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0350
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0350
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0350
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0355
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0355
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0355
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0360
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0360
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0360
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0365
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0365
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0365
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0370
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0370
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0370
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0375
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0375
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0375
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0380
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0380
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0385


Major depression following traumatic brain injury. Arch. Gen. Psychiatry 61 (1),
42–50.

Juranek, J., Johnson, C.P., Prasad, M.R., Kramer, L.A., Saunders, A., Filipek, P.A., et al.,
2012. Mean diffusivity in the amygdala correlates with anxiety in pediatric TBI. Brain
Imaging Behav. 6 (1), 36–48.

Kamitakahara, H., Monfils, M., Forgie, M., Kolb, B., Pellis, S., 2007. The modulation of
play fighting in rats: The role of the motor cortex. Behav. Neurosci. 121, 62–74.

Keenan, H.T., Clark, A.E., Holubkov, R., Cox, C.S., Ewing-Cobbs, L., 2018. Psychosocial
and executive function recovery trajectories one year after pediatric traumatic brain
injury: the influence of age and injury severity. J. Neurotrauma 35 (2), 286–296.

Kennedy, G., 1967. Ontogeny of mechanisms controlling food and water intake. In: Code
CF, editor. Handbook on Physiology: Alimentary canal, Food and Water Intake. One.
American Physiological Society, Washington, DC, pp. 337–352.

Kennedy, E., Cohen, M., Munafo, M., 2017a. Childhood traumatic brain injury and the
associations with risk behavior in adolescence and young adulthood: a systematic
review. J. Head Trauma Rehabil. 32 (6), 425–432.

Kennedy, E., Heron, J., Munafo, M., 2017b. Substance use, criminal behaviour and psy-
chiatric symptoms following childhood traumatic brain injury: findings from the
ALSPAC cohort. Eur. Child Adolesc. Psychiatry 26 (10), 1197–1206.

Kirkwood, M., Janusz, J., Yeates, K.O., Taylor, H.G., Wade, S.L., Stancin, T., et al., 2000.
Prevalence and correlates of depressive symptoms following traumatic brain injuries
in children. Child Neuropsychol. 6 (3), 195–208.

Klaric, T., Jaehne, E., Koblar, B., Lewis, M., 2017. Alterations in anxiety and social be-
haviour in Npas4 defiicient mice following photochemically-induced focal cortical
stroke. Behav. Brain Res. 316, 29–37.

Klemenhage, K., O'Brien, S., Brody, D., 2013. Repetitive concussive traumatic brain injury
interacts with post-injury foot shock stress to worsensocial and depression-like be-
haviour. PLoS One 8 (9), e74510.

Knuston, B., Burgdorf, J., Panksepp, J., 2002. Ultrasonic vocalizations as indices of af-
fective states in rats. Psychol. Bull. 128 (6), 961–977.

Kolb, B., Mychasiuk, R., Muhammad, A., Li, Y., Frost, D., Gibb, R., 2012. Experience and
the developing prefrontal cortex. Proc. Natl. Acad. Sci. 109 (S2), 17186–17193.

Koolhaas, J., Coopens, C., de Boer, S., Buwalda, B., Meerlo, P., Timmermans, P., 2013.
The resident-intruder paradigm: A standardized test for agression, violence, and so-
cial stress. JoVE. (77), 4367.

Kraus, J.F., 1995. Epidemiological features of brain injury in children. In: Broman, S.H.,
Michel, M.E. (Eds.), Traumatic Head Injury in Children. Oxford University Press, New
York, NY, pp. 117–146.

Kurowski BG, Taylor HG, Yeates KO, Walz NC, Stancin T, Wade SL. Caregiver ratings of
long-term executive dysfunction and attention problems after early childhood trau-
matic brain injury: family functioning is important. PM&R3. 2011:836–45.

Ladd, G., Pettit, G., 2002. Parenting and the Development of Children's Peer Relationship.
Lange, C., Irle, E., 2004. Enlarged amygdala volume and reduced hippocampal volume in

young women with major depression. Psychol. Med. 34 (6), 1059–1064.
Law, N., Smith, M.L., Widjaja, E., 2018. Thalamocortical connections and executive

function in pediatric temporal and frontal lobe epilepsy. AJNR Am. J. Neuroradiol. 39
(8), 1523–1529.

Levin, H.S., Zhang, L., Dennis, M., Ewing-Cobbs, L., Schachar, R., Max, J., et al., 2004.
Psychosocial outcome of TBI in children with unilateral frontal lesions. J. Int.
Neuropsychol. Soc. 10 (3), 305–316.

Li, L., Liu, J., 2013. The effect of pediatric traumatic brain injury on behavioral outcomes:
a systematic review. Dev. Med. Child Neurol. 55 (1), 37–45.

Little, D.M., Kraus, M.F., Joseph, J., Geary, E.K., Susmaras, T., Zhou, X.J., et al., 2010.
Thalamic integrity underlies executive dysfunction in traumatic brain injury.
Neurology 74 (7), 558–564.

Max, J.E., Roberts, M.A., Koele, S.L., Lindgren, S.D., Robin, D.A., Arndt, S., et al., 1999.
Cognitive outcome in children and adolescents following severe traumatic brain in-
jury: influence of psychosocial, psychiatric, and injury-related variables. J. Int.
Neuropsychol. Soc. 5 (1), 58–68.

Max, J.E., Levin, H.S., Schachar, R.J., Landis, J., Saunders, A.E., Ewing-Cobbs, L., et al.,
2006. Predictors of personality change due to traumatic brain injury in children and
adolescents six to twenty-four months after injury. J. Neuropsychiatr. Clin. Neurosci.
18 (1), 21–32.

Max, J.E., Keatley, E., Wilde, E.A., Bigler, E.D., Schachar, R.J., Saunders, A.E., et al.,
2012. Depression in children and adolescents in the first 6 months after traumatic
brain injury. Int. J. Dev. Neurosci. 30 (3), 239–245.

Maxwell, W.L., Dhillon, K., Harper, L., Espin, J., MacIntosh, T.K., Smith, D.H., et al.,
2003. There is differential loss of pyramidal cells from the human hippocampus with
survival after blunt head injury. J. Neuropathol. Exp. Neurol. 62 (3), 272–279.

Maxwell, W.L., Pennington, K., MacKinnon, M.A., Smith, D.H., McIntosh, T.K., Wilson,
J.T., et al., 2004. Differential responses in three thalamic nuclei in moderately dis-
abled, severely disabled and vegetative patients after blunt head injury. Brain 127 (Pt
11), 2470–2478.

Maxwell, W.L., MacKinnon, M.A., Smith, D.H., McIntosh, T.K., Graham, D.I., 2006.
Thalamic nuclei after human blunt head injury. J. Neuropathol. Exp. Neurol. 65 (5),
478–488.

McColl, T., Brady, R., Shultz, S.R., Lovick, L., Webster, K., Sun, M., et al., 2018. Mild
traumatic brain injury in adolescent mice alters skull bone properties to influence a
subsequent brain impact at adulthood: A pilot study. Front. Neurol. 9, 372.

McDonald, S., Fisher, A., Flanagan, S., Honan, C.A., 2017. Impaired perception of sin-
cerity after severe traumatic brain injury. J. Neuropsychol. 11 (2), 291–304.

McDonald, S., Dalton, K.I., Rushby, J.A., Landin-Romero, R., 2018a. Loss of white matter
connections after severe traumatic brain injury (TBI) and its relationship to social
cognition. Brain Imaging Behav. https://doi.org/10.1007/s11682-018-9906-0. [Epub
ahead of print].

McDonald, S., Rushby, J.A., Dalton, K.I., Allen, S.K., Parks, N., 2018b. The role of

abnormalities in the corpus callosum in social cognition deficits after Traumatic Brain
Injury. Soc. Neurosci. 13 (4), 471–479.

Messe, A., Caplain, S., Paradot, G., Garrigue, D., Mineo, J.F., Soto Ares, G., et al., 2011.
Diffusion tensor imaging and white matter lesions at the subacute stage in mild
traumatic brain injury with persistent neurobehavioral impairment. Hum. Brain
Mapp. 32 (6), 999–1011.

Meythaler, J.M., Peduzzi, J.D., Eleftheriou, E., Novack, T.A., 2001. Current concepts:
diffuse axonal injury-associated traumatic brain injury. Arch. Phys. Med. Rehabil. 82
(10), 1461–1471.

Mills, K.L., Lalonde, F., Clasen, L.S., Giedd, J.N., Blakemore, S.J., 2014. Developmental
changes in the structure of the social brain in late childhood and adolescence. Soc.
Cogn. Affect. Neurosci. 9 (1), 123–131.

Moreno, N., Gonzalez, A., 2007. Evolution of the amygdaloid complex in vertebrates, with
special reference to the anamnio-amniotic transition. J. Anat. 211 (2), 151–163.

Mori, S., Itoh, R., Zhang, J., Kaufmann, W.E., van Zijl, P.C., Solaiyappan, M., et al., 2001.
Diffusion tensor imaging of the developing mouse brain. Magn. Reson. Med. 46 (1),
18–23.

Morton, M.V., Wehman, P., 1995. Psychosocial and emotional sequelae of individuals
with traumatic brain injury: a literature review and recommendations. Brain Inj. 9
(1), 81–92.

Muscara, F., Catroppa, C., Eren, S., Anderson, V., 2009. The impact of injury severity on
long-term social outcome following paediatric traumatic brain injury. Neuropsychol.
Rehab. 19 (4), 541–561.

Mychasiuk, R., Hehar, H., Farran, A., Esser, M.J., 2014. Mean girls: sex differences in the
effects of mild traumatic brain injury on the social dynamics of juvenile rat play
behaviour. Behav. Brain Res. 259, 284–291.

Mychasiuk, R., Hehar, H., Ma, I., Esser, M.J., 2015a. Dietary intake alters behavioural
recovery and gene expression profiles in the brain of juvenile rats that have experi-
enced a concussion. Front. Behav. Neurosci. 9 (Article 17), 1–16.

Mychasiuk, R., Hehar, H., van Waes, L., Esser, M.J., 2015b. Diet, age, and prior injury
status differentially alter behavioral outcomes following concussion in rats.
Neurobiol. Dis. 73, 1–11.

Mychasiuk, R., Hehar, H., Ma, I., Candy, S., Esser, M.J., 2016. Reducing the time interval
between concussion and voluntary exercise restores motor impairment, short-term
memory, and alterations to gene expression. Eur. J. Neurosci. 44 (7), 2407–2417.

Natale, J.E., Cheng, Y., Martin, L.J., 2002. Thalamic neuron apoptosis emerges rapidly
after cortical damage in immature mice. Neuroscience 112 (3), 665–676.

Neil, J., Miller, J., Mukherjee, P., Huppi, P.S., 2002. Diffusion tensor imaging of normal
and injured developing human brain - a technical review. NMR Biomed. 15 (7-8),
543–552.

Nelson, E.E., Jarcho, J.M., Guyer, A.E., 2016a. Social re-orientation and brain develop-
ment: An expanded and updated view. Dev. Cognit. Neurosci. 17, 118–127.

Nelson, E.E., Jarcho, J.M., Guyer, A.E., 2016b. Social re-orientation and brain develop-
ment: an expanded and updated view. Dev. Cogn. Neurosci. 17, 118–127.

Ostby, Y., Tamnes, C.K., Fjell, A.M., Walhovd, K.B., 2012. Dissociating memory processes
in the developing brain: the role of hippocampal volume and cortical thickness in
recall after minutes versus days. Cereb. Cortex 22 (2), 381–390.

Overwalle, V., 2009. Social cognition and the brain: A meta-analysis. Hum. Brain Mapp.
30 (3), 829–858.

Panksepp, J., Normansell, L., Cox, J., Siviy, S., 1994. Effects of neonatal decortication on
social play in juvenile rats. Physiol. Behav. 56 (3), 429–443.

Panksepp, J., Burgdorf, J., Turner, C., Gordon, N., 2003. Modeling ADHD-type arousal
with unilateral frontal cortex damage in rats and beneficial effects of play therapy.
Brain Cogn. 52, 97–105.

Pannek, K., Mathias, J.L., Bigler, E.D., Brown, G., Taylor, J.D., Rose, S.E., 2011a. The
average pathlength map: a diffusion MRI tractography-derived index for studying
brain pathology. NeuroImage 55 (1), 133–141.

Pannek, K., Mathias, J.L., Rose, S.E., 2011b. MRI diffusion indices sampled along
streamline trajectories: quantitative tractography mapping. Brain Connect. 1 (4),
331–338.

Pellis, S., Pellis, V., 2007. Rough and tumble play and the development of the social brain.
Curr. Dir. Psychol. Sci. 16 (2), 95–98.

Pellis, S., Hastings, E., Shimizu, T., Kamitakahara, H., Komorowska, J., Forgie, M., et al.,
2006. The effects of orbital frontal cortex damage on the modulation of defensive
responses by rats in playful and nonplayful social contexts. Behav. Neurosci. 120 (1),
72–84.

Pellis, S., Pellis, V., Bell, H., 2010. The function of play in the development of the social
brain. Am. J. Play (Winter), 278–296.

Prigatano, G.P., Gupta, S., 2006. Friends after traumatic brain injury in children. J. Head
Trauma Rehabil. 21, 505–513.

Rempel-Clower, N.L., Zola, S.M., Squire, L.R., Amaral, D.G., 1996. Three cases of en-
during memory impairment after bilateral damage limited to the hippocampal for-
mation. J. Neurosci. 16 (16), 5233–5255.

Rivara, J., Jaffe, K.M., Fay, G.C., Polissar, N.L., Martin, K.M., Shurtleff, H.A., et al., 1993.
Family functioning and injury severity as predictors of child functioningone year
following traumatic brain injury. Arch. Phys. Med. Rehabil. 74, 1047–1055.

Robinson, G., Frenald, R., Clayton, D., 2008. Genes and social behaviour. Science 322
(5903), 896–900.

Rosema, S., Crowe, L., Anderson, V., 2012. Social function in children and adolescents
after traumatic brain injury: a systematic review 1989–2011. J. Neurotrauma 29 (7),
1277–1291.

Rubin, K.H., Burgess, K.B., Hastings, P.D., 2002. Stability and social-behavioral con-
sequences of toddlers' inhibited temperament and parenting behaviors. Child Dev. 73
(2), 483–495.

Ryan, N.P., Catroppa, C., Cooper, J.M., Beare, R., Ditchfield, M., Coleman, L., et al.,
2014a. Relationships between acute imaging biomarkers and theory of mind

A. Zamani et al. Experimental Neurology 314 (2019) 34–45

44

http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0385
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0385
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0390
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0390
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0390
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0395
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0395
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0400
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0400
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0400
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0405
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0405
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0405
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0410
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0410
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0410
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0415
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0415
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0415
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0420
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0420
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0420
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0425
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0425
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0425
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0430
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0430
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0430
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0435
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0435
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0440
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0440
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0445
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0445
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0445
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0450
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0450
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0450
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0455
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0460
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0460
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0465
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0465
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0465
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0470
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0470
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0470
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0475
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0475
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0480
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0480
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0480
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0485
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0485
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0485
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0485
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0490
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0490
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0490
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0490
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0495
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0495
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0495
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0500
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0500
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0500
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0505
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0505
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0505
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0505
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0510
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0510
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0510
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0515
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0515
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0515
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0520
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0520
https://doi.org/10.1007/s11682-018-9906-0
https://doi.org/10.1007/s11682-018-9906-0
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0530
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0530
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0530
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0535
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0535
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0535
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0535
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0540
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0540
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0540
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0545
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0545
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0545
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0550
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0550
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0555
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0555
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0555
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0560
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0560
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0560
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0565
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0565
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0565
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0570
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0570
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0570
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0575
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0575
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0575
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0580
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0580
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0580
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0585
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0585
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0585
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0590
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0590
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0595
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0595
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0595
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0600
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0600
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0605
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0605
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0610
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0610
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0610
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0615
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0615
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0620
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0620
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0625
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0625
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0625
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0630
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0630
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0630
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0635
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0635
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0635
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0640
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0640
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0645
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0645
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0645
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0645
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0650
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0650
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0655
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0655
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0660
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0660
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0660
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0665
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0665
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0665
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0670
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0670
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0675
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0675
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0675
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0680
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0680
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0680
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0685
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0685


impairment in post-acute pediatric traumatic brain injury: a prospective analysis
using susceptibility weighted imaging (SWI). Neuropsychologia 66, 32–38.

Ryan, N.P., Anderson, V., Godfrey, C., Beauchamp, M.H., Coleman, L., Eren, S., et al.,
2014b. Predictors of very-long-term sociocognitive function after pediatric traumatic
brain injury: evidence for the vulnerability of the immature “social brain”. J.
Neurotrauma 31 (7), 649–657.

Ryan, N.P., Hughes, N., Godfrey, C., Rosema, S., Catroppa, C., Anderson, V.A., 2015.
Prevalence and predictors of externalizing behavior in young adult survivors of pe-
diatric traumatic brain injury. J. Head Trauma Rehabil. 30 (2), 75–85.

Ryan, N.P., Catroppa, C., Godfrey, C., Noble-Haeusslein, L.J., Shultz, S.R., O'Brien, T.J.,
et al., 2016a. Social dysfunction after pediatric traumatic brain injury: a translational
perspective. Neurosci. Biobehav. Rev. 64, 196–214.

Ryan, N.P., van Bijnen, L., Catroppa, C., Beauchamp, M.H., Crossley, L., Hearps, S., et al.,
2016b. Longitudinal outcome and recovery of social problems after pediatric trau-
matic brain injury (TBI): contribution of brain insult and family environment. Int. J.
Dev. Neurosci. 49, 23–30.

Ryan, N., Catroppa, C., Godfrey, C., Noble-Haeusslein, L., Shultz, S.R., O'Brien, T., et al.,
2016c. Social dysfuntion after pediatric traumatic brain injury: a translational per-
spective. Neurosci. Biobehav. Rev. 64, 196–214.

Ryan, N., Catroppa, C., Godfrey, C., Noble-Haeusslein, L., Shultz, S.R., O'Brien, T., et al.,
2016d. Social dysfunction after pediatric traumatic brain injury: a translational
perspective. Neurosci. Biobehav. Rev. 64, 196–214.

Ryan, N.P., Genc, S., Beauchamp, M.H., Yeates, K.O., Hearps, S., Catroppa, C., et al.,
2018. White matter microstructure predicts longitudinal social cognitive outcomes
after paediatric traumatic brain injury: a diffusion tensor imaging study. Psychol.
Med. 48 (4), 679–691.

Sabet, A.A., Christoforou, E., Zatlin, B., Genin, G.M., Bayly, P.V., 2008. Deformation of
the human brain induced by mild angular head acceleration. J. Biomech. 41 (2),
307–315.

Salberg, S., Yamakawa, G., Christensen, J., Kolb, B., Mychasiuk, R., 2017. Assessment of a
nutritional supplement containing resveratrol, prebiotic fibre, and omega-3 fatty
acids for the prevention and treatment of mild traumatic brain injury in rats.
Neuroscience 365, 146–157.

Salmond, C.H., Chatfield, D.A., Menon, D.K., Pickard, J.D., Sahakian, B.J., 2005.
Cognitive sequelae of head injury: involvement of basal forebrain and associated
structures. Brain 128 (Pt 1), 189–200.

Sariaslan, A., Sharp, D.J., D'Onofrio, B.M., Larsson, H., Fazel, S., 2016. Long-term out-
comes associated with traumatic brain injury in childhood and adolescence: a na-
tionwide swedish cohort study of a wide range of medical and social outcomes. PLoS
Med. 13 (8), e1002103.

Saucier, D., Ehresman, C., Keller, A., Armstrong, E., Elderkin, A., Yager, J., 2008. Hypoxia
ischemia affects ultrasonic vocalization in the neonatal rat. Behav. Brain Res. 190,
243–247.

Schneider, M., Koch, M., 2005. Deficient social and play behavior in juvenile and adult
rats after neonatal cortical lesion: effects of chronic pubertal cannabinoid treatment.
Neuropsychopharmacology 30, 944–957.

Schumann, C.M., Hamstra, J., Goodlin-Jones, B.L., Lotspeich, L.J., Kwon, H., Buonocore,
M.H., et al., 2004. The amygdala is enlarged in children but not adolescents with
autism; the hippocampus is enlarged at all ages. J. Neurosci. 24 (28), 6392–6401.

Schwandt, M., Lindell, S., Chen, S., Higley, D., Suomi, S., Heilig, M., et al., 2010. Alcohol
response and consumption in adolescent rhesus macaques: life history and genetic
influences. Alcohol 44 (1), 67–80.

Scott, C., McKinlay, A., McLellan, T., Britt, E., Grace, R., MacFarlane, M., 2015. A com-
parison of adult outcomes for males compared to females following pediatric trau-
matic brain injury. Neuropsychology 29, 501–508.

Semple, B.D., Blomgren, K., Gimlin, K., Ferriero, D.M., Noble-Haeusslein, L.J., 2013.
Brain development in rodents and humans: identifying benchmarks of maturation
and vulnerability to injury across species. Prog. Neurobiol. 106 (107), 1–16.

Semple, B., Noble-Haeusslein, L., Kwon, Y., Sam, P., Gibson, M., Grissom, S., et al., 2014.
Sociosexual and communication deficits after traumatic brain injury to the devel-
oping murine brain. PLoS One 9 (8), e103386.

Semple, B., Dixit, S., Shultz, S.R., Boon, W., O'Brien, T., 2017. Sex-dependent changes in
neuronal morphology and psychosocial behaviors after pediatric brain injury. Behav.
Brain Res. 319, 48–62.

Semple, B.D., Zamani, A., Rayner, G., Shultz, S.R., Jones, N.C., 2018. Affective, neuro-
cognitive and psychosocial disorders associated with traumatic brain injury and post-
traumatic epilepsy. Neurobiol. Dis. https://doi.org/10.1016/j.nbd.2018.07.018.

Sidaros, A., Skimminge, A., Liptrot, M.G., Sidaros, K., Engberg, A.W., Herning, M., et al.,
2009. Long-term global and regional brain volume changes following severe trau-
matic brain injury: a longitudinal study with clinical correlates. NeuroImage 44
(1), 1–8.

Singh, M., Jeong, J., Hwang, D., Sungkarat, W., Gruen, P., 2010. Novel diffusion tensor
imaging methodology to detect and quantify injured regions and affected brain
pathways in traumatic brain injury. Magn. Reson. Imaging 28 (1), 22–40.

Song, S.K., Sun, S.W., Ramsbottom, M.J., Chang, C., Russell, J., Cross, A.H., 2002.
Dysmyelination revealed through MRI as increased radial (but unchanged axial)
diffusion of water. NeuroImage 17 (3), 1429–1436.

Stancin, T., Drotar, D., Taylor, H.G., Yeates, K.O., Wade, S.L., Minich, N.M., 2002. Health-
related quality of life of children and adolescents after traumatic brain injury.
Pediatrics 109 (2), E34.

Tanimizu, T., Kenney, J.W., Okano, E., Kadoma, K., Frankland, P.W., Kida, S., 2017.

Functional connectivity of multiple brain regions required for the consolidation of
social recognition memory. J. Neurosci. 37 (15), 4103–4116.

Terpstra, A.R., Girard, T.A., Colella, B., Green, R.E.A., 2017. Higher anxiety symptoms
predict progressive hippocampal atrophy in the chronic stages of moderate to severe
traumatic brain injury. Neurorehabil. Neural Repair 31 (12), 1063–1071.

Tottenham, N., Hare, T.A., Quinn, B.T., McCarry, T.W., Nurse, M., Gilhooly, T., et al.,
2010. Prolonged institutional rearing is associated with atypically large amygdala
volume and difficulties in emotion regulation. Dev. Sci. 13 (1), 46–61.

Venna, V., Xu, Y., Patrizz, A., McCullough, L., 2014. Social interaction plays a critical role
in neurogenesis and recovery after stroke. Transl. Psychiatry 4, e351.

Viano, D.C., Casson, I.R., Pellman, E.J., Zhang, L., King, A.I., Yang, K.H., 2005.
Concussion in professional football: brain responses by finite element analysis: part 9.
Neurosurgery 57 (5), 891–916 (discussion 891-916).

Waddell, J., Hanscom, M., Edwards, N.S., McKenna, M., McCarthy, M., 2016. Sex dif-
ferences in cell genesis, hippocampal volume and behavioral outcomes in a rat model
of neonatal HI. Exp. Neurol. 275, 285.

Wade, S.L., Zhang, N., Yeates, K.O., Stancin, T., Taylor, H.G., 2016. Social environmental
moderators of long-term functional outcomes of early childhood brain injury. JAMA
Pediatr. 170 (4), 343–349.

Wang, Y., Olson, I.R., 2018. The original social network: white matter and social cogni-
tion. Trends Cogn. Sci. 22 (6), 504–516.

Wang, Y., Zhao, S., Liu, X., Fu, Q., 2014. Effects of the medial or basolateral amygdala
upon social anxiety and social recognition in mice. Turk. J. Med. Sci. 44 (3),
353–359.

Wells, R., Minnes, P., Phillips, M., 2009. Predicting social and functional outcomes for
individuals sustaining paediatric traumatic brain injury. Dev Neurorehabil. 12 (1),
12–23.

Wilde, E.A., Hunter, J.V., Newsome, M.R., Scheibel, R.S., Bigler, E.D., Johnson, J.L., et al.,
2005. Frontal and temporal morphometric findings on MRI in children after moderate
to severe traumatic brain injury. J. Neurotrauma 22 (3), 333–344.

Wilde, E.A., Chu, Z., Bigler, E.D., Hunter, J.V., Fearing, M.A., Hanten, G., et al., 2006.
Diffusion tensor imaging in the corpus callosum in children after moderate to severe
traumatic brain injury. J. Neurotrauma 23 (10), 1412–1426.

Wilde, E.A., Bigler, E.D., Hunter, J.V., Fearing, M.A., Scheibel, R.S., Newsome, M.R.,
et al., 2007. Hippocampus, amygdala, and basal ganglia morphometrics in children
after moderate-to-severe traumatic brain injury. Dev. Med. Child Neurol. 49 (4),
294–299.

Wilde, E.A., Ramos, M.A., Yallampalli, R., Bigler, E.D., McCauley, S.R., Chu, Z., et al.,
2010. Diffusion tensor imaging of the cingulum bundle in children after traumatic
brain injury. Dev. Neuropsychol. 35 (3), 333–351.

Willats, L., Raffelt, D., Smith, R.E., Tournier, J.D., Connelly, A., Calamante, F., 2014.
Quantification of track-weighted imaging (TWI): characterisation of within-subject
reproducibility and between-subject variability. NeuroImage 87, 18–31.

Williams, W.H., Chitsabesan, P., Fazel, S., McMillan, T., Hughes, N., Parsonage, M., et al.,
2018. Traumatic brain injury: a potential cause of violent crime? Lancet Psychiatry 5
(10), 836–844.

Woods, D.T., Catroppa, C., Godfrey, C., Anderson, V.A., 2014. Long-term maintenance of
treatment effects following intervention for families with children who have acquired
brain injury. Soc. Care Neurodisabil. 5, 70–82.

Wozniak, J.R., Krach, L., Ward, E., Mueller, B.A., Muetzel, R., Schnoebelen, S., et al.,
2007. Neurocognitive and neuroimaging correlates of pediatric traumatic brain in-
jury: a diffusion tensor imaging (DTI) study. Arch. Clin. Neuropsychol. 22 (5),
555–568.

Wright, D.K., Johnston, L.A., Kershaw, J., Ordidge, R., O'Brien, T.J., Shultz, S.R., 2017.
Changes in apparent fiber density and track-weighted imaging metrics in white
matter following experimental traumatic brain injury. J. Neurotrauma 34 (13),
2109–2118.

Wu, T.C., Wilde, E.A., Bigler, E.D., Li, X., Merkley, T.L., Yallampalli, R., et al., 2010.
Longitudinal changes in the corpus callosum following pediatric traumatic brain
injury. Dev. Neurosci. 32 (5-6), 361–373.

Yamakawa, G., Salberg, S., Barlow, K., Brooks, B., Esser, M.J., Yeates, K., et al., 2017.
Manipulating cognitive reserve: pre-injury environmental conditions influence the
severity of concussion symptomology, gene expression, and response to melatonin
treatment in rats. Exp. Neurol. 295, 55–65.

Yang, M., Silverman, J., Crawley, J., 2016. Automated three-chamber social approach
task for mice. Curr. Protoc. Neurosci. 56 (1), 1–16.

Yeates, K.O., Swift, E., Taylor, H.G., Wade, S.L., Drotar, D., Stancin, T., et al., 2004. Short-
and long-term social outcomes following pediatric traumatic brain injury. J. Int.
Neuropsychol. Soc. 10 (3), 412–426.

Yeates, K.O., Bigler, E.D., Dennis, M., Gerhardt, C.A., Rubin, K.H., Stancin, T., et al., 2007.
Social outcomes in childhood brain disorder: a heuristic integration of social neu-
roscience and developmental psychology. Psychol. Bull. 133 (3), 535–556.

Yeates, K.O., Taylor, H.G., Walz, N.C., Stancin, T., Wade, S.L., 2010. The family en-
vironment as a moderator of psychosocial outcomes following traumatic brain injury
in young children. Neuropsychology 24 (3), 345–356.

Yuan, W., Holland, S.K., Schmithorst, V.J., Walz, N.C., Cecil, K.M., Jones, B.V., et al.,
2007. Diffusion tensor MR imaging reveals persistent white matter alteration after
traumatic brain injury experienced during early childhood. AJNR Am. J. Neuroradiol.
28 (10), 1919–1925.

Zhang, L., Yang, K.H., King, A.I., 2004. A proposed injury threshold for mild traumatic
brain injury. J. Biomech. Eng. 126 (2), 226–236.

A. Zamani et al. Experimental Neurology 314 (2019) 34–45

45

http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0685
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0685
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0690
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0690
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0690
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0690
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0695
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0695
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0695
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0700
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0700
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0700
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0705
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0705
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0705
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0705
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0710
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0710
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0710
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0715
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0715
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0715
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0720
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0720
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0720
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0720
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0725
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0725
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0725
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0730
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0730
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0730
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0730
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0735
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0735
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0735
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0740
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0740
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0740
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0740
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0745
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0745
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0745
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0750
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0750
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0750
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0755
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0755
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0755
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0760
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0760
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0760
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0765
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0765
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0765
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0770
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0770
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0770
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0775
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0775
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0775
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0780
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0780
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0780
https://doi.org/10.1016/j.nbd.2018.07.018
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0790
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0790
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0790
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0790
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0795
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0795
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0795
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0800
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0800
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0800
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0805
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0805
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0805
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0810
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0810
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0810
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0815
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0815
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0815
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0820
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0820
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0820
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0825
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0825
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0830
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0830
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0830
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0835
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0835
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0835
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0840
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0840
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0840
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0845
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0845
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0850
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0850
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0850
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0855
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0855
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0855
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0860
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0860
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0860
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0865
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0865
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0865
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0870
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0870
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0870
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0870
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0875
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0875
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0875
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0880
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0880
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0880
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0885
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0885
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0885
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0890
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0890
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0890
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0895
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0895
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0895
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0895
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0900
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0900
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0900
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0900
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0905
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0905
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0905
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0910
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0910
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0910
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0910
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0915
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0915
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0920
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0920
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0920
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0925
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0925
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0925
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0930
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0930
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0930
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0935
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0935
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0935
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0935
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0940
http://refhub.elsevier.com/S0014-4886(19)30002-0/rf0940

	Determinants of social behavior deficits and recovery after pediatric traumatic brain injury
	Introduction
	Preclinical evidence of factors influencing social behavior following TBI
	Characteristics of the injury differentially influence social behaviors
	Genetic and epigenetic factors influence TBI-related social deficits
	Experiences prior to the injury modify subsequent social behaviors
	Post-injury manipulations modify injury-induced social deficits

	Clinical evidence of factors influencing post-injury social functioning
	Injury-associated predictors of social outcomes after pediatric TBI
	Pre-injury and post-injury modifiers of social behavior outcomes after pediatric TBI

	Neuroanatomical damage underlying social deficits after TBI
	Hippocampal pathology following pediatric TBI
	Amygdala volume changes post-TBI
	Thalamus atrophy following TBI
	White matter microstructural changes following TBI – use of advanced neuroimaging
	White matter changes following pediatric TBI are associated with social behavior deficits

	Contribution of co-morbid behavioral deficits to social problems
	Limitations and future directions
	Conclusions
	Acknowledgements
	References




