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Highlights

e Social dysfunction is common yet understudied after traumatic brain injury (TBI)
o Injury-related and environmental factors modulate social outcomes after TBI
¢ Rodent models of TBI reveal clinically-relevant deficits in social interactions

o Parallel experimental and clinical research may delineate underlying mechanisms



Abstract:

Social dysfunction is common after traumatic brain injury (TBI), contributing to reduced quality of life
for survivors. Factors which influence the emergence, development or persistence of social deficits after
injury remain poorly understood, particularly in the context of ongoing brain maturation during
childhood. Aberrant social interactions have recently been modeled in adult and juvenile rodents after
experimental TBI, providing an opportunity to gain new insights into the underlying neurobiology of
these behaviors. Here, we review our current understanding of social dysfunction in both humans and
rodent models of TBI, with a focus on brain injuries acquired during early development. Modulators of
social outcomes are discussed, including injury-related and environmental risk and resilience factors.
Disruption of social brain network connectivity and aberrant neuroendocrine function are identified as
potential mechanisms of social impairments after pediatric TBI. Throughout, we highlight the overlap and
disparities between outcome measures and findings from clinical and experimental approaches, and
explore the translational potential of future research to prevent or ameliorate social dysfunction after
childhood TBI.

Abbreviations: CCI, controlled cortical impact; CT, computed tomography; DTI, diffusion tensor
imaging; FPI, fluid-percussion injury; HMSC, Heuristic Model of Social Competence; MRI, magnetic
resonance imaging; pTBI, p21, postnatal day 21; QoL, Quality of Life; SBN, social brain network; SWI,
susceptibility-weighted imaging; TBI, traumatic brain injury; ToM, Theory of Mind.

Keywords: 3-12

Pediatric, traumatic brain injury, social interactions, social competency, communication, children, brain,

behavior, social brain network, rodents, humans.



1. Introduction

Traumatic brain injury (TBI) is a leading cause of death and disability in children and adolescents (Faul et
al., 2010; Thurman, 2014). The likelihood of sustaining a TBI is particularly high among young children
under five years of age, as a consequence of falls, accidents, and inflicted trauma (Crowe et al., 2015;
Faul et al., 2010; Love et al., 2009). Despite this prevalence, the long-term impact of TBI during early
childhood remains poorly understood. Accumulating studies, including systematic reviews, have
identified cognitive, emotional and behavioral impairments in survivors of pediatric TBI, as well as an
increased risk of novel psychiatric problems (Anderson et al., 2014; Beauchamp and Anderson, 2013;
Karver et al., 2012; Li and Liu, 2013). Of note, a younger age at insult is predictive of poorer post-injury
outcomes and a more extended recovery trajectory across multiple domains including behavior, attention,
language and cognition (Garcia et al., 2015). Occurring during a time when distributed neural networks
underlying these functions are undergoing rapid maturation and consolidation, a TBI during childhood
not only disrupts established neural functions, but can interfere with the acquisition of new skills and
developmental milestones (Anderson et al., 2011). As a result, the full extent of post-injury morbidity
may not be evident until many years after the insult, when high level social functions are expected to fully
manifest (Wells et al., 2009).

Historically, physical and intellectual consequences of pediatric TBI have received greater attention than
psychosocial problems. Over the past decade, however, impairments in social functioning after TBI have
garnered increased recognition, with psychosocial problems often reported as causing significant and
persisting distress for parents, teachers and carers (Catroppa et al., 2008; Catroppa et al., 2012; Cattelani
etal., 1998; Chapman et al., 2010; Li and Liu, 2013). Social dysfunction can profoundly influence
psychological well-being, academic and workplace performance, and community integration (Rosema et
al., 2012; Rosema et al., 2014), contributing to a decline in quality of life (QoL) for survivors of
childhood TBI (Di Battista et al., 2012; Williams et al., 2014; Yeates, 2013).

Deficits in social and behavioral functioning have been documented in the acute, sub-acute and chronic
phases of pediatric TBI. Importantly, there is growing awareness that psychosocial problems, including
deficits in social skills, may persist among young adult survivors of pediatric TBI, often independent of
injury severity (Kaldoja and Kolk, 2015; McLellan and McKinlay, 2013; Scott et al., 2015). Factors that
influence the emergence, development or persistence of social deficits post- injury remain poorly
understood, particularly in the context of a brain that is still maturing and consolidating network

connectivity. Continued research in both clinical and experimental arenas is needed to better understand



mechanisms that underlie these social impairments after injury to the developing brain. Experimental
models are invaluable to complement and clarify associative findings from patient-based studies, and
allow for more invasive investigation of causal mechanisms. The purpose of this review is therefore three-
fold: (1) to draw attention to recent findings from clinical and experimental studies regarding factors
which contribute to social dysfunction after pediatric TBI; (2) to highlight the overlap and disparity
between studies of social behavior in human and rodent models; and (3) to explore the potential of future
translational research into underlying biological mechanisms, aiming to ultimately improve social

outcomes for survivors of brain injury.

2. Social functioning influences health and post-injury recovery

Many mammalian species, including humans and rodents, are inherently social animals. For humans,
social contact with others is considered a critical determinant of good QoL, psychological adjustment and
general welfare (Mering and Jolkkonen, 2015). At its most primitive, social behavior in some form is
necessary for reproduction, which may underlie the observation that many of the neural and hormonal
processes that influence social behaviors are highly evolutionarily conserved (Feldman et al., 2015; Insel
and Fernald, 2004). The interaction between brain structure and function and social behavior is a
complex, bidirectional relationship. In addition to brain insults having an impact on subsequent social
behavior, the quality of social support received by an individual with TBI significantly influences their

recovery trajectory (Anderson et al., 2005; Vangel et al., 2011).

For children with TBI, the longevity and severity of symptoms may be influenced by the post-injury
family environment, particularly parental responsiveness, adjustment and resources (Potter et al., 2011;
Yeates et al., 2010). Low socioeconomic status, family stress, permissive parenting, and a lack of
resources and social support, exert a negative influence on social competence after TBI (Chapman et al.,
2010; Yeates et al., 2004; Yeates et al., 1997). In experimental studies, such environments can be
modeled by individually housing rodents. In this context, social isolation is particularly detrimental to
general health, exacerbating morbidity and mortality after a range of acute injuries including experimental
TBI, stroke and myocardial infarction (Boden-Albala et al., 2005; Doulames et al., 2014; Khodaie et al.,
2015; Mering and Jolkkonen, 2015). Equally, the consequences of social impairments after TBI,
including social isolation and withdrawal, may also contribute to a post-injury environment that is

conducive to the persistence and/or exacerbation of poor social functioning.



An environment characterized by strong family functioning and parent mental health fosters resilience
and buffers against the maladaptive psychosocial consequences of TBI (Ryan et al., 2013a; Yeates et al.,
1997). In young patients, supportive friendships (Heverly-Fitt et al., 2014) and positive parenting (Wade
etal., 2011; Woods et al., 2014a; Yeates et al., 2010) have been identified as factors which may facilitate
behavioral recovery after TBI. The influence of a supportive environment can be further explored with
experimental models, for example, by introducing multisensory housing conditions including social and
cognitive challenges, collectively termed environmental enrichment (Brenes et al., 2015; Doulames et al.,
2014). Environmental enrichment consisting of sensorimotor, social and cognitive challenges has
repeatedly demonstrated benefit in rodent models of TBI, with ongoing research aiming to optimize the
intensity and timing of interventions to drive future implementation of intervention strategies in the clinic
(Bondi et al., 2014). Although rarely examined in isolation, evidence suggests that socialization is an
important component of environmental enrichment, and a mediator of improved neurocognitive outcomes
after TBI in rats (Sozda et al., 2010). Interestingly, social group housing is reportedly sufficient to
ameliorate social behavior deficits observed in a mouse model of autism (Yang et al., 2011a). Whether an
enriched environment would afford similar benefit on social impairments after brain injury remains to be

determined.

3. Tracing the social landscape of pediatric TBI

A theoretical understanding of how TBI influences social competency to manifest as aberrant social
behaviors is grounded in concepts and methods from social neuroscience and developmental psychology.
For example, social competence can be conceptualized as a multi-dimensional construct, partitioned into
interrelated levels of social competence: individuals, interactions and relationships (Yeates et al., 2007).
The Heuristic Model of Social Competence (HMSC; Figure 1) (Yeates et al., 2007) posits that at the
individual level, children bring to bear individual abilities and characteristics needed to behave
competently in social settings. For example, social competence has been linked to social information
processing, an umbrella term that is conceived as involving a series of distinct problem solving steps that
are implemented when children respond to social situations (Yeates et al., 2007). Social information
processing incorporates a range of skills that include both cognitive-executive functions (e.g., inhibitory
control and working memory), and social-affective processes (e.g., emotion perception, theory of mind
(ToM), and empathy). These skills independently or interactively contribute to social competence firstly

at the level of social interaction, which refers to children’s actual behavior and whether their responses



are effective both in achieving their own goals and in maintaining positive relationships (Rubin and
Bukowski, 2011). Secondly, social competence is influenced by social adjustment, which reflects the
“extent to which children attain socially desirable and developmentally appropriate goals, and
encompasses the quality of children’s relationships as perceived by others” (Beauchamp and Anderson,
2010). In this section, we aim to (1) critically evaluate current literature on the nature, causes, and risk
factors associated with social impairment following pediatric TBI from a clinical perspective; and (2)
identify and discuss the current challenges and limitations of measures used to evaluate social function in

the TBI population.

Insert Figure 1 near here

3.1. Social dysfunction post-pediatric TBI: a scoping review

As illustrated in Table 1, social adjustment is conceptualized as a multidimensional construct that
encompasses parent, teacher and child perceptions of socio-emotional functioning (e.g., depression,
anxiety, aggression), adaptive functioning, and social integration. Although research findings in this
domain have been mixed, a large proportion of studies reveal that children and adolescents with TBI are
at elevated risk for impairments in socialization, communication and adaptive behavior (Anderson et al.,
2013; Chapman et al., 2010; Fletcher et al., 1990; Ganesalingam et al., 2011; Levin et al., 2009; Max et
al., 2012; Poggi et al., 2005; Rosema et al., 2012; Yeates et al., 2004; Yeates et al., 2010), and are more
likely to exhibit clinically significant depression, anxiety, aggression and anti-social behavior, relative to
typically developing children (Andrews et al., 1998; Chapman et al., 2010; Max et al., 2012). Further,
brain injury during early life is associated with poorer language competency and non-verbal
communication, processes that are intricately linked with the development of social skills (Didus et al.,
1999; Li and Liu, 2013; Sullivan and Riccio, 2010; Wells et al., 2009). Impairments in social
communication may persist for many years after severe pediatric TBI (Cattelani et al., 1998; Hoofien et
al., 2001; Ryan et al., 2013b).

Social competence, as measured at the level of social interaction, is commonly assessed using indirect
socio-metric ratings of friendship quality, such as those obtained from both parent and child ratings
obtained from the Friendship Quality Questionnaire (FFQ; Table 1) (Parker and Asher, 1993). Parent
report measures reveal that children with TBI tend to have fewer close friendships than typically

developing children (Prigatano and Gupta, 2006; Yeates et al., 2013). In contrast, studies using child self-



report ratings have found no significant differences between those children with and without TBI
(Bohnert et al., 1997; Ross et al., 2011b). These discrepant findings highlight an important distinction
between the perceptions of others (e.g., peers, parents, teachers) and perceptions of children with TBI,
who may lack awareness of their own deficits and therefore evaluate their social interactions more

positively than others do (Beauchamp and Anderson, 2010; Yeates et al., 2007).

While there exists a large body of evidence that links pediatric TBI to a range of directly observable
behavioral changes at the level of social interaction and social adjustment, the mechanisms that explain
this association are poorly understood. One hypothesis is that TBI affects the distributed neural networks
implicated in social-affective functions, or the ability to perceive and process social cues and context
(Beauchamp and Anderson, 2010). These skills emerge relatively early in development and illustrate
protracted development into late childhood and mid-late adolescence, coinciding with the extended
structural and functional maturation of the ‘social brain network’ (SBN), an anatomically distributed
frontal temporo-limbic circuit that comprises many of the same regions most vulnerable to the effects of
contusions, compression injury, and shear/strain forces (Bigler, 2013) (see Section 6.1). Consistent with
the vulnerability of the SBN to early disruption from TBI, relative to typically developing controls,
children with TBI exhibit significantly poorer emotion perception (Ryan et al., 2013a; Tlustos et al.,
2011) and ToM (Bellerose et al., 2015; Dennis et al., 2012; Walz et al., 2010), and experience greater
difficulty choosing the optimal solution to social dilemmas (Janusz et al., 2002). Despite converging
evidence for deficits in social-affective functions, in the clinical context there exist a dearth of reliable
and ecologically valid tools to assess these skills, and thus clinicians remain poorly equipped to identify

children at risk for these deficits.

Insert Table 1 near here

3.2. Assessment of social-affective functions in children with TBI

In contrast to behavior at the level of social adjustment and social interaction, a reliable estimate of social
information processing is difficult to obtain from traditional rating scales completed by parents and
teachers. As summarized in Table 1, there exist a variety of social cognitive test batteries designed to tap
these specific but often highly complex social cognitive skills. Despite increasing knowledge and
awareness among clinicians of the need to assess these skills in pediatric brain disorders, many of these

measures lack sound theoretical grounding and are unable to isolate deficits in specific aspects of social



information processing. In particular, given that social information processing is reliant on social-
affective and cognitive-executive skills that are tightly linked and share overlapping neuroanatomical
substrates within the developing brain (Yeates et al., 2007), the majority of measures do not distinguish
between domain-specific and domain-general demands of these highly complex tasks, thus thwarting the

opportunity for clinicians and researchers to identify meaningful targets for intervention and management.

The challenges associated with social outcome measurement in pediatric TBI are perhaps best illustrated
in recent approaches to the study of ToM; a multi-dimensional construct that allows individuals to ascribe
a variety of psychological states, such as intentions or emotions, to understand and subsequently predict
behaviors (Blakemore, 2008; Herbet et al., 2013). Grounded in evidence from lesion-deficit and
neuroimaging studies, the tripartite model of ToM (Eigure 2), partitions these skills into cognitive ToM,
concerned with basic, belief-based inferences traditionally assessed using paradigmatic false-belief tasks
(Wellman et al., 2001); and ‘complex cognitive-affective ToM’(Dennis et al., 2013b). The latter can be
further parcellated into conative ToM, defined as the ability to understand how indirect speech acts
involving irony and empathy are used to influence the mental or emotional state of the listener; and
affective ToM, concerned with understanding that while facial expressions can convey emotions actually
felt (emotion identification), they are also used for social purposes to convey emotions that we want

people to think we feel (emotive communication) (Dennis et al., 2013b; Hein and Singer, 2008).
Insert Eigure 2 near here

Previous reports show that ToM is mediated by anatomically distributed brain neural networks implicated
in a range of tightly linked social-affective and cognitive-executive processes, which interact dynamically
to contribute to social information processing abilities (Dennis et al., 2012; Frith and Frith, 2005; Yeates
et al., 2007). Research to date has failed to clarify whether poor performance on measures of ToM reflects
difficulty with the domain-general task demands, or a domain-specific ToM impairment, independent of
other cognitive abilities required to complete the task. In addressing this limitation, Dennis et al. (2013)
recently reported on a series of measures grounded within the tripartite model of ToM, to isolate specific
inefficiencies at various levels of social information processing. These measures have been employed in a
two longitudinal prospective studies of children with TBI, with results indicating that, while severe TBI
was associated with significantly poorer cognitive ToM, children with TBI of all levels of severity
showed poorer performance on measures of conative and affective ToM (Dennis et al., 2013a; Dennis et

al., 2013b; Dennis et al., 2012). This pattern suggest that, relative to basic ToM abilities, higher-order



ToM demonstrates a lower threshold for perturbation and appears vulnerable to even mild generalized

injuries.

On measures of affective ToM, Dennis et al. (2013b) also report that children with TBI demonstrate
comparable levels of impairment on both ToM and non-social cognitive control trials, suggesting that
poorer performance at least partly reflects inefficiencies in response speed, reduced auditory attention
span and poor inhibitory control. In contrast, in a second study, Ryan and colleagues employed the same
ToM paradigm but found that, while children with TBI demonstrated comparable performance to
typically developing controls on control trials, they were impaired on trials of cognitive, affective and
conative ToM (Ryan et al., 2015c). Additional research is required to elucidate whether these difficulties
may constitute a potential mechanism that underpins the empirical association between pediatric TBI and
elevated risk for a range of maladaptive behaviours that are shown to persist or even worsen with time

since injury.

4. Identifying social behavior impairments in brain-injured rodents

Rodent models of TBI, including fluid-percussion injury (FPI), controlled cortical impact (CCI), weight-
drop and blast injury models, have been well-characterized in terms of their distinct patterns of temporal
neuropathology [refer to review by (Xiong et al., 2013) for methodological details]. In both rats and mice,
these models reliably reproduce many of the common cognitive, sensorimotor and neuropsychiatric
consequences of human TBI (Gold et al., 2013; Malkesman et al., 2013). However, few studies to date
have examined social changes in the context of experimental brain injuries. Several tests for social
competence, measured primarily at the level of social interaction, are established in other neuroscience
specialties and could be readily adopted by the neurotrauma field to provide insight into the mechanisms,
risk factors and co-morbidities associated with social dysfunction after TBI. Paradigms to assess social
interactions in rodents have been developed and extensively validated within recent years to phenotype
core autistic-like symptoms in novel mouse models of autism-spectrum disorders (Crawley, 2012;
Silverman et al., 2010; Waéhr and Scattoni, 2013). Many aspects of social information processing,
including cognitive/executive function (e.g., working memory, inhibitory control) as well as socio-
emotional functioning (e.g., anxiety, aggression and depressive-like symptoms) can be evaluated in
rodents. Rodents exhibit rapid brain development, high sociability throughout life, and the capacity for
genetic manipulation to explore molecular mechanisms, making them well-suited to investigate the

impact of injury and interventions on social outcomes.

10



4.1, Key measures used to evaluate social health in rodents

Social behavior in rodents can be investigated using various behavioral paradigms, to assess aspects of
sociality, affiliation and social approach. In particular, laboratory mice Mus musculus display a broad
repertoire of quantifiable social behaviors, and several etiologically-relevant assays with good face
validity (i.e. resemblance to the human phenomenology) have been developed to measure different
aspects of social behavior in mice (Crawley, 2007; Silverman et al., 2010; Terranova and Laviola, 2005)
(see Eigure 3). As in patients, a combination of complementary tasks is often the most useful to gain an

overall perspective on the level of social functioning.

The most common experimental paradigm involves two unfamiliar rodents permitted free exploration for
a period of time, for the quantification of social interaction or social investigation by the test subject.
When conducted in a novel environment, this task is ideal for qualifying reciprocal social interactions,
while the introduction of a novel stimulus rodent into the home cage of the test animal is typically
referred to as a resident-intruder test (Terranova and Laviola, 2005; Wo6hr and Scattoni, 2013). The latter
scenario is more likely to encourage territorial and aggressive behaviors in male rodents (Duvoisin et al.,
2011; Koolhaas et al., 2013). In both contexts, a wide spectrum of complex, interactive behaviors may be
quantified individually (e.g., sniffing, climbing, playing), or the total duration of social investigation can
be tallied for comparison between groups of subjects. Repeated testing in the same animals over time is

possible, allowing for the evaluation of developmental trajectories across age (Silverman et al., 2010).

In addition to the resident-intruder paradigm, social aggression or competition can be induced between
pairs of male rodents to quantify antagonistic and territorial behaviors. The tube-dominance test evaluates
the dominant-submissive relationship established during a brief encounter (Molina et al., 2008; Spencer et
al., 2005; Wang et al., 2011), while the visible burrow system allows for the observation of social

hierarchies formed between group-housed animals (Blanchard et al., 1995).
Insert Eigure 3 near here

One limitation of the above-mentioned paradigms is that social interactions may be initiated and
motivated by either the test or stimulus animals. To avoid this, the three-chamber social approach task
restricts the stimulus rodent to a wire-enclosed cup, such that social approach behaviors of the test animal
alone can be readily quantified, and social interactions are limited to the visual, olfactory and auditory
senses (Nadler et al., 2004; Silverman et al., 2010; Yang et al., 2011b). In this task, the test animal is

presented with a choice between chambers containing either the stimulus animal or an empty cup, with
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preferential proximity and investigative sniffing of the stimulus considered to be an indicator of
sociability (Moy et al., 2004; Moy et al., 2007). The subsequent addition of a second, novel stimulus
animal to the previously-empty chamber next presents the test rodent with a choice of social partners, and
a preference for proximity to the novel animal is quantified as an indicator of social recognition and social
memory (Silverman et al., 2010). An alternative paradigm for social recognition is the habituation-
dishabituation test, which involves short, sequential encounters between pairs of test and stimulus
animals in an open arena, such that the test animal is repeatedly exposed to the same novel conspecific.
Recognition is quantified as a decline in social investigation across repeated encounters with the same
animal (i.e. habituation), which appears to be dependent upon short-term memory with a duration of
between 90-180 minutes (Crawley, 2004). During a final encounter, a novel stimulus rodent is introduced,
and a high degree of investigative time is expected as an indicator that the test animal exhibits a
preference for social novelty, implicating intact social recognition (Gheusi et al., 1994).

As described earlier (Section 3.1), social communication problems are commonly reported after TBI.
Although it remains controversial whether rodents have comparable brain regions necessary to mediate
language skills and human-like vocal learning (Arriaga and Jarvis, 2013; Hammerschmidt et al., 2015),
several non-verbal means of social communication are readily quantifiable in both rats and mice. Changes
in social communication between rodents have recently emerged as a signature characteristic of autistic-
like mouse models (W&hr and Scattoni, 2013). Urinary scent marking is performed by male mice to
deposit pheromones in a context-dependent manner, in order to mark territory, attract mates and convey
information about health status (W&hr and Scattoni, 2013), and changes in this behavior are considered an
indicator of social dysfunction (Arakawa et al., 2007, 2008; Wohr et al., 2011). Male rodents in particular
also communicate via the emission of ultrasonic vocalizations as auditory signals (Bean et al., 1981).
Vocalizations differ in type, pattern and frequency depending upon the social context (Wobhr et al., 2015).
For example, rats typically emit low frequency (22 kHz) vocalizations in response to aversive stimuli
such as an aggressive encounters or exposure to a predator. In contrast, 50 kHz calls are elicited by social
and sexual encounters, and are associated with activation of the dopaminergic system (Wohr and
Schwarting, 2013). Ultrasonic vocalizations are readily produced by isolated mouse and rat pups,
typically eliciting a maternal retrieval response. Although the precise meaning of individual vocalizations
remains to be elucidated, alterations in the number and temporal patterns of ultrasonic vocalizations in a
social context correlate with social deficits in rodents (Scattoni et al., 2011; Wohr et al., 2011; Yang et al.,
2013), and are typically considered to reflect social interest, recognition and motivation (Wéhr and
Scattoni, 2013).

12



Insert Table 2 near here

4.2. Social dysfunction after experimental TBI in adult and pediatric rodents: findings to date

The above-described paradigms to evaluate social function in rodents can be applied to neurotrauma
research with several objectives; (1) to generate in-depth behavioral phenotyping and characterization of
different injury models; (2) for hypothesis-driven studies designed to evaluate proposed risk factors
associated with social dysfunction after TBI in patients (e.g., the effect of injury severity, location, age-at-
insult); and (3) to evaluate potential therapies for the treatment of TBI-induced social deficits and co-
morbidities.

Even in adult models of TBI, the number of studies that have incorporated measures of social outcomes
remains limited to date (see Table 2). Across a range of injury models including FPI, CClI, impact
acceleration, blast and repetitive closed skull impacts of varying severity, investigators have reported
either a reduction in social investigation and social recognition after TBI (Bajwa et al., 2016; Fenn et al.,
2013; Klemenhagen et al., 2013; Koliatsos et al., 2011; Pandey et al., 2009; Semple et al., 2012; Semple
et al., 2014), or the lack of a difference compared to sham-operated controls (Patel et al., 2014; Shultz et
al., 2012; Shultz et al., 2011). Further studies are needed to validate the incorporation of specific social
tasks in this context, as the characterization of social outcomes across a range of TBI models will likely

enhance our understanding of the complex interaction between neuropathology and functional outcomes.

Much of what is known regarding vulnerability of the immature brain to traumatic insult has stemmed
from experimental models of TBI at different developmental ages. Unilateral CCl to the parietal lobe of
mice at postnatal day 21 (p21) is an established model approximating TBI to a toddler-aged child (Semple
etal., 2013; Tong et al., 2002). Injury at this age is characterized by a reproducible pattern of neuronal
loss in the injured cortex and underlying sub-cortical structures, including the hippocampus and corpus
callosum, leading to ongoing neurodegeneration over time (Claus et al., 2010; Pullela et al., 2006). These
animals also display a phenotype of transient anxiolysis, persistent general hyperactivity, and spatial
memory deficits that emerge over time (Pullela et al., 2006). Both the neuroanatomical and
neurobehavioral features of this model are consistent with sequelae frequently observed in children with
brain injury (Keightley et al., 2014; Konrad et al., 2000; Levin, 1998; Max et al., 2011).

13



During encounters with naive, unfamiliar, age-matched male mice, social behavior in this model of
pediatric TBI at p21 varies according to time post-injury. Surprisingly, brain-injured mice exhibited a
normal degree of social investigation at adolescence (p35); however, by adulthood (p60-70), TBI mice
showed a reduction in social interactions and social recognition in the resident-intruder paradigm and
three-chamber task (Semple et al., 2012). Further, at adulthood, TBI mice were more likely to exert social
dominance in the tube task compared to sham-operated controls (Semple et al., 2012). Brain-injured mice
also present with aberrant social communication, as evidenced by a striking reduction in scent marking
behavior at adulthood after pTBI, and abnormal context-dependent ultrasonic vocalizations in response to
female stimuli (Semple et al., 2014). Together, these findings reveal an emergence of aberrant social
behavior over time after early-life injury, a trajectory that parallels the development of cognitive deficits
in this model, as well as social dysfunction reported many years after childhood TBI in patients.

4.3.  Difficulties and potential confounds in experimental studies of social behavior after TBI

There are several advantages inherent to the above-described tests for rodent social behavior, including
short session lengths and the increasing automation of data collection and analysis, allowing for high-
throughput screening and minimization of potential observer bias. These paradigms rely on a
spontaneous, unconditioned behavioral response being elicited during an encounter with another animal, a
feature which shows remarkable conservation across many mammalian species, suggesting that the

underlying neural systems may also be comparable (Crawley, 2004).

The interpretation of social interactions in rodents, and translation of these findings to the clinical
scenario, is not without limitations. While validated paradigms exist to evaluate aspects of cognitive and
socio-emotional function in rats and mice, rodent models are lacking in their ability to assess the integrity
of socio-affective processes, such as emotional perception, ToM and empathy. Several symptoms of
aberrant social function, such as difficulty interpreting the subtleties of social language including sarcasm,
emotive recognition and implied meanings, may be uniquely human constructs. Further, just as brain
injuries show a high degree of heterogeneity (Bigler et al., 2013a), many of the psychosocial symptoms
following TBI display inherent variability between individuals, manifesting in a unique manner
depending upon the extent of co-morbidities, pre-existing health status and other variables (Silverman et
al., 2010). As in human patients, differentiating social dysfunction from cognitive and emotional
problems is challenging in rodent models, and deficits detected in rodent social tasks may be interpreted

as an anxiety or depressive-like phenotype rather than social dysfunction per se (Fenn et al., 2013).
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Lastly, artifacts that may confound the interpretation of social tasks require consideration. Social
information processing in rodents is downstream of the main and accessory olfactory bulbs as well as the
vomeronasal organ, which are thought to play a critical role in social recognition and behavioral
motivation in these species (Baum and Kelliher, 2009; Kim et al., 2015). The presentation of normal
social behaviors are therefore dependent upon intact olfactory function (Ryan et al., 2008), and potential
deficits in olfaction should be ruled out by evaluating the animal's ability to detect and distinguish
between odors alongside the assessment of general health and sensorimotor abilities (Crawley, 2004;
Yang and Crawley, 2009).

A particular challenge when modeling injuries across a developmental time course is determining the
appropriate age for an animal to accurately depict the human condition at the age of interest. To address
this, many researchers have drawn comparisons between species in terms of key developmental
milestones including brain maturation and behavioral phenotypes (Clancy et al., 2007; Prins and Hovda,
2003; Rice and Barone, 2000; Semple et al., 2013). However, differences in the time scale and rate of
biological processes between species, under physiological conditions as well as in response to an insult,
renders the equating of animal and human lifespan intrinsically complex (Agoston, 2015). Nevertheless,
characterization of psychosocial and functional outcomes after injuries across a spectrum of brain
maturation stages may reveal important insights into key developmental events which underpin age-

specific vulnerabilities.

5. Risk factors for social impairments after pediatric TBI: Evidence from patients and

rodent models

Though converging evidence indicates that children with TBI demonstrate impairments across a wide
variety of social affective domains, outcomes for individual children are highly variable, and thus
knowledge of risk factors is critical to identify and target those at elevated risk for social and behavioral
impairments. Clinical research has begun to identify key risk factors which contribute to vulnerability of
certain individuals to develop social dysfunction after a TBI. These include injury-specific factors (e.g.,
age-at-insult, severity and location) as well as pre-existing (e.g., socioeconomic status, cognitive function
and family environment) and post-injury features (family environment, treatment resources, child
disability). Animal-based laboratory research provides a useful platform to extend and enhance our

understanding of these risk factors and how they might interact, as well as identify novel factors.
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Across a range of functional domains, age at the time of a brain insult is considered to be a key predictor
of long-term outcomes (Anderson et al., 2010; Anderson et al., 2014; Garcia et al., 2015). This
phenomenon has recently been modeled in young mice after experimental TBI, whereby mice that
received an equivalent brain injury during adolescence (p35) showed remarkable resilience to the
development of social dysfunction, compared to mice injured at p21 (Semple et al., 2014). This result is
consistent with findings from patient populations suggesting that the younger brain shows greater
vulnerability to poor social outcomes after injury compared to older children or adults (Anderson et al.,
2010; Didus et al., 1999; Wells et al., 2009). However, the relationship between injury timing and
outcome is neither simple nor linear (Crowe et al., 2012; Greenham et al., 2010). Animal studies have
delineated critical periods for the visual and motor systems, whereby injury during particular
developmental windows results in robust neuroplasticity and structural reorganization (Marco et al.,
2011). In contrast, critical developmental periods for more complex neurobehavioral processes such as
social behaviors are yet to be defined (Fox et al., 2010). Mixed findings from extensive animal research
over several decades, primarily employing focal surgical lesions in young rodents, cats and monkeys,
have demonstrated the uncertain relationship between age and behavioral outcomes, identifying a
complex interaction between developmental age, injury location, and the region-specific maturational
state (Goldman et al., 1970; Kolb and Gibb, 2014; Passingham et al., 1983). These studies have shaped
our current understanding, that social outcomes after TBI depend upon a balance between neural

vulnerability versus plasticity during critical periods of brain development (Anderson et al., 2011).

Following a TBI during childhood, family resources are considered to be a strong predictor of social and
cognitive behaviors (Anderson et al., 2012; Ewing-Cobbs et al., 2013). A low socioeconomic status exerts
a negative influence on cognitive and social outcomes for children with TBI, as does family stress
(Anderson et al., 2001; Schmidt et al., 2010; Yeates et al., 2004; Yeates et al., 1997; Yeates et al., 2010).
On the contrary, a supportive family environment and good parent mental health may foster resilience and
provide a degree of protection against the consequences of a brain injury (Holland and Schmidt, 2015;
Yeates et al., 1997). Rodent studies in which the housing environment is altered (e.g., social isolation
compared to enriched, complex housing) have further demonstrated how sensitive behavioral outcomes
are to the environment (Kolb and Gibb, 2014), suggesting that efforts to optimize the early post-injury

environment may improve social outcomes (Holland and Schmidt, 2015).

Injury severity is another proposed risk factor for social dysfunction, although the evidence from patient
populations is conflicting to date. In several studies, severe TBI in young children has been associated

with poorer social interactions and social communication compared to complicated-mild or moderate TBI
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(Catroppa et al., 2008; Catroppa et al., 2015; Ewing-Cobbs et al., 2013). Supporting this concept,
experimental studies in which the brain insult was considered mild or concussive typically failed to detect
social deficits (Bajwa et al., 2016; Shultz et al., 2012; Shultz et al., 2011), although such an interpretation
may be confounded by differing test conditions and measures with differing sensitivities. In contrast,
some have argued that even a mild TBI during early childhood can disrupt normal socio-emotional
development, with significant consequences on social interactions later in life (Kaldoja and Kolk, 2015).
Such findings may be explained by differing thresholds at which specific functional domains are
vulnerable to perturbation after injury. Rodent models, in which a range of injury severities can be
generated and compared while controlling for other potential variables, may offer further insight in this

arena.

Lastly, the distribution of neuropathology resulting from a TBI during childhood or adulthood, in
particular the location of focal lesions, has received considerable attention in terms of its association with
functional deficits. Brain lesions resulting from pediatric TBI are very heterogeneous as in adults,
displaying varying combinations of focal and diffuse regions of damage (Bigler et al., 2013a). Frontal
brain regions are often affected by a TBI, likely due to their position within the skull (Wilde et al., 2012a;
Wilde et al., 2005). Importantly, the frontal lobes are among the last neural structures to achieve full
maturation (Giedd et al., 1999), and are crucial for higher-order social cognition and language processing
(Friederici et al., 2011; Mayes et al., 2015; Wilde et al., 2012b). Indeed, several clinical studies have
detected an association between frontal lobe injuries and the persistence of social deficits, including poor
social competence (Bigler et al., 2013b; Eslinger et al., 2004; Levan et al., 2015; Levin et al., 2004;
Spikeman et al., 2012; Wilde et al., 2012b). Such findings are inconsistent, as other investigators have
failed to demonstrate a link between lesion location or laterality and either cognitive or psychosocial
outcomes after a range of early life brain injuries, including focal lesions and acquired stroke (Greenham
et al., 2010; Jacobs and Anderson, 2002; Jacobs et al., 2011; Pavlovic et al., 2006; Power et al., 2007). In
the previously-described mouse model of pediatric TBI (Section 4.2), shifting a moderate-to-severe
unilateral injury from the parietal lobe to the frontal lobe recently yielded a surprisingly phenotype of
normal social behaviors after frontal injury (Chen et al., 2013). This intriguing finding raises further
questions, including the possibility that social deficits are mediated at least in part by damage to
hippocampal and parahippocampal structures after parietal lobe injuries (Felix-Ortiz and Tye, 2014;
Rubin et al., 2014), and that the extent of damage rather than lesion location or laterality is more
predictive of disruption to neural networks underlying complex social and cognitive skills (Anderson et
al., 2011).
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A final consideration regarding risk factors for social dysfunction after pediatric TBI is the concept that
an interaction between individual factors results in poorer social outcomes compared to either risk factor
alone (Holland and Schmidt, 2015). The double-hazard model describes how a combination of both
severe injury and young age at insult results in the poorest outcomes (Escalona, 1982). Others have
demonstrated poorer outcomes in individuals with both a more severe injury and a lower socioeconomic
status compared to those with only one risk factor (Anderson et al., 2005; Taylor and Alden, 1997).
Future clinical and preclinical studies in this area will provide a more comprehensive understanding of
risk and resilience factors which influence how and when social dysfunction manifests after TBI, which is
of importance for the appropriate timing and intensity of intervention strategies (Holland and Schmidt,
2015).

6. Moving forward: Delineating potential biological mechanisms

In this section, we consider two potential mechanisms which may underlie the manifestation of social
behavior dysfunction after pediatric TBI, synthesizing recent evidence from both clinical and

experimental studies.

6.1. Aberrant connectivity of the social brain network (SBN)

A complex interconnected system of functionally-specific neuroanatomical regions, distributed
throughout cortical and sub-cortical structures, appear to mediate the initiation and execution of social
behaviors in mammals (Eigure 4). In humans, this SBN incorporates areas involved in cognitive
processing (prefrontal cortex; medial, orbital and anterior cingulate), context evaluation (temporal cortex,
prefrontal cortices and amygdala), social recognition (fusiform area, superior temporal gyrus and
accessory olfactory bulb) and social motivation (ventral tegmental area and nucleus accumbens), with
downstream information and emotional processing (thalamus, hippocampus and amygdala), and finally
execution of behaviors (hypothalamus, periaqueductal gray, and brainstem motor and autonomic centers)
(Beauchamp and Anderson, 2010; Blakemore, 2008; Insel and Fernald, 2004; Misra, 2014; Sandi and
Haller, 2015). Laboratory studies have identified a SBN in rodents that largely overlaps with the human
network, including interconnectivity between prelimbic regions, amygdala and cortical regions, as well as

the hypothalamus and hippocampus (Kas et al., 2014; Siegel et al., 1999). Of note, the SBN is known to
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mature throughout childhood and adolescence, to gain increased refinement and functional specialization,
coinciding with the protracted development of higher-order social skills. This prolonged developmental
trajectory likely underlies the network's vulnerability to dysfunction when any of the many regions, neural

substrates or interconnecting pathways is disrupted by injury (Misra, 2014).
Insert Eigure 4 near here

Advanced neuroimaging modalities have proven particularly useful to date, identifying changes in the
SBN as a result of TBI during childhood, providing a unique opportunity to quantify the impact of TBI on
the developing brain, and improve prediction of social outcomes in this population. Using diffusion tensor
imaging (DTI) to identify microstructural white matter integrity, several studies have demonstrated that
moderate to severe TBI disrupts regions and pathways implicated in social cognitive networks (Ewing-
Cobbs et al., 2008; Levin et al., 2008; Levin et al., 2011; Wilde et al., 2006). Tensor or voxel-based
morphometric analyses of magnetic resonance imaging (MRI) has demonstrated widespread atrophy of
the social brain network after moderate-to-severe childhood TBI (Dennis et al., 2015), including
particular vulnerability of frontotemporolimbic structures implicated in poor ToM and adaptive behaviors
(Bigler et al., 2013a; Bigler et al., 2013b). Further, by examining normally-developing brains and those of
children diagnosed with autism spectrum disorder, specific long-range white matter tracts have been
identified as crucial to complex socio-emotional processing, implicating impairments in limbic

connectivity in social behavior dysfunction (Ameis and Catani, 2015).

Susceptibility weighted imaging (SWI) is a high resolution gradient-recalled echo sequence that
accentuates the magnetic properties of blood and blood product in the brain, rendering it particularly
sensitive to micro-hemorrhagic lesions commonly associated with traumatic axonal injury (Sehgal et al.,
2005). SWI is shown to be more sensitive in detecting traumatic lesions than computed tomography (CT)
or To-weighted MRI (Beauchamp et al., 2011), and demonstrates utility for prediction of cognitive
outcomes after pediatric TBI (Beauchamp et al., 2013; Ryan et al., 2014). In addition, new evidence
suggests that this technique has potential to unlock early prognostic biomarkers that may add predictive
value for social affective outcomes. In a recent longitudinal study that examined prospective links
between social cognition and SWI, children with TBI underwent MRI including SWI sequences at 2-8
weeks post injury and subsequently completed a social cognitive test battery at 6- and 24-months post
injury (Ryan et al., 2015b; Ryan et al., 2014). In line with previous evidence for heterogeneity of brain
lesions in children with TBI (Bigler et al., 2013a), SWI revealed a highly variable and anatomically

distributed pattern of microhemorrhagic lesions across children in the sample (Beauchamp et al., 2013).
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As depicted in Figure 5, microhemorrhagic lesions were most commonly identified in frontal temporo-
limbic regions commonly associated with the SBN, and more diffuse SWI lesions within this network
were prospectively associated with poorer cognitive ToM and pragmatic language skills at 6- and 24-
months post-injury (Ryan et al., 2015a; Ryan et al., 2015c). In a subsequent sub-study that examined the
relation between SWI lesions and higher level aspects of ToM, findings showed that the effect of SWI
lesions on ToM may interact with the child’s developmental stage, such that more diffuse acute micro-
bleeds may contribute to the time-dependent emergence of social cognitive dysfunction particularly

during adolescence (Ryan et al., 2015b).
Insert Eigure 5 near here

Although such studies suggest that high resolution MRI has potential to improve prediction of acute and
chronic socio-affective outcomes after TBI, knowledge of potential mechanisms to explain the robust
association between pediatric TBI and broader patterns of maladaptive behavior is lacking. Based on
preliminary evidence that links impairments in social cognition to diffuse structural brain abnormalities
and behavior problems including aggression and rule breaking, one possibility is that injury-related
alterations in SBN morphology confer risk for behavior problems via their influence on ToM. In order to
test this potential mechanism, Ryan et al. (under review) examined prospective longitudinal relationships
between sub-acute SBN morphology, ToM and chronic behavior problems in 98 children and adolescents
with mild-severe TBI. Interestingly, and in accord with the premises of conceptual models of social
outcome in childhood brain disorder, impaired ToM fully mediated the prospective association between

abnormal SBN morphology and more frequent behavior problems in children with TBI.

Overall, these findings converge to suggest that impaired ToM may contribute to the association between
TBI and increased risk for socially maladaptive behaviors, which persist or even worsen with time since
injury. While structural change in the SBN and its putative hub regions may represent a useful imaging
biomarker to identify children at risk for social cognitive impairments, these findings also have critical
implications for early assessment and intervention. Since these findings suggest that social cognitive
impairments contribute to the onset and maintenance of chronic behavior problems, early evaluation and
assessment are critical to facilitate timely interventions and reduce risk for chronic behavior problems.
Given the dearth of ecologically valid tools to capture the pre-requisite skills for real world social
interactions, further research and development of this area is critical to optimize rehabilitation and

outcome for children living with TBI.
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6.2. A neuroendocrine basis for social dysfunction

An alternative consideration, founded in reports of aberrant growth and sex hormones after TBI, is the
possibility that psychosocial outcomes after brain injury may be influenced by the neuroendocrine
response. Many hormones and neuropeptides including androgens and estrogens, serotonin, oxytocin,
arginine and vasopressin, modulate and influence socio-emotional and social behaviors in both rodents
and humans (Meyer et al., 2012; Neumann and Landgraf, 2012). For example, oxytocin is known to
promote pro-social interactions, attachment and maternal behaviours, in contrast to vasopressin which is
associated with anxiogenic and aggressive behaviors (Neumann and Landgraf, 2012). The actions of these
neuropeptides on social information processing and social recognition are regulated by gonadal
hormones, which themselves have been implicated in social behaviors (Choleris et al., 2009). Rodent
experiments using genetic or surgical manipulation have indicated that both estrogens and androgens are
necessary for normal social and sociosexual behaviors in males and females (Harada et al., 2009). In
addition, many neuroanatomical regions involved in social cognition are sexually dimorphic, including
septal and hypothalamic nuclei, and components of the circuitry involved in behavioral motivation (Kim
et al., 2015; Shah et al., 2004). The degree to which these sexual distinctions influence behavioral
outcomes after TBI is uncertain, although there is evidence of differential psychosocial and
communication problems in male versus female patients (Despins et al., 2015; Gerring et al., 2002;
Moreno and McKerral, 2015; Scott et al., 2015), even in young children (Collins et al., 2013; Kaldoja and
Kolk, 2015). Further studies are needed in this arena, as sex differences in how the developing brain

responds to pTBI may have important implications for both diagnosis and treatment after pTBI.

One of the mechanisms by which TBI may influence sex hormones is via direct or indirect damage to the
pituitary gland, which plays a central role in the regulation of gonadal as well as growth, diuretic and
stress hormones. The narrow pituitary stalk is vulnerable to direct damage by mechanical compression,
shearing or vascular injury, or indirectly compromised by brain swelling (Dusick et al., 2012;
Reifschneider et al., 2015). Haemorrhage, necrosis and fibrosis of the pituitary stalk, anterior and
posterior pituitary have been reported upon autopsy after fatal TBI (Klose and Feldt-Rasmussen, 2015;
Kornblum and Fisher, 1969; Tanriverdi and Kelestimur, 2015), and amongst survivors of adult TBI,
pituitary atrophy is evident by MRI up to at least 11 months post-injury (Maiya et al., 2008). Further,
rodent studies have identified an inflammatory response in the hypothalamus, associated with impaired
growth hormone levels, even in the absence of overt pituitary damage (Osterstock et al., 2014). Such
pathology suggests vulnerability of this region to TBI that may underlie post-traumatic hypopituitarism

seen in some patients despite the absence of obvious damage to the pituitary gland or stalk.
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In recent years, numerous studies have identified hypopituitarism as a common consequence of TBlI,
although the reported incidence varies considerably depending upon assay methodology, diagnostic
criteria, patient selection, and duration between injury and evaluation (Reifschneider et al., 2015;
Richmond and Rogol, 2014). Growth hormone and gonadotropin deficiencies are the most common
pituitary hormone abnormalities reported in TBI patients (Silva et al., 2015), however, any part of the

hypothalamic-pituitary axis can be affected.

Endocrine abnormalities associated with pituitary or hypothalamic damage after TBI can improve or
worsen with time, and in children with brain injury, such changes have the potential to significantly
impact QoL, particularly in the context of ongoing growth and puberty. Although a direct link between
neuroendocrine dysfunction and psychosocial abnormalities has yet to be identified, many of the
symptoms commonly associated with post-TBI pituitary deficiencies are likely to influence social
functioning, including fatigue, decreased memory and attention, low libido, depression and anxiety
(Reifschneider et al., 2015). In a rodent model of repeated, mild TBIs at adolescence, male rats showed
evidence of pituitary dysfunction including reduced levels of testosterone, growth hormone and insulin-
like growth factor-1 over time post-injury (Greco et al., 2013). Concurrent observations of a reduction in
sociosexual investigations at adulthood and stunted growth of sexual organs (Greco et al., 2015),
implicates neuroendocrine dysfunction as a potential mechanism underlying a range of aberrant social

behaviours after TBI.

7. Improving translation between experimental and human studies

At present there is considerable mismatch between study populations, testing paradigms, and outcome
measures used in experimental models compared to clinical investigation of social dysfunction after TBI.
Such disparities are important to define and discuss, to encourage improved translation of research
findings from bench-to-bedside and back again. Intellectual advancements in this field, including the
delineation of potential underlying mechanisms and therapeutic strategies, will depend upon increasing

alignment between preclinical and clinical research approaches.

A difference in study populations is an obvious discrepancy between human and rodent studies of social
behavior after TBI. The majority of experimental TBI studies to date have focused exclusively on male
subjects (Fenn et al., 2013; Klemenhagen et al., 2013; Koliatsos et al., 2011; Pandey et al., 2009; Semple
et al., 2012; Shultz et al., 2012; Shultz et al., 2011). This may be justified given the clinical presentation
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of a higher rate of TBI in boys compared to girls (Jager et al., 2000; Love et al., 2009), however, the
potential for sex differences in both neuropathology and social outcomes after TBI (see Section 6.2)
highlights the need to better understand the extent to which psychosocial functioning is affected in
females as well, with implications for the treatment of persistent symptoms (Schmidt et al., 2012).
Another population-related limitation is the age range of studied subjects, which is typically narrowly-

defined in animal studies yet may span multiple developmental transitions in children.

As is evident from this review, there are considerable discrepancies between the relatively simple social
behaviors currently assessed in experimental rodent models (e.g., social interactions), and those
evaluating more complex, higher order social functions in patients (e.g. ToM constructs). Lesion studies
in non-human primates provide the foundation for much of our understanding of the neuroanatomical
substrates which underlie social impairments (Amaral et al., 2003; Machado and Bachevalier, 2003).
However, the current use of primate and other large animal models for TBI research is limited due to
restrictive costs, practical and ethical considerations. The translational gap between rodent models and the
clinical context may be bridged somewhat by the inclusion of more sophisticated test paradigms in
rodents, in alignment with assessment measures used in patients. For example, recent evidence provides
support for social facilitation and empathy in rodents (Mogil, 2012). The affective state of one mouse
(e.g., pain) can influence the response of cohabitating conspecifics to noxious stimuli (Langford et al.,
2006; Panksepp and Lahvis, 2011), indicating social modulation of distress consistent with similar
observations of empathy in humans (Goubert et al., 2005). This novel paradigm requires further
validation across different disease and injury models, with reports of strain-specific differences in
behavioral and physiological responses to distress. Another interesting and potentially useful task for the
preclinical TBI setting may stem from the observation that inbred laboratory mice (e.g. C57BI/6 strain)
can distinguish some socially-atypical animals from normally-behaving controls (Shah et al., 2013).
Mirroring human qualitative assessments of social aptitude, in particular, the judgment of whether another
individual is interacting in a 'typical’ way, this paradigm may provide an interesting parallel to

questionnaire-based evaluations of social functioning after a brain insult.

Studies of social function in patients also have a unique set of challenges, with scope for improvements in
study design and data collection. There remains considerable heterogeneity and a lack of consensus in the
use of different outcome measures (for example, the Child Behavior Checklist versus the Strengths and
Difficulties Questionnaire), which limits the ability to compare and contrast between studies (Garcia et
al., 2015). Many of the existing measures cannot discriminate between specific domains of social

information processing, yet recently-developed tools to better assess complex social skills have not been
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adequately standardized (Section 3.2). Due to age-dependent trajectories in neurocognitive and
psychosocial performance, the same measure often cannot be used longitudinally, and there is a lack of

consistent tools across age groups.

Discrepancies in patient and proxy perspectives can also yield considerable differences in perceived level
of impairment, as noted earlier in Section 3.1. The identification of pre-existing problems in cognition
and behavior, which can have a considerable influence on the post-injury recovery trajectory, is limited
by our ability to measure the complexity of parenting styles and family environmental factors. Further,
limited availability of sensitive assessment tools during early childhood and infancy, compared to what is
available for older children and adults, restricts the ability to measure social competency particularly at a
young age (Bagner et al., 2012).

Lastly, we advocate for improved incorporation and better alignment of neuroimaging modalities,
including DTI and SWI, in preclinical and clinical studies. As highlighted in Section 6.1, neuroimaging
techniques have considerable potential to unlock prognostic biomarkers markers of social outcomes.
Clinical neuroimaging, in combination with longitudinal imaging of rodent models with region-specific
experimental lesions, will continue to provide insight into key neuroanatomical regions and connections

underlying the observed social changes after pediatric TBI.

8: Translating current knowledge into evidence-based practice - future directions

Empirical evidence suggests that pediatric TBI has potential to derail social functions at any stage across
the course of development. The challenge remains to translate these findings into novel prognostic
approaches and post-injury rehabilitation programs to optimize outcomes for survivors. Traditional
clinical indicators such as Glasgow Coma Scale demonstrate poor prognostic utility for social outcomes
(Dennis et al., 2012; Rosema et al., 2012). As highlighted in Section 6.1, advances in modern
neuroimaging provide an opportunity to quantify the impact of TBI on the developing brain and identify

early prognostic markers that may improve personalized social outcome prediction in pediatric TBI.

An enriching environment is important for optimal development for children (Belsky and de Haan, 2011),
and evidence shows that the quality of the environment may play an even greater role in the context of
recovery from early brain insult (Anderson et al., 2012; Giza et al., 2005; Greenough et al., 1987). The

potential influence of developmental stage in treatment responses remains largely unclear, however,
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periods when the SBN undergoes significant structural and functional reorganization (e.g. the second
decade of life in humans) may reflect a sensitive time during which this neural circuitry may be
particularly amenable to environmental stimulation (Blakemore, 2008; Burnett and Blakemore, 2009). In
line with evidence that there exists ‘critical periods’ during which the developing brain may be
particularly amenable to enriching environmental inputs (Belsky and de Haan, 2011), rodent studies have
found qualitatively different changes in the distribution of synapses in young and old animals housed in
complex environments and those with tactile stimulation (Kolb et al., 2003). These morphological
alterations were associated with behavioral enhancement, and benefits were significantly greater for
animals injured earlier in development. Rodent models also suggest that the timing of post-injury
environmental enrichment is critical, such that better recovery is associated with exposure to an enriched

environment during the post-acute recovery period (Giza et al., 2005).

Interventions which directly target children’s social cognitive skills are sparse, possibly reflecting the
limited availability of theoretically driven, psychometrically robust assessment tools to reliably quantify
change in social cognitive function pre-and post-intervention. Further development and validation of
social assessment tools in large normative samples may assist to facilitate advances in this area. Efforts by
clinicians and parents to proactively target potentially modifiable, identified risk factors (e.g.,
socioeconomic status, family environment, access to resources) may translate into optimal recovery and

outcome for children with TBI.

Context-sensitive intervention programs aim to optimize post-injury outcome by placing the family unit at
the center of the rehabilitative process (Braga et al., 2005). Grounded in the developmental context that is
unique to pediatric brain injury, this context-sensitive family based approach adopts a holistic,
individualized focus that involves training parents and teachers to stimulate motor, cognitive, sensorial,
and language development within the context of the child’s everyday routines and environment (Braga et
al., 2006). This methodology involves a 2-week intensive family-focused training program that is
delivered alongside an individualized family manual to reinforce learned strategies. Further, it provides
tools to enable parents and clinicians to collaboratively evaluate the child’s progress, set new goals, adjust
the treatment program, and modify the training manual during bi-weekly visits to the clinic over the
course of one year. A randomized, controlled trial study demonstrated the effectiveness of this context-
sensitive methodology, with evidence for statistically significant improvements in cognitive and motor
outcomes compared to children receiving direct clinician-delivered interventions (Braga et al., 2005).
Similarly, the efficacy of the family-centered model is shown to generalize to social and behavioral

domains, with evidence that parent training programs for management of challenging behaviours may
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markedly improve child outcomes and contribute to maintenance of gains over time (Woods et al., 2014a;
Woods et al., 2014b).

While hormonal processes may influence aspects of social behavior that are commonly vulnerable to the
effects of pediatric TBI, the efficacy and tolerability of pharmacological treatments for post-injury social
dysfunction in the TBI population is largely unknown. One potential therapeutic target is the hormone
oxytocin and its receptors, which has been identified as having an important role in social cognition
(Prehn et al., 2013), and is shown to enhance peer recognition and bonding behavior across numerous
mammalian species (Donaldson and Young, 2008; Leknes et al., 2013). Consistent with these findings,
results from a recent randomized clinical crossover trial of young children with autism revealed that
compared with placebo, a 5-week oxytocin nasal spray treatment regimen led to significant improvements
on the primary outcome of caregiver-rated social responsiveness (Yatawara et al., 2015). Though these
preliminary findings suggest that pharmacotherapy may increase affiliative social behaviors in young
children with autism, the strength of these findings is weakened by small sample size and sole reliance on
a single parent-report measure of outcome. On this basis, further research is required to replicate these
findings in large samples and establish whether the study findings generalize to other pediatric
populations - particularly children with TBI, in whom social impairments may be associated with highly
variable brain pathologies that gives rise to complex and highly heterogeneous clinical syndromes in

individual children.

9. Conclusions

Social dysfunction is one of the most debilitating and persistent problems reported after pediatric TBI.
Despite increasing recognition of its important influence on long-term QoL and well-being, social
outcomes have been afforded little attention in experimental TBI models to date, and our understanding of
how social impairments may emerge, evolve and resolve over time after early life injury remains very
poor. This review has provided an overview of the psychosocial consequences that commonly result from
pediatric TBI, from both clinical and experimental perspectives. An inclusive discussion of both rodent
and human data identified areas requiring further translational research into underlying biological

mechanisms of post-injury social impairments.

Collaboration between basic researchers and clinicians, including neuropsychologists and rehabilitation

therapists, should encourage the development and incorporation of behavioral and neuroimaging
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assessment tools for higher order social skills, and greater alignment between experimental and clinical
studies. Animal models provide an arena to test hypotheses regarding potential mechanisms underlying
impaired social competency that may not be possible in the clinical setting, as well as trial interventions
aimed at improving social outcomes. Further, rodent models may inform clinicians regarding novel and
identified risk and resilience factors, allowing for better prediction of outcomes on an individual basis.
Experimental models provide evidence that functional recovery can be modulated after early life brain
injury, for example, by interactive behavioral therapies or supplementation of neurotrophic factors (Kolb
et al., 2011). Clinically, although the provision of heavily-enriched social stimuli by therapists and
caregivers has the potential to alleviate or prevent the emergence of social deficits over time, efficacious
interventions to promote psychosocial outcomes after childhood TBI are limited to date (Ross et al.,
2011a; Yeates, 2013). Understanding the neurobiological basis of social dysfunction after TBI,
particularly in relation to the maturation state at the time of insult, may lead to the design of age-
appropriate interventions to promote a normal developmental trajectory and enhance recovery after injury
(Misra, 2014).
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Figure 1: Heuristic model of social competence. Reproduced with Yeates et al. (2007), with permission
from the American Psychological Association.
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Figure 3: Assays for social behavior in rodents. A range of experimental paradigms can be used to

evaluate social behaviors between rodents, including the evaluation of social interactions in a neutral

environment (a) or home cage of the test animal (b). The three-chamber apparatus provides a measure of

sociability (c) and subsequent evaluation of social recognition memory (d). Social behaviors can
alternatively be examined within a group housing context (e). Social communication may be quantified

by the deposition of urinary scent marks in response to a conspecific (f). Adapted from Sandi (2015).
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Figure 4: The social brain network in humans and rodents. Key brain regions involved in the social brain
network in humans and rodents. PFC, prefrontal cortex; ACC, anterior cingulate cortex; cc, corpus
callosum; Th, thalamus; Am, amygdala; NAc, nucleus accumbens; Hpc, hippocampus; Hyp,

hypothalamus; PAG, periaqueductal gray.
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Figure 5: Distribution of brain lesions in the social brain network after pediatric TBI. Probability
distribution of brain lesions detected using SWI in the left lateral (A), left medial (B), right lateral (C) and
right medial (D) hemispheres. Lesion distributions were created by aligning the individual T1 images to
the Montreal Neurological Institute template using the non-linear normalization procedure in Statistical
Parametric Mapping 8 (SPM8). The lesion maps were normalized using the same transformations. The
aligned lesion masks were averaged to produce a single image illustrating the distribution of lesions in the
study population. Hotter colors indicate the co-location of lesions in multiple subjects. Lesions were most
prominent in frontal regions [frontal only = 15 patients, frontal + extrafrontal only = 6, frontal + other
regions (CC (corpus callosum) = 1, deep gray + CC =1, cerebellum = 1, cerebellum + CC = 1)], followed
by extrafrontal regions only (N = 6). A small number of patients (4) had lesions in several areas (frontal
+ extrafrontal + cerebellum = 2, frontal + extrafrontal + deep gray = 1, frontal + extrafrontal + CC = 1).
Very few patients had lesions solely in the CC (1), cerebellum (1) or deep gray (0) regions. Reproduced
from Beauchamp et al. (2013).
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Table 1: Survey of social outcome instruments in studies of pediatric TBI.

HMSC Construct Definition Measures Author Age range Form
Social adjustment “The degree to which children get ~ Vineland Adaptive Behavior Scale: Sparrow et al. (1984) 0-90 years Parent
along with their peers; the degree VABS
to which they engage in adaptative,
competent social behaviour; and Child Behaviour Checklist: CBCL
the extent to which they inhibit . Achenbach & Rescorla (2001) 6-18 years Parent
aversive, incompetent behaviour. Eyberg Child Behavior Inventory:
(Crick & Dodge, 1994, p. 82). ECBI Eyberg and Robinson (1983)
Preschool & Kindergarten Behavior Merrell (2002) 2-16 years Parent
Scales-2: PKBS-2
Adaptive Behaviour Assessment
System: ABAS Harrison & Oakland (2005) 3-6 years Parent
Children’s Loneliness Scale: CLS) Asher et al. (1984)
Loneliness and Social Dissatisfaction
Scale: LSDS) 0-89 years Parent
Relational Provisions Questionnaire Biggs et al. (2010)
Harter Self Perception Profile for
Children 5-16 years Parent
Community Integration
uestionnaire: Cl
Q Q Hayden (1989) 5-18 years Parent
The Sydney Psychosocial
Reintegration Scale for Children.
Harter (1985)
5-16 years Parent
Willer et al., (1993)
8-16 years Parénd



Social Interaction

Social information
processing

“refers to the social actions and
reactions between individuals and
groups adapted to the situation”
(Beauchamp & Anderson, 2010)

“is conceived as involving a series
of distinct problem solving steps
that are implemented when
children respond to social
situations. Such steps would
commonly involve interpreting
cues, clarifying goals, generating
alternative responses, and
evaluating the outcome” (Yeates et
al., 2007)

Friendship Quality Questionnaire

(FRQ)

Network of Relationships Inventory

Cognitive-Executive Functions

Emotion Regulation Checklist: ERC

10-minute delay of gratification task:

DGT
Flanker-No-Go Task

Test of Everyday Attention for

Soo et al., (2015)

Parker & Asher (1989)

Furman & Buhrmester (1985)

Shields and Cichetti (1998)
Mischel and Ebbesen (1970)

Bunge et al. (2001)

5-18 years

5-14 years

6-18

6-18

5-18 years

5-18 years

Parent

Parent

Child

Child

Child

Child
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Children (TeaCH)

Social-affective functions

The Jack & Jill Task
Emotional and Emotive Faces Task

The Ironic Criticism and Empathic
Praise Task

The Test of Language Competence-

Expanded Edition: Making Inferences

Interpersonal Negotiation Strategies
Interview

Facial Emotion Sorting
Faux Pas Test

Florida Affect Battery: FAB
Mind in the Eyes Test
Strange Stories Test

Virtual Reality Interpersonal
Negotiations Strategy

The Awareness of Social Inference
Test: TASIT

Comprehensive Assessment of
Spoken Language: CALS

NEPSY-II: Theory of Mind and
Affect Labeling

Manly et al. (1999)

Dennis et al. (2012)

Dennis et al. (2013)

Dennis et al., (2001)

Wigg, & Secord (1989)

Schultz et al. (1988)

Adolphs et al. (2001)
Baron-Cohen et al. (1999)
Bowers et al. (199)
Baron-Cohen et al. (2001)
Happe (1994)

Hanten et al. (2011)

6-18 years

6-16 years

5-16 years

5-16 years

5-16 years

5-18 years

5-18 years

All ages

6-18 years
6-18 years
6-18 years

6-18 years

Child

Child

Child

Child

Child

Child

Child

Child

Child

Child

Child

Child
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ACCEPTED MANUSCRIPT

5-18 years Child
Flanagan et al. (1998)
Carrow-Woolfolk (1999) 13-18 years Child
Brooks et al. (2009) 5-18 years Child
5-16 years Child

Note: Adapted from Rosema et al., 2012.
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Table 2: Key symptoms of social dysfunction after TBI in humans, and their hypothesized analogous behavioral test in rodents.

Human symptom

Analogous behavioral task in rodents

Evidence in experimental TBI

Inappropriate social
interactions

Reciprocal social interactions; social
approach

Reduced social investigation by male mice at adulthood after pediatric CCI (Semple et al. 2012; 2014)

Reduced social investigation by male mice after adult FPI (Fenn et al. 2013)

Preference for social novelty and social
recognition

Reduced social recognition by male mice at adulthood after pediatric CCI (Semple et al. 2012)

Reduced social recognition by male mice after adult blast injury (Koliatsos et al. 2011)

Reduced social recognition by male mice after adult repeated closed skull impacts in rats (Klemenhagen et
al. 2013)

Sociosexual interactions

Reduced sexual behavior towards a stranger female at adulthood after pediatric CCI in mice (Semple et al.
2014)

Reduced sexual behavior towards a stranger female after repeated adolescent closed skull impacts in rats
(Greco et al. 2015)

Reduced sexual behavior towards a stranger female after adult impact acceleration injury in rats (Pandey
et al. 2009)

Social play

Altered social play after mild TBI in young rats, dependent upon sex and injury status of stimulus rat
(Mychasiuk et al. 2014)

Social aggression

Resident-intruder paradigm

No effect on frequency or timing of fighting with a stranger male by adult male mice after pediatric CCl
(Semple et al. 2012)

Tube dominance test

Increased likelihood of exerting dominance over a stranger male, in adult male mice after pediatric CCI
(Semple et al. 2012)

Visible burrow system

Not yet investigated

Impairments in social
communication

Behavioral responses to social olfactory
cues (e.g. scent marking)

Reduced scent marking in response to a stranger female by adult male mice after pediatric CCI (Semple et
al. 2014)

Reduced scent marking in response to a stranger female by adult male mice after adult CCI and CHI
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(Bajwa et al. in press)

Ultrasonic vocalizations during social Increased number of high frequency vocalizations by adult male mice after pediatric CCl, in response to a
encounters stranger female or female bedding, dependent upon prior exposure to females (Semple et al. 2014).

Social cognition Social odor recognition Impaired social odor recognition memory at 45-90 days after mild TBI in adult rats (Zhang et al. 2015)
Social transmission of food preference Not yet investigated in TBI

Theory of Mind deficits Location of buried food following Not yet investigated in TBI

observation of conspecifics

Social transmission of food preference Not yet investigated in TBI

Adapted from Crawley et al (2004). CCI = controlled cortical impact; CHI = closed head injury; FPI = fluid percussion injury.
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