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Neurobehavioral processes supporting social competence in typical and atypical development 

 

Abstract 

While some people navigate complex and dynamic social landscapes with ease, others struggle to 

connect with others. Difficulties in social competence may have enduring consequences for mental health 

and psychosocial well-being. To better understand typical and atypical patterns of social development, it is 

critical to investigate how neurobiological and environmental processes shape social behavior. Therefore, 

the current dissertation explores how neural processes supporting social cognition contribute to variation in 

healthy social development (Study 1) and how such processes may go awry in atypical development, 

contributing to marked social difficulties (Study 2). In addition, this dissertation begins to probe the impact 

of early caregiving on developmental trajectories of self-regulation, a cornerstone of social competence, 

and their long-term effects on peer relations and mental health (Study 3). Study 1 characterizes neural 

correlates of theory-of-mind (ToM) among school-age children and demonstrates associations between 

ToM network function and children’s everyday social cognitive behavior. Study 2 identifies neural 

correlates of simulation and reveals transdiagnostic associations with global social function across 

psychiatrically-healthy controls and individuals with schizophrenia, a neurodevelopmental disorder. Using 

data from the Bucharest Early Intervention Project randomized controlled trial, Study 3 indicates that the 

effects of early caregiving environments on self-regulation among institutionally-reared youth may emerge 

over the course of adolescence, and that growth in this pivotal capacity may be a mechanism by which 

family-based care mitigates the impact of institutionalization on adolescent psychopathology. Together, 

these three studies begin to elucidate how both neurobiological and environmental processes impact core 

facets of social competence in typically- and atypically-developing populations, identifying potential 

targets for future interventions seeking to remediate social difficulties. 
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INTRODUCTION 
 

Dimensions of social competence  

Over the past three decades, there has been increasing scientific interest in the development 

of social competence. The idea of “competence” in everyday situations is central to how we think 

about key indicators of mental health, including behavioral adjustment, subjective well-being, and 

psychopathology. Furthermore, a growing body of research suggests that childhood social 

competence can predict later psychosocial outcomes, including internalizing problems (Burt et al., 

2016), academic attainment (Jones, Greenberg, & Crowley, 2015; Rabiner, Godwin, & Dodge, 

2016), criminal activity and substance use (Jones et al., 2015), and subjective well-being (Olsson, 

McGee, Nada-Raja, & Williams, 2013). Despite its relevance to clinical conceptualization and 

real-world outcomes, there is no clear consensus on what constitutes socially-competent behavior. 

Some empirical approaches have assessed social competence based on a set of valued interpersonal 

skills (Gresham, Elliott, Cook, Vance, & Kettler, 2010), while others have defined competence in 

terms of functional outcomes (Cornblatt et al., 2007; Sparrow, Cicchetti, & Balla, 2005) or peer 

relations (Ollendick, Weist, Borden, & Greene, 1992; Parker & Asher, 1987).  

However, most definitions of social competence in psychological science converge on a 

general concept of “effectiveness in interaction” within a given developmental and environmental 

context (Dodge, 1985; Goldberg, 1977; Rose-Krasnor, 1997). To be socially effective, individuals 

must be able to interpret others’ behavior and modulate their own behavior appropriately in order 

to maintain positive relationships and generate a functional response that is adaptive for the 

situation. In this way, competence requires social intuition and flexibility, as some behaviors may 

be considered competent in some contexts but inappropriate in others. In this dissertation, we 

utilize measures of multiple processes that comprise social competence, including social cognition, 



 

 2 

self-regulation, peer relations, and global social function. While each of these constructs 

contributes to socially-competent behavior, we note that none are sufficient per se to navigate the 

complex and dynamic social landscapes that humans encounter on a daily basis. 

 

Social cognition and its contributions to healthy social development  

To interact with others, people recruit a sophisticated set of social cognitive abilities 

(Herrmann, Call, Hernàndez-Lloreda, Hare, & Tomasello, 2007; Premack & Woodruff, 1978). 

Theory of Mind (ToM)–– the capacity to reason about the unobservable, internal states of others, 

including thoughts, feelings, beliefs, and intentions–– allows us to infer why people are acting a 

certain way. These mental state inferences, in turn, allow people to interpret others’ actions in 

social contexts, predict what they might do next, and shape their own social behavior appropriately 

in response. In this way, ToM helps humans navigate their complex and dynamic social worlds. 

ToM abilities and usage mature over the course of childhood and adolescence. 

Fundamental precursors of ToM, such as gaze-following (Wellman, Phillips, Dunphy-Lelii, & 

LaLonde, 2004)  joint attention (Charman et al., 2001) and imitation (Olineck & Poulin-Dubois, 

2007), develop within the first two years of life. False belief understanding, an earlier-emerging 

aspect of ToM, emerges shortly afterward. In order to reason about others’ false beliefs, a child 

must distinguish between the content of others’ minds and reality, providing compelling evidence 

of representational ToM. Studies employing nonverbal measures of false belief understanding 

suggest that infants are capable of basic reasoning about false beliefs before two years of age 

(Onishi & Baillargeon, 2005; Southgate, Senju, & Csibra, 2007). The capacity to explicitly reason 

about false beliefs emerges between the ages of 3 and 5, with children transitioning from below-

average to above-average performance on standard false belief tasks (Liu, Wellman, Tardif, & 
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Sabbagh, 2008; Wellman, Cross, & Watson, 2001). Mental state reasoning abilities continue to 

develop well beyond early childhood: a growing body of research indicates that more sophisticated 

ToM abilities–– and the propensity to deploy these skills spontaneously and flexibly–– continue 

to mature well into adolescence (Blakemore, 2011; Devine & Hughes, 2013; Dumontheil, Apperly, 

& Blakemore, 2010).  

Individual differences in ToM may have important consequences for social development. 

ToM ability in childhood is associated with variation in multiple aspects of social competence in 

daily life, including mind-reading in everyday conversation (De Rosnay, Fink, Begeer, Slaughter, 

& Peterson, 2014), peer acceptance (Slaughter, Dennis, & Pritchard, 2002), popularity (Slaughter, 

Imuta, Peterson, & Henry, 2015), and prosocial behaviors (Imuta, Henry, Slaughter, Selcuk, & 

Ruffman, 2016). Moreover, emerging longitudinal studies suggest that childhood ToM 

prospectively predicts less involvement in bullying (Shakoor et al., 2012), greater peer acceptance 

(Caputi, Lecce, Pagnin, & Banerjee, 2012), and better overall social skills later in development 

(Devine, White, Ensor, & Hughes, 2016). Investigating social cognitive processes that support 

social competence in typical and atypical development could yield important insights into core 

mechanisms supporting normative development–– and how these may go awry in vulnerable 

clinical populations. 

 

Exploring the “social brain”: neural mechanisms supporting social cognition 

  The cognitive demands of navigating intricate social systems shaped the evolution of the 

human brain (Brothers, 1996). Over the past three decades, neuroscientific studies have sought to 

elucidate the structure and function of the specific neural systems that support fundamental aspects 
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of social cognition. In particular, a growing body of research has sought to examine neural 

mechanisms underlying our unique capacity to think about others’ thoughts and feelings.  

Two prominent theoretical perspectives have largely guided functional neuroimaging 

research on ToM: the “theory-theory” and “simulation theory” of social cognition (Alcalá-López, 

Vogeley, Binkofski, & Bzdok, 2018; Keysers & Gazzola, 2007). Theory-theory posits that children 

develop a naive theory of the mind, in which a set of principles about how unobservable mental 

states relate to overt behavior are used to generate causal explanations and predictions of others’ 

actions. (Gopnik & Wellman, 1992)  Functional magnetic resonance imaging (fMRI) studies in 

both children and adults point to a distributed set of neural regions, including the bilateral 

temporoparietal junction (TPJ), precuneus/posterior cingulate cortex (PC/PCC), and medial 

prefrontal cortex (MPFC), which are recruited when participants are instructed to make explicit 

mental state attributions (Dufour, Redcay, Young, Mavros, & Moran, 2013; Gweon, Dodell-Feder, 

Bedny, & Saxe, 2012; Saxe, Whitfield-Gabrieli, Scholz, & Pelphrey, 2009; Schurz, Radua, 

Aichhorn, Richlan, & Perner, 2014). In particular, the TPJ and PC/PCC demonstrate enhanced 

activity when reasoning about the content of others’ epistemic (e.g., belief or intentions) versus 

non-epistemic internal states (e.g., hunger or tiredness) or relevant social information about 

another person, implicating these regions in specifically supporting ToM (Saxe & Powell, 2006).  

In contrast, simulation theory proposes internal simulation as the primary mechanism by 

which people understand others’ minds (Gallese, 2007). In this framework, neural representations 

of observed experiences are generated within the same brain regions that support firsthand 

experiences, facilitating mental simulation (Gallese & Goldman, 1998; Mitchell, 2005). By 

simulating the experience of another person, an observer can imagine what she might think or feel 

in a similar situation, facilitating inferences about the other person’s thoughts or emotions (Waytz 
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& Mitchell, 2011). Neuroimaging studies indicate the presence of “mirror”-like neural 

mechanisms––recruited by both observation and execution–– in a network that includes the 

inferior frontal gyrus, superior temporal sulcus, premotor cortex, pre-motor, and somatosensory-

related cortices (Keysers & Gazzola, 2009). In particular, the sensorimotor cortices (SC) [including 

the somatomotor, primary somatosensory, and secondary somatosensory cortices] appear to be 

involved in representing others’ emotional experiences, demonstrating enhanced activation during 

affective mentalizing  and empathy tasks (Hooker, Verosky, Germine, Knight, & D’Esposito, 

2010; Molenberghs, Johnson, Henry, & Mattingley, 2016; Ochsner et al., 2004). 

Importantly, these theoretical perspectives–– and underlying neural systems–– are not 

incompatible with each other (Alcalá-López et al., 2018; Mitchell, 2005). Theory and simulation 

mechanisms may be engaged concurrently (Grezes, Frith, & Passingham, 2004; Zaki, Weber, 

Bolger, & Ochsner, 2009) or interact with each other (Keysers & Gazzola, 2007; Molenberghs et 

al., 2016) to support higher-order social cognition. In addition, they may be deployed under 

different sets of circumstances to facilitate social understanding (Alcalá-López et al., 2018; Cheng, 

Chen, Lin, Chou, & Decety, 2010; Waytz & Mitchell, 2011). The integrity of one or both processes 

could affect key facets of social competence, including use of social cognition in everyday life and 

overall social function. Thus, investigating neural theory and simulation mechanisms may yield 

valuable insights into how these processes function in typical development and elucidate how these 

processes might go awry in atypical development, contributing to marked social deficits. 

 

Disruptions of social cognition and function in schizophrenia 

Social dysfunction is a central, debilitating feature of schizophrenia spectrum disorders, a 

form of psychopathology characterized by a combination of positive and negative symptoms 
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(American Psychological Association., 2013). A growing body of research supports the hypothesis 

that schizophrenia is a neurodevelopmental disorder, in which a complex interplay of genetic and 

environmental factors disrupt healthy development of brain and behavior, culminating in the onset 

of clinical symptoms in early adulthood (Fatemi & Folsom, 2009; Rapoport, Addington, Frangou, 

& Psych, 2005). Aberrant development of core social competencies may have particularly 

important prognostic implications. Pronounced social deficits are among the earliest and most 

enduring features of schizophrenia, preceding psychotic symptoms (Addington, Penn, Woods, 

Addington, & Perkins, 2008) and persisting throughout the course of illness (Addington & 

Addington, 2000). Moreover, longitudinal studies suggest that social impairment is a primary risk 

factor for psychotic disorders, predicting the onset of psychosis (Cannon et al., 2008) and future 

positive symptoms (Collip et al., 2013). 

Dysfunction in core social cognitive processes may contribute to impaired social 

competence in SZ. Individuals at clinical high risk for developing psychosis demonstrate poorer 

ToM compared to psychiatrically-healthy controls over time, suggesting that social cognitive 

impairments are present prior to the onset of frank psychosis (Piskulic et al., 2016; Shakeel et al., 

2019). In addition, both individuals with schizophrenia and those in remission demonstrate 

impaired performance on tests of mental state reasoning, although this impairment may be more 

severe in the acute phase of illness (Bora, Yucel, & Pantelis, 2009; Sprong, Schothorst, Vos, Hox, 

& Van Engeland, 2007). Deficits in perspective-taking can co-occur with impaired mental state 

reasoning, suggesting that difficulties in simulating how others see the world may play a role in 

impaired social cognition and behavior in schizophrenia (Langdon & Coltheart, 2001; Langdon, 

Coltheart, & Ward, 2006). Individuals with schizophrenia also show poor behavioral imitation, 

further suggesting impairment of simulation mechanisms (Matthews, Gold, Sekuler, & Park, 2013; 
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Park, Matthews, & Gibson, 2008; Schwartz, Mastropaolo, Rosse, Mathis, & Deutsch, 2006). 

Despite its potential relevance to understanding the etiology of social impairment in SZ, prior 

studies have not directly tested the neural mechanisms supporting internal simulation in this 

clinical disorder. Elucidating the neural mechanisms that support simulation of salient experiences 

and evaluating their associations with competence in everyday life may help advance scientific 

understanding of social dysfunction in SZ.  

 

Self-regulation in social situations: the effects of early environment 

However, social understanding does not always translate into everyday social competence. 

Self-regulation, broadly defined as ability to modulate thoughts, feelings, and behavior, is critical 

to guiding social behavior. A growing body of research suggests that basic modulation of arousal 

and motor actions emerges within the very first years of life (Fox & Calkins, 2003; Rothbart & 

Derryberry, 1981). These early self-regulatory processes lay the foundation for the development 

of more sophisticated “effortful” control, in which salient responses are down-regulated in the 

service of competing goals and incentives (Kochanska, Murray, & Harlan, 2000). In this way, self-

regulation may facilitate selection of flexible, adaptive behavioral responses that are appropriate 

to a given context, supporting social competence (Cavell, 1990; Halberstadt, Denham, & 

Dunsmore, 2001) and psychological adjustment (Eisenberg et al., 2004; Shields, Reardon, 

Brandes, & Tackett, 2019). 

Children demonstrate substantial natural variation in self-regulation, with some children 

exhibiting poorer modulation of strong emotions and behavior than same-age peers from early in 

life (Fox & Calkins, 2003; Mangelsdorf, Shapiro, & Marzolf, 1995). These within-individual 

differences in self-regulation show moderate, trait-like stability across development (Coyne & 



 

 8 

Wright, 2014; Moffitt et al., 2011; Vazsonyi & Huang, 2010) and can have wide-ranging effects 

on psychosocial well-being. For example, childhood self-regulation is associated with 

development of social skills (Eisenberg et al., 1993), prosocial tendencies (Kanacri, Pastorelli, 

Eisenberg, Zuffianò, & Caprara, 2012), school readiness (Blair & Raver, 2015; Eisenberg, 

Valiente, & Eggum, 2010), and vulnerability to childhood psychopathology (Martel et al., 2017; 

Shields et al., 2019). The effects of childhood self-control can persist into adulthood, impacting 

school achievement, criminal offending, and psychiatric outcomes decades later (Duckworth, 

Quinn, & Tsukayama, 2012; Fergusson, Boden, & Horwood, 2013; Moffitt et al., 2011). Together, 

these findings indicate that stable individual differences in self-regulation may have important 

consequences for child development. 

A convergent line of research indicates that early caregiving environments shape self-

regulatory development. In the context of emotional regulation, Morris and colleagues propose 

that children develop self-regulation from observation of family members, parenting practices 

related to emotion processing and regulation, and the affective climate of the caregiving 

environment (Morris, Silk, Steinberg, Myers, & Robinson, 2007). In line with this theoretical 

framework, consistent, responsive, and warm parenting tends to be associated with better 

regulation of emotions and behavior among children (Feldman, Greenbaum, & Yirmiya, 1999; 

Finkenauer, Engels, & Baumeister, 2005; Fox & Calkins, 2003; Ng-Knight et al., 2016; Vazsonyi 

& Huang, 2010). Better self-regulation, in turn, contributes to healthy social and emotional 

development (Baker & Hoerger, 2012; Finkenauer et al., 2005; Sameroff & Mackenzie, 2003). 

Children reared in institutional settings are subject to profound disruption of their early 

caregiving environments. Institutions worldwide tend to be characterized by low caregiver-to-

child ratios, rotating shifts, and fixed routines that are unresponsive to individual needs of children 
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(Berens & Nelson, 2015; Smyke et al., 2007); in this way, institutionalized children may be 

deprived of the stable, responsive caregiving that scaffolds healthy development of self-regulation. 

Emerging evidence supports a link between early institutionalization and poor self-regulation, 

including reduced executive control (Pollak et al., 2010; Wade, Fox, Zeanah, & Nelson, 2019), 

emotional dysregulation (Tottenham et al., 2010), and disinhibited social behavior (Chisholm, 

1998; Gleason et al., 2014; Guyon-Harris, Humphreys, Fox, Nelson, & Zeanah, 2018; Sonuga-

Barke et al., 2017) from childhood into young adulthood. Such difficulties in regulating emotions 

and behavior in everyday social contexts could in, turn, contribute to the heightened vulnerability 

to peer difficulties (Hodges & Tizard, 1989; Humphreys et al., 2018; Pitula et al., 2014) and 

psychopathology (Colvert et al., 2008; Gunnar & Van Dulmen, 2007; Sonuga-Barke et al., 2017; 

Wiik et al., 2011) observed among post-institutionalized youth.  

Findings from the Bucharest Early Intervention Project (BEIP), the first randomized 

controlled trial of foster care as intervention for institutionally-reared children (Zeanah et al., 

2003), suggest that these harmful effects can be mitigated. Longitudinal evidence from this trial 

suggest that early removal from institutional settings––and placement into family-based care–– 

can lead to better social and emotional outcomes later in childhood (Almas et al., 2012, 2015; 

Ghera et al., 2009; Smyke, Zeanah, Fox, Nelson, & Guthrie, 2010). However, further research is 

needed to evaluate how foster care intervention impacts the development of self-regulation in 

everyday social contexts in post-institutionalized children. Moreover, despite prior work 

suggesting that self-regulation may be a central mechanism supporting social and emotional well-

being (Kim & Cicchetti, 2010), the developmental pathways by which foster care might reduce 

vulnerability to social difficulties and psychiatric struggles in institutionally-reared youth remain 

unclear. 
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Overview of studies 

This dissertation leverages both neural and behavioral measures to examine processes 

underpinning fundamental aspects of social competence. Through this set of studies, I aim to 

characterize how social cognition and self-regulation operate to facilitate healthy social 

development and how disruptions to these mechanisms may contribute to significant social 

difficulties in atypically-developing clinical populations, i.e., individuals with schizophrenia and 

children exposed to extreme psychosocial deprivation. 

First, the current dissertation explores how neural processes supporting social cognition 

contribute to variation in healthy social development (Study 1) and how such processes may go 

awry in atypical development, contributing to marked social difficulties (Study 2). Study 1 

characterizes patterns of neural activity and connectivity in middle childhood elicited by explicit 

ToM reasoning and evaluates their contributions to variation in children’s social cognitive 

behavior in real-world settings (Mukerji, Lincoln, Dodell-Feder, Nelson, & Hooker, 2019). Study 

2 tests whether simulation elicits specific representations within the same neural regions engaged 

by firsthand experience, a core assumption of simulation accounts of mental state understanding 

(Mukerji, Lincoln, Tully, Dodell-Feder, & Hooker, 2018). Furthermore, we compare the strength 

of these specific representations between individuals with schizophrenia and psychiatrically-

healthy adults and evaluate its associations with empathy and broader social function across 

diagnostic categories. Together, these studies elucidate core neural mechanisms supporting social 

cognition in typical and atypical neurodevelopment and their relations to fundamental aspects of 

social competence. 

Next, this dissertation tests the effects of early psychosocial experiences on the 

development of self-regulation, a cornerstone of social competence with important implications 
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for psychosocial well-being, among post-institutionalized children. Using longitudinal data from 

the Bucharest Early Intervention project, Study 3 evaluates growth trajectories of self-regulation 

in social contexts from ages 8 to 16 years among institutionally-reared children randomized to 

high-quality foster care or to remain in institutional care, in comparison to a never-institutionalized 

group. In addition, Study 3 tests a developmental pathway by which foster care reduces 

transdiagnostic risk of psychopathology at age 16 via growth in self-regulation and reduced peer 

difficulties. In this way, the final study of this dissertation seeks to test whether family-based care 

can mitigate the harmful effects of early institutional care on social development and mental health 

outcomes. 

Together, these three studies probe candidate processes supporting key aspects of social 

competence in typical and atypical development. Better understanding how social cognition and 

self-regulation operate to support flexible, adaptive social behavior could inform more effective, 

targeted interventions for individuals who have difficulty navigating the social world. 
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Neural correlates of theory-of-mind are associated with variation in children’s everyday social 

cognition 

 

Cora E. Mukerji, Sarah Hope Lincoln, David Dodell-Feder, Charles A. Nelson III,  

and Christine I. Hooker 

 

Please note, the final version of this study is published as:  
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ABSTRACT 
 

Theory of mind (ToM), the capacity to reason about others’ mental states, is central to 

healthy social development. Neural mechanisms supporting ToM may contribute to individual 

differences in children’s social cognitive behavior. Employing a false belief fMRI paradigm, we 

identified patterns of neural activity and connectivity elicited by ToM reasoning in school-age 

children (N=32, ages 9-13). Next, we tested relations between these neural ToM correlates and 

children’s everyday social cognition. Several key nodes of the neural ToM network showed greater 

activity when reasoning about false beliefs (ToM condition) versus non-mentalistic false content 

(control condition), including the bilateral temporoparietal junction (RTPJ and LTPJ), precuneus 

(PC), and right superior temporal sulcus (RSTS). In addition, children demonstrated task-

modulated changes in connectivity among these regions to support ToM relative to the control 

condition. ToM-related activity in the PC was negatively associated with variation in multiple 

aspects of children’s social cognitive behavior. Together, these findings elucidate how nodes of 

the ToM network act and interact to support false belief reasoning in school-age children and 

suggest that neural ToM mechanisms are linked to variation in everyday social cognition. 

 

Keywords: fMRI; effective connectivity; false belief; perspective-taking; empathy 
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1. INTRODUCTION 

 During middle childhood and early adolescence, children navigate complex social 

landscapes. Psychosocial challenges, such as school transitions, can exacerbate individual 

differences in social competence, widening the gap between socially-adept children and less-

skilled peers (Monahan & Steinberg, 2011). Poor interpersonal functioning is associated with 

negative outcomes, including lower academic achievement, problem behaviors, and 

psychopathology (Elliott, Malecki, & Demaray, 2001; Spence, 2003). To develop targeted 

interventions, it is critical to understand mechanisms that contribute to variation in children’s 

social functioning. 

 Social competence depends, in part, upon theory of mind (ToM). ToM allows us to 

represent others’ mental states, predict what they might do next, and generate an appropriate 

response. False belief (FB) understanding is an early-emerging ToM capacity widely assessed in 

the developmental literature (Wellman, Cross, & Watson, 2001). To reason about FBs, a child 

must understand that the content of a person’s beliefs can contradict reality, providing evidence of 

representational ToM (Wimmer & Perner, 1983). Between ages 3 and 5, children demonstrate 

above-chance performance on explicit FB tests. FB performance in early childhood predicts real-

world social behavior, including mind-reading (De Rosnay, Fink, Begeer, Slaughter, & Peterson, 

2014), popularity (Slaughter, Imuta, Peterson, & Henry, 2015), and social competence (Devine, 

White, Ensor, & Hughes, 2016). These findings suggest that ToM mechanisms contribute to 

variation in social development. 

Cognitive neuroscience research in adults has revealed a distributed set of neural regions 

supporting FB reasoning (Gallagher et al., 2000; R Saxe & Kanwisher, 2003): the bilateral 

temporoparietal junction (RTPJ and LTPJ), precuneus (PC), medial prefrontal cortex (MPFC), and 
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right superior temporal sulcus (RSTS). Prior functional magnetic resonance imaging (fMRI) 

studies in smaller samples indicate that children, ranging in age from 5 to 13, may recruit the same 

regions for ToM reasoning, suggesting the broader architecture of this ToM “network” emerges 

early in childhood (Gweon, Dodell-Feder, Bedny, & Saxe, 2012; Kobayashi, Glover, & Temple, 

2007; Ohnishi et al., 2004; Rebecca Saxe, Whitfield-Gabrieli, Scholz, & Pelphrey, 2009). 

However, neural ToM mechanisms may not yet be functionally mature. Preliminary studies 

suggest that children demonstrate increasing specialization of the TPJ for mental state content with 

age (Gweon et al., 2012; Rebecca Saxe et al., 2009). In addition, youths demonstrate decreasing 

MPFC activation with age across a variety of mental state reasoning (i.e., mentalizing) tasks, 

suggesting continued maturation from into adulthood (Blakemore, 2012).  

 Although this set of regions is conceptualized as a network, few studies have explored how 

these nodes interact to support ToM. Previous studies of ToM-related neural connectivity in 

children have employed different tasks and analyses at different ages, yielding distinct results. 

Recent work employing inter-region correlation analysis has indicated positive associations 

between ToM regions during passive viewing of an animated film in children (ages 3-12), 

suggesting emerging integration within the ToM network (Richardson, Lisandrelli, Riobueno-

Naylor, & Saxe, 2018). However, correlational approaches are limited in their ability to identify 

patterns of functional connectivity specific to mentalizing versus other cognitive processes. 

Psychophysiological interaction (PPI) analysis can help evaluate such questions by examining 

effective connectivity, i.e., the influence of activity in one neural region upon another, elicited by 

a certain task (Friston, 2011). For example, PPI analyses indicate greater frontotemporal 

connectivity when mentalizing about social versus non-social emotions in adolescents compared 

to adults, suggesting developmental changes in patterns of connectivity that support social-
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emotional reasoning (Burnett & Blakemore, 2009). Further work is needed to evaluate the 

functional integration of ToM regions when reasoning about other mental states (e.g., beliefs) 

during childhood. 

Although ToM is considered central to social development, few neuroimaging studies have 

directly evaluated this hypothesis. Developmental fMRI studies have yielded preliminary evidence 

that functional specialization of the RTPJ (Gweon et al., 2012) is associated with performance on 

lab-based ToM tasks. In addition, parent-reported ToM abilities have been linked to connectivity 

of the RTPJ with other ToM regions at rest (Xiao, Geng, Riggins, Chen, & Redcay, 2019). While 

studies in adults have implicated the LTPJ in facilitating general perspective-taking (Schurz, 

Aichhorn, Martin, & Perner, 2013) and the PC in mental imagery (Cavanna & Trimble, 2006), 

relatively little is known about the role of these ToM regions in supporting social cognition in 

childhood. Moreover, relations between task-modulated activity or connectivity in the ToM 

network and children’s social cognition in everyday contexts remain unclear. 

 Empathy, the capacity to represent and share the emotional experiences of others, is a 

related social cognitive process that is fundamental to social interaction (Singer & Tusche, 2014). 

Although representation of another’s affective experience is central to empathy, ToM and empathy 

rely––in part––upon overlapping neural mechanisms.  Empathy engages core nodes of the ToM 

network (including the TPJ and PC/posterior cingulate cortex), in addition to other neural circuitry 

supporting affective sharing (Bzdok et al., 2012; Völlm et al., 2006; Zaki, Weber, Bolger, & 

Ochsner, 2009). Further research is needed to explore whether neural ToM mechanisms contribute 

to variability in children’s empathy in everyday settings, as well as other facets of social cognition. 

In the current study, participants (ages 8-13) completed a FB fMRI task adapted for 

children. First, we aimed to test neural activity elicited by reasoning about false beliefs versus non-
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mentalistic false content (False Belief>False Photo; FB>FP), allowing us to identify regions 

specifically engaged by ToM processing during this developmental period. Second, we aimed to 

evaluate functional integration of key ToM regions. Generalized PPI analyses (gPPI) were used to 

examine effective connectivity between regions-of-interest (ROIs) in the ToM network during 

FB>FP, elucidating ToM-modulated changes in connectivity. Last, we aimed to explore 

associations between these neural ToM measures and multiple facets of everyday social cognition, 

including empathy. Therefore, we tested whether neural activity and effective connectivity in the 

ToM network explained variance in children’s self- and parent-reported social cognitive behavior. 

We predicted that when reasoning about false beliefs (FB>FP), school-age children would 

demonstrate (1) enhanced activation in key ToM regions and (2) greater effective connectivity 

between these regions. Moreover, we expected (3) the magnitude of task-modulated activity and 

connectivity would be associated with variation in children’s social cognition in everyday settings. 

 

MATERIALS AND METHODS 

Participants 

Data were collected from 41 children, ages 8 to 13, recruited from the greater Boston area. 

Inclusion criteria were: English-speaking, absence of neurological or major medical illness, head 

trauma, psychiatric disorder, and psychosis or autism spectrum disorder in first-degree relatives. 

All participants were screened for major childhood psychiatric disorders using the Kiddie Schedule 

for Affective Disorders and Schizophrenia for School-Age Children- Present and Lifetime Version 

(KSADS-PL) (Kaufman et al., 1997) or the Child/Adolescent Symptom Inventory-4 (Gadow & 

Sprafkin, 1998, 2002). Data from 9 participants were excluded due to low neuroimaging data 

quality (see “fMRI acquisition and analysis” for additional details), yielding a final sample of 32 
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children ages 9-13. Demographics and IQ are reported in Table 2.1. In accordance with the 

Institutional Review Board at Harvard University, parents provided written consent and children 

provided written assent prior to participation. Families were compensated for participation. 

 

Measures 

Assessments of social cognitive behavior 

Participating families were administered child- and parent-report measures to evaluate 

children’s everyday social cognitive behavior. Parents completed the Social Responsiveness 

Scale-2 (SRS), a 65-item scale that assesses children’s social behavior in natural settings 

(Constantino, 2002; Frazier et al., 2014). Although the SRS was developed to identify social 

difficulties associated with autism, it has been used to identify more subtle difficulties in reciprocal 

social behavior in the general population (Constantino & Todd, 2003, 2005). The social awareness 

subscale (SRS-Awr) evaluates the ability to notice and respond to social cues (e.g., “Focuses his 

or her attention to where others are looking or listening”). The social cognition subscale (SRS-

Cog) evaluates the ability to interpret social situations and reason about others’ intentions and 

behaviors (e.g., “Doesn’t recognize when others are trying to take advantage of him or her”). 

Higher T scores on these fundamental aspects of social cognition indicate poorer everyday 

function.  

Given prior research indicating that core regions of the ToM network are recruited to 

support reasoning about other’s mental states and emotional experiences (Bzdok et al., 2012; Vö 

et al., 2005), we also included specific measures of empathy. Children completed a modified 

version of the Interpersonal Reactivity Index (IRI) (Davis, 1980, 1983), a 28-item self-report 

measure that evaluates multiple facets of empathy. Participants rated the extent to which a 
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statement described them on a 6-point Likert scale (from “not at all like me” to “exactly like me”). 

We were specifically interested in assessing other-oriented aspects of empathy, i.e., empathic 

perspective-taking and concern, which support prosocial behavior (Litvack-Miller, McDougall, & 

Romney, 1997). The IRI-PT subscale evaluates the tendency to spontaneously adopt others’ 

perspectives (e.g., “I try to understand my friends better by imagining what things are like for 

them.”). The IRI-EC subscale assesses feelings of concern and sympathy for others (e.g., “I feel 

sorry for other kids whose lives are not as good as mine”). Behavioral data are reported in Table 

1.1. 

Table 1.1. Sample characteristics and behavioral data 
Ntotal 32 
Gender (male/female) 12/20 
Age (years) 11.06 (1.44) [9-13] 
Race/Ethnicity  

White or Caucasian 23 
Black or African American  0 
Hispanic or Latinx 1 
Asian or Asian American 2 
Native American 1 
Multiracial 5 

IQ (N=30)a 114.50 (12.66) [84-135] 
Social measures  
     IRI-PT (N=32) 21.03 (5.53) [7-30] 
     IRI-EC (N=32) 26.37 (4.03) [19-34] 
     SRS-Awr (N=23)b 46.35 (8.80) [32-64] 
     SRS-Cog (N=23)b 45.70 (7.55) [39-65] 
False Belief Task  

FB Accuracy (Total Correct) 6.09 (1.89) [2-9] 
FP Accuracy (Total Correct) 6.97 (1.77) [3-10] 
FB Response Time (s) 5.71 (1.03) [0.98-7.08] 
FP Response Time (s) 5.44 (1.20) [1.04-7.26] 

Notes. Data for age, IQ, and behavioral measures are presented as mean, (SD), [range]. aIQ was evaluated using either 
the Wechsler Intelligence Scale for Children-IV (N=12) or the Wechsler Abbreviated Scales of Intelligence (N=18); 
due to an omission in data collection, IQ scores were not obtained for two participants. bSRS data were obtained from 
23 participants. 

 

False belief fMRI task 
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In the scanner, participants performed a version of a false belief (FB) task employed in 

previous neuroimaging studies (Dodell-Feder, Koster-Hale, Bedny, & Saxe, 2011; R Saxe & 

Kanwisher, 2003). Stimuli consisted of pre-recorded stories read aloud by a neutral female voice, 

presented through headphones. These stimuli were adapted from a prior study of false belief 

understanding in adults (Dodell-Feder et al., 2011) to a third-grade reading level (Flesch, 1948; 

Kincaid, Fishburne, Jr, Rogers, & Chissom, 1975). 

In experimental trials, participants listened to a FB story (3-4 sentences), in which a 

character came to hold a false belief (e.g., “Jenny put her candy in the cupboard. Then she went 

outside. Allen moved the candy from the cupboard to the fridge. Then Jenny came inside.”). 

Following the story, participants responded to a True/False question regarding the character’s 

belief (e.g., “Jenny thinks she will find her candy in the cupboard”). In control trials, participants 

listened to a “false photograph” (FP) story, in which the content of an image or book became false 

or outdated (e.g. “A large oak tree stood in front of City Hall from the time the building was built. 

Last year the tree fell down. It was replaced by a stone fountain”). Participants then responded to 

a True/False question regarding the content of an image (e.g., “There is an old drawing of City 

Hall. It shows a fountain in front of the building”). Conditions were matched in terms of inhibitory 

demands and logical complexity. However, FB stories required that participants represent others’ 

mental states, while the FP stories did not, allowing identification of neural activity and 

connectivity associated with ToM. 

 

Procedure 

Children first completed a mock scan in our fMRI simulator to acclimate them to the 

scanning environment and practice minimizing movement. Participants were then read instructions 
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for the FB task by the experimenter and completed four practice trials to ensure task 

comprehension. In the scanner, participants completed the FB task, which consisted of 10 FB trials 

and 10 FP trials presented using PsychoPy software. Each trial consisted of an audio story (14s), 

followed by a True/False question (10s), and a fixation cross (10s). Participants were asked to log 

their responses via button-press at any time during the True/False question period; response times 

were recorded as an estimate of participants’ time on task. Children were accompanied by a 

research assistant, who sat by them to monitor task engagement. Trials were presented in fixed, 

pseudo-randomized order across 2 runs. Five FB and 5 FP trials were presented per run for a total 

run time of 11 minutes. 

 

fMRI acquisition and analysis 

Data acquisition and preprocessing 

Data were collected at the Center for Brain Sciences at Harvard University on a 3.0 Tesla 

Siemens Tim Trio scanner. An anatomical T1-weighted high-resolution structural image was 

acquired with a 3D MPRAGE sequence (176 sagittal slices, 1x1x1 mm voxels). Functional images 

were acquired with an interleaved, echo-planar imaging (EPI) sequence (40 oblique-axial slices, 

3x3x3 mm isotropic voxels; TR=2560; TE=3; flip angle=85○). Functional sequences employed 

Prospective Acquisition Correction (PACE), which updates slice acquisition during scanning for 

each time-point based on motion correction parameters computed from the prior two time-points 

(Center for Brain Science, Harvard University). 

fMRI data were preprocessed in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) 

within the general linear model framework. The first four volumes of functional runs were 

discarded prior to analysis to ensure steady-state magnetization. Preprocessing included slice-
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timing correction, realignment to the mean functional image, co-registration to the anatomical 

image, normalization to MNI template space, and smoothing with an 8 mm Gaussian kernel. Data 

were high-pass filtered at 128s.  

Within each subject, hemodynamic responses to question and story periods were modeled 

together within FB and FP conditions. FB and FP trials were modeled separately, with varying 

durations, to account for variability in response times. For each condition of interest (FB and FP), 

hemodynamic responses were modeled to the onset of story stimuli with a duration that reflected 

the sum of the fixed story presentation period (14 s) plus each participant’s average response time 

for trials in that condition. To model the off-task period ––after participants logged their behavioral 

responses but before the next fixation/baseline period––a “Post-Response” condition with varying 

onsets and durations was modeled based on each participant’s response times. 

Head motion may spuriously influence connectivity measures (Satterthwaite et al., 2012; 

Van Dijk, Sabuncu, & Buckner, 2012). Therefore, the Artifact Detection Toolbox (ART; 

http://www.nitrc.org/projects/artifact_detect/) was used to identify outlier scans in global signal (> 

±3 SD) and movement ( >0.5 mm of movement or 0.5 degrees of rotation from the previous 

volume), which were entered into the GLM as nuisance regressors. Nine participants with greater 

than 25% of functional scans identified as outliers were excluded from analyses. 

 

Activity: Whole-brain BOLD analysis 

To identify ToM-related activity, contrast files were generated for FB>FP. Multiple 

regression analysis was used to identify regions that demonstrated significant activation to FB>FP 

at the whole-brain level; participant age (in months) and task accuracy (number of correct 

behavioral responses for the condition of interest) were mean-centered and entered as covariates 
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in these second level-analyses. Initial statistical thresholds were set to p<.001, k>10, uncorrected. 

Regions that survive cluster-level correction for multiple comparisons (voxel threshold = p<.001, 

uncorrected, cluster-extent threshold = a<.05, FWE-corrected) are indicated with an asterisk in 

Table 1.2. Results for FP>FB are reported in Table S1.1. 

 
Table S1.1. Whole-brain analysis results (False Photo>False Belief) 

Region BA Cluster size 
MNI 

coordinates 
x y z 

Peak voxel 
t-value 

False Photo>False Belief     
IFG/MFG (L)* 46 292 -42 38 10 6.19 
ITG (R) 20/37 44 60 -46 -17 5.74 
ITG/MTG (L)* 37/20 154 -54 -49 -14 5.62 
Precentral gyrus (L) 44 62 -42 5 19 5.26 
OFC (R) 11 24 18 29 -23 4.85 
IPL (R) 40 40 51 -40 58 4.50 
MFG (R) 46 92 42 44 10 4.31 
Superior parietal lobule (L) 7 31 -27 -64 43 4.20 
IPL (L) 40 83 -42 -43 46 4.19 
Angular gyrus (R) 7 10 30 -61 43 3.84 

     
Age (Months)     

No significant clusters     
     
FP Accuracy (Total Correct)     

No significant clusters     
Notes. Statistical threshold is p<.001, k=10/80 mm, uncorrected for multiple comparisons. Regions that survive 
cluster-level correction for multiple comparisons (voxel threshold of p<.001, uncorrected, with an extent-threshold of 
a<.05, FWE-corrected) are marked with an asterisk (*). 
 

ROI definition 

Regions-of-interest (ROIs) were selected to represent key ToM regions reliably recruited 

for FB in prior studies (Dufour, Redcay, Young, Mavros, & Moran, 2013; R Saxe & Kanwisher, 

2003; Schurz, Radua, Aichhorn, Richlan, & Perner, 2014): the RTPJ, LTPJ, PC, MMPFC, 

DMPFC, VMPFC, and RSTS. These ROIs were defined independently from the current dataset, 

as 8mm spheres centered at the peak coordinates identified from a random-effects analysis of 462 

neurotypical adults scanned on a similar false belief task (Dufour et al., 2013). Although each of 
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these brain regions supports various cognitive functions, this approach allowed us to functionally 

define regions specifically associated with ToM in prior literature.  

 

Effective connectivity: ROI-to-ROI gPPI analysis  

ROIs were then employed as seed and target regions for effective connectivity analyses, 

allowing us to evaluate task-modulated changes in the strength of connections between key aspects 

of the ToM network. Prior neurodevelopmental studies have employed ROIs defined from group 

analyses to characterize connectivity within the ToM network, providing support for the feasibility 

of this approach (Richardson et al., 2018; Xiao et al., 2019). Effective connectivity analyses were 

conducted using the CONN Functional Connectivity Toolbox v. 17a 

(http://www.nitrc.org/projects/conn/) (Whitfield-Gabrieli & Nieto-Castanon, 2012). This toolbox 

implements a component-based noise reduction method (CompCor) that estimates BOLD signal 

obtained from subject-specific white matter and CSF masks (Behzadi, Restom, Liau, & Liu, 2007). 

These sources of temporal noise, along with outlier scans identified with ART, six motion 

parameters estimated during realignment, temporal derivatives of these parameters, regressors for 

main effects of task conditions, and a linear detrending term were regressed from the BOLD time-

series at each voxel. The residual time-series was high-pass filtered at 128s. 

 To evaluate task-modulated connectivity among key nodes of the ToM network, we 

employed a generalized form of context-dependent psychophysiological interactions (gPPI). We 

tested the effective connectivity of each of the 7 ToM ROIs (seed regions) with the six remaining 

ROIs (target regions) for the contrast of FB>FP. In this ROI-to-ROI gPPI approach, psychological 

regressors for each task condition were multiplied by a physiological regressor derived from the 

seed ROI’s mean timeseries to generate the psychophysiological interaction terms. These PPI 
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interaction terms were then utilized in second-level analyses to test for task-modulated changes in 

connectivity of the seed ROI with each target ROI. Age and task accuracy were mean-centered 

and entered as covariates for second level-analyses. One-sample t-tests (two-tailed) were 

employed to evaluate changes in connectivity for FB>FP for each ROI-to-ROI connection. 

Connectivity analyses were controlled for FDR at the connection-level (49 connections; q<.05) 

(Table 1.3, Figure 1.2). 

 

Social brain-behavior analyses 

We evaluated relations between BOLD activity in key ToM regions and variation in 

children’s everyday social understanding. For each participant, we extracted BOLD contrast 

estimates for FB>FP from ROIs representing areas that showed significant activity to FB>FP in 

our whole-brain analyses, corrected for multiple comparisons. Prior research suggests that age 

(Dumontheil, Apperly, & Blakemore, 2010; Gweon et al., 2012) and general cognitive ability 

(Baker, Peterson, Pulos, & Kirkland, 2014; Buitelaar, Wees, Swaab-Barneveld, & Gaag, 1999) are 

related to social cognitive ability. To evaluate the unique effect of each neural predictor (ROI 

activity) on a given social measure (IRI-PT, IRI-EC, SRS-Awr, SRS-Cog), we ran separate linear 

regression models controlling for age and IQ (Table 1.4, Figure 1.3). 

We also tested associations between ToM-modulated effective connectivity and variation 

in social cognitive behavior. For each participant, we extracted contrast estimates for FB>FP for 

each ROI-to-ROI connection that showed significant task-modulation in our gPPI analyses. 

Separate linear regression models tested associations between effective connectivity and each of 

our social measures, controlling for age and IQ (Table S1.2). 
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Model residuals were inspected for homoscedacity and distribution of errors. Due to 

heteroscedacity of residuals for models predicting SRS-Cog, this variable was transformed by 

subtracting the minimum value and then taking the natural log, which improved model fit. 

Confidence intervals (CI) for beta values were derived through bias-corrected and accelerated 

(BCa) bootstrapping. We applied the Benjamini-Hochberg correction, which controls FDR 

(α<.05), to evaluate whether brain-behavior associations were significant for models evaluating 

relations between ROI activity and behavior (i.e., four tests conducted) and relations between ROI-

to-ROI effective connectivity and behavior (i.e., four tests conducted). Significant brain-behavior 

associations are indicated with asterisks in Table 1.4 and Table S1.2. 

 

RESULTS 

Task behavior 

Confirming task comprehension, above-chance task accuracy was observed for FB and FP 

conditions (Table 1.1). Task accuracy was slightly greater for FP (M=6.97) than FB (M=6.09) 

[t(31)= -2.50, p=.01]. On average, children took longer to generate responses in the FB (M= 5.83) 

versus FP condition (M=5.52) [t(31), p=.001]. 

 

Activity: Whole-brain BOLD analysis 

 Enhanced BOLD activity for FB>FP was observed at several nodes of the ToM network 

indicated in prior literature, including the bilateral temporoparietal junction (RTPJ and LTPJ), PC, 

right posterior STS, bilateral anterior STS (RSTS and LSTS), MMPFC, and VMPFC (p<.001, 

k>10, uncorrected) (Figure 1.1, Table 1.2). Only the PC, bilateral TPJ, and bilateral anterior STS 
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clusters remained significant after correction for multiple comparisons (a<.05, FWE-corrected). 

No significant effects were found for either age or task accuracy at corrected thresholds. 

Because regions within the MPFC have been indicated as core ToM regions in prior work 

(Dufour et al., 2013; Gweon et al., 2012), we carried out exploratory, one-sample t-tests to evaluate 

activity in the VMPFC, DMPFC, and MMPFC ROIs for FB and FP conditions, separately. The 

MMPFC and VMPFC showed deactivation relative to baseline for FB [MMPFC: M=-0.22, t(31)=-

3.62, p=.001; VMPFC: M=-0.22, t(31)=-2.73, p=.01] and FP [MMPFC: M=-0.47, t(31)=-5.41, 

p<.001; VMPFC: M=-0.40, t(31)=-4.55, p<.001]. The DMPFC did not show significant activation 

relative to baseline for FB [M=0.08, t(31)=1.27, p=.215] or FP [M=-0.04, t(31)= -0.52, p=.608]. 

   
Figure 1.1. Activity: BOLD analysis. Results of whole-brain analysis for the false belief versus false photo 
conditions (FB>FP) are depicted at a voxel threshold of p<.001, uncorrected. Regions that survive cluster-level 
correction for multiple comparisons are shown in orange (FWE-corrected, a<.05); regions that are not significant at 
the FWE-corrected threshold are shown in red. 
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Table 1.2. BOLD activity: Whole-brain analysis results 

Region BA Cluster size 
MNI 

coordinates 
x y z 

Peak voxel 
t-value 

False Belief>False Photo     
TPJ (R)* 39/40 1342 60 -52 25 8.58 
Anterior STS (R)* 21/20/38 –– 54 -1 -20 8.30 
PC (Bilateral)* 31/23/7 780 -3 -55 37 7.82 
TPJ (L)* 30/49 420 -54 -61 22 6.21 
Anterior STS (L)* 21 273 -54 -2 -23 5.72 
SFG (R) 8 66 21 38 52 4.87 
Hypothalamus (R) - 28 3 -1 -11 4.55 
MMPFC (Bilateral) 10 67 3 56 16 4.31 
VMPFC (Bilateral) 11 18 3 50 -17 4.21 
Posterior STS (R) 22/21 15 57 -34 3.71 
     
Age (Months)     
Cerebellum (L) - 14 -15 -10 -38 5.18 
Cerebellum (R) - 12 21 -31 -47 4.94 
Caudate (Bilateral) - 24 3 14 -2 4.26 

     
FB Accuracy (Total Correct)     

No significant clusters     
Notes. Statistical threshold is p<.001, k=10/80 mm, uncorrected for multiple comparisons. Regions that survive 
cluster-level correction for multiple comparisons (voxel threshold of p<.001, uncorrected, with an extent-threshold of 
a<.05, FWE-corrected) are marked with an asterisk (*). Dash (–) in the cluster size column indicates that the region 
is included in the cluster above. TPJ = temporoparietal junction; STS = superior temporal sulcus; PC = precuneus; 
SFG = superior frontal gyrus; MMPFC = middle medial prefrontal cortex; VMPFC = ventromedial prefrontal cortex. 
 

Effective connectivity: ROI-to-ROI gPPI results 

 ROI-to-ROI analyses of effective connectivity revealed significant coupling between core 

aspects of the ToM network to support FB reasoning (Figure 1.2; Table 1.3). Specifically, effective 

connectivity between the LTPJ and RTPJ, LTPJ and RSTS, and PC and LTPJ significantly 

increased in strength for FB>FP. Effective connectivity between the LTPJ and RSTS showed 

significant task-modulation when the analysis was seeded in either region. In contrast, effective 

connectivity between the MMPFC and PC decreased in strength for FB>FP. No significant effects 

were observed for age or task accuracy. 

Post-hoc tests of simple effects suggested that observed increases in coupling were driven 

by reduced connectivity for FP relative to baseline [LTPJ–RTPJ: M=-0.10, t(31)=-3.25, p=.003; 

LTPJ–RSTS: M=-0.06, t(31)=-1.80, p=0.08 (n.s); PC–LTPJ: M=-0.09; t(31)=-3.21, p=.003; 
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RSTS–LTPJ: M=-0.05, t(31)=-1.06, p=.296] and similar connectivity between these regions for 

FB relative to baseline [LTPJ–RTPJ: M=0.03, t(31)=1.05, p=0.30; LTPJ–RSTS: M=-0.005, 

t(31)=-0.16, p=.872; PC_LTPJ: M=0.02, t(31)=0.78, p=.440; RSTS–LTPJ: M=-0.17, t(31)=-3.10, 

p=.004]. The observed decrease in coupling between the MMPFC and PC reflected a modest, non-

significant decrease in connectivity relative to baseline for FB [M=-0.05, t(31)=-1.72, p=.095]  and 

similar connectivity relative to baseline for FP [M=0.05, t(31)=1.39, p=.173]. 

 
Figure 1.2. Effective connectivity: ROI-to-ROI analysis results. Connectome display depicts ROI-to-ROI 
connections that show significant effective connectivity for False Belief>False Photo, i.e., significant, task-modulated 
increases or decreases in connectivity between these regions (FDR-corrected at the connection-level, q<.05). Regions 
that do not show significant effective connectivity at this statistical threshold are shown in grey. RTPJ = right 
temporoparietal junction; LTPJ = left temporoparietal junction; RSTS = right (anterior) superior temporal sulcus; PC 
= precuneus; MMPFC = middle medial prefrontal cortex; VMPFC = ventromedial prefrontal cortex; DMPFC = 
dorsomedial prefrontal cortex. 
 
Table 1.3. Effective connectivity: ROI-to-ROI gPPI results 

Significant ROI-to-ROI connections b t p q 

FB>FP     
Seed: LTPJ     

LTPJ-RTPJ 0.13 3.77 <.001 .028 
LTPJ-RSTS 0.05 3.13 .004 .033 

Seed: PC     
PC-LTPJ 0.10 3.52 .002 .028 

Seed: RSTS     
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Table 1.3 (continued) 
RSTS-LTPJ 0.12 3.40 .002 .028 

Seed: MMPFC     
MMPFC-PC -0.10 -3.23 .003 .032 

     
Age (months)     

No significant connections     
     
FB Accuracy (Total correct)     

No significant connections     
     

Notes. Beta coefficients represent average connectivity values (effect sizes). ROI-to-ROI connections that show 
significant modulation of connectivity for False Belief>False Photo (FDR-corrected at the connection-level, q<.05) 
are reported; no significant effects of age or accuracy were found. LTPJ = left temporoparietal junction; RTPJ = right 
temporoparietal junction; RSTS = right (anterior) superior temporal sulcus; PC = precuneus; MMPFC = middle medial 
prefrontal cortex. 
  
Social brain-behavior analyses: ROI activity and everyday social cognition 

Our social brain-behavior analyses further explored relations between BOLD activity in 

regions that were significantly engaged for FB>FP in our whole-brain analyses, controlling for 

multiple comparisons: the RTPJ, LTPJ, PC, and RSTS. Results indicate that greater ToM-related 

activity is related to poorer social cognition in everyday life (Table 1.4). Specifically, BOLD 

activity in the PC significantly predicted lower IRI-PT and IRI-EC scores and higher SRS-Awr 

and SRS-Cog T scores (Figure 1.3). Negative associations of LTPJ activity with IRI-PT scores and 

of RTPJ activity with IRI-EC scores (p<.05) did not survive FDR control. 

 
Table 1.4. Associations between ROI activity and social cognitive behavior: Regression results 

  b [95% CI] β t p F(3, 26) R2 [95% CI] 
ROI Activity + Age + IQ à IRI-PT       

PC Activity -8.41 [-14.68, -0.21] -0.48 -2.75 .011* 2.80 0.24 [0.01, 0.50] 
 Age 0.02 [-0.11, 0.13] 0.08 0.45 .654   
 IQ 0.11 [-0.10, 0.30] 0.25 1.39 .176   
        

RTPJ Activity -7.02[-14.88, 2.57] -0.34 -1.84 .078 1.37 0.14 [0, 0.32] 
 Age 0.01 [-0.13, 0.12] 0.02 0.12 .907   
 IQ 0.07 [-0.14,  0.28] 0.16 0.86 .398   
        

LTPJ Activity -10.38 [-17.32, -0.73] -0.45 -2.59 .016 2.51 0.22 [0.02, 0.50] 
 Age 0.03 [-0.09, 0.14] 0.10 0.58 .570   
 IQ 0.06 [-0.13, 0.23] 0.14 0.78 .444   
        

RSTS Activity -6.51 [-16.58, 8.88] -0.19 -0.99 0.332 0.55 0.06 [0, 0.15] 
 Age 0.01 [-0.13, 0.12] 0.05 0.25 0.802   
 IQ 0.08 [-0.15, 0.26] 0.17 0.85 0.401   
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Table 1.4 (continued) 
ROI Activity + Age + IQ à IRI-EC       

PC Activity -6.69 [-10.89, -0.51] -0.53 -3.18 .004* 3.97 0.31 [0.02, 0.57] 
 Age -0.04 [-0.13, 0.04] -0.19 -1.12 .271   
 IQ 0.09 [-0.10, 0.17] 0.27 1.57 .130   
  

      
RTPJ Activity -6.04 [-10.71, -0.29] -0.40 -2.29 .031 2.27 0.21 [0.01, 0.40] 

 Age -0.06 [-0.15, 0.02] -0.25 -1.41 .171   
 IQ 0.06 [-0.10, 0.19] 0.17 0.96 345   
  

      

LTPJ Activity -5.87 [-10.74, -0.51] -0.35 -1.96 .060 1.79 0.17 [0.01, 0.34] 
 Age -0.04 [-0.13, 0.05] -0.17 -0.94 .356    

IQ 0.05 [-0.10, 0.17] 0.14 0.77 .444   

        

RSTS Activity -6.64 [-10.89, -0.51] -0.27 -1.44 .161 1.17 0.12 [0, 0.27] 
 Age -0.05 [-0.13, 0.04] -0.22 -1.19 .244   

 IQ 0.06 [-0.10, 0.17] 0.19 0.99 .329   

ROI Activity + Age + IQ à SRS-Awr       
PC Activity 14.00 [6.29, 23.62] 0.52 3.21 .005* 7.20 0.53 [0.16, 0.67] 

 Age -0.14 [-0.30, 0.04] -0.31 -1.94 .067   
 IQ -0.31 [-0.55, -0.08] -0.50 -2.95 .008   
        
        

RTPJ Activity 5.63 [-6.36, 15.19] 0.19 1.00 .331 2.91 0.31 [0.01, 0.54] 
 Age -0.13 [-0.34, 0.05] -0.29 -1.44 .166   
 IQ -0.23 [-0.46, 0.03] -0.37 -1.87 .077   
        

LTPJ Activity 10.55 [0.68, 24.77] 0.32 1.77 .093 3.90 0.38 [0.02, 0.54] 
 Age -0.16 [-0.34, 0.02] -0.34 -1.82 .084   
 IQ -0.21 [-0.47, 0.01] -0.34 -1.83 .083   
        

RSTS Activity 8.05 [-22.96, 32.47] 0.16 0.83 .419 2.76 0.30 [0.01, 0.50] 
 Age -0.14 [-0.32, 0.04] -0.29 -1.46 .162   
 IQ -0.24 [-0.47, 0.04] -0.38 -1.90 .073   

ROI Activity + Age + IQ à SRS-Cog      
PC Activity 1.63 [0.28, 2.68] 0.52 2.84 .010* 4.35 0.41 [0.08, 0.59] 

 Age 0.01 [-0.01, 0.03] 0.18 1.01 .325   
 IQ -0.04 [-0.07, 0] -0.54 -2.86 .010   
        

RTPJ Activity 0.67 [-0.88, 2.04] 0.19 0.93 .365 150 0.19 [0, 0.39] 
 Age 0.01 [-0.01, 0.03] 0.21 0.98 .338   
 IQ -0.03 [-0.06, 0.01] -0.41 -1.94 .068   
        

LTPJ Activity 0.91[-0.54, 2.55] 0.24 1.16 .262 1.69 0.21 [0.01, 0.41] 
 Age 0.01 [-0.01, 0.03] 0.16 0.78 .447   
 IQ -0.03 [-0.06, 0.02] -0.39 -1.85 .079   
        

RSTS Activity 1.15 [-1.65, 3.521 0.20 0.94 0.360 1.51 0.19 [0.01, 0.45] 
 Age 0.01 [09.01, 0.03] 0.21 0.99 0.337   
 IQ -0.03 [-0.06, 0.01] -0.43 -2.01 0.059   

Notes. Parameter and model fit results are reported for each regression model. SRS data were collected for 23 
participants, affecting degrees of freedom [F(3,19)]. Brain-behaviors associations that are significant after controlling 
FDR (a<.05) are indicated with asterisks (*). PC = precuneus; RTPJ = right temporoparietal junction; LTPJ = left 
temporoparietal junction; RSTS= right (anterior) superior temporal sulcus. 
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Figure 1.3. Scatterplots for significant brain-behavior associations, controlled for FDR. Behavioral 
scores are residualized for age and IQ. Lower BOLD activity in the precuneus for the contrast of False Belief > False 
Photo is associated with better (a) empathic perspective-taking (IRI-PT), (b) empathic concern (IRI-EC), (c) awareness 
of social cues (SRS-Awr), and (d) reasoning about social situations (SRS-Cog) in everyday settings. Note higher SRS 
(Social Responsiveness Scale–2) scores reflect poorer functioning and the SRS-Cog variable was transformed for 
brain-behavior analyses. 
 

Social brain-behavior analyses: Effective connectivity and everyday social cognition 

Lastly, we explored associations between effective connectivity estimates for ROI-to-ROI 

connections that showed significant modulation for FB>FP (i.e., connections between the RTPJ 

and LTPJ, LTPJ and RSTS, and PC and MMPFC). Effective connectivity between the LTPJ and 

RSTS was significant when analyses were seeded in either region (Table 3). Because prior work 

suggests the centrality of the TPJ to social cognition (Schurz et al., 2014), we chose to extract 

effective connectivity estimates for analyses seeded in the LTPJ to test associations between 

LTPJ–RSTS connectivity and social cognitive behavior. Results indicated a possible association 
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between increased LTPJ–RSTS connectivity for FB>FP and higher IRI-PT scores [ß= 0.43, t=2.38, 

p=.025), which did not survive FDR control (Table S1.2). 

 
Table S1.2. Associations between ROI-to-ROI effective connectivity and everyday social 
cognitive behavior: Regression results 

  b 
 [95% CI] 

β t p F (3, 
26) 

R2  

[95% CI] 
Effective connectivity + Age + IQ à IRI-PT       

LTPJ–RTPJ Connectivity -1.31 [-11.64, 6.33] -0.05 -0.25 .807 0.24 0.03 [0, 0.06] 
 Age 0.02[-0.12, 0.12] 0.07 -0.36 .719   
 IQ 0.06 [-0.13, 0.24] 0.14 0.69 .496   
        

LTPJ–RSTS Connectivity 24.61[-4.43, 47.09] 0.43 2.38 .025 2.15 0.19 [0, 0.43] 
 Age 0.05 [-0.08, 0.17] 0.18 0.98 .338   
 IQ 0.04 [-0.11, 0.24] 0.10 0.55 .589   
        

PC–LTPJ Connectivity 2.51 [-14.54, 16.43] 0.07 0.37 .713 0.27 0.03 [0, 0.06] 
 Age 0.02 [-0.11, 0.14] 0.08 0.41 .685   
 IQ 0.05 [-0.14, 0.28] 0.11 0.56 .578   
        

MMPFC–PC Connectivity 1.23 [-19.67, 17.33] 0.04 0.19 .855 0.23 0.03 [0, 0.05] 
 Age 0.02 [-0.13, 0.15] 0.08 0.39 .701   
 IQ 0.06 [-0.12, 0.24] 0.13 0.65 .519   
        

Effective connectivity + Age + IQ à IRI-EC       
LTPJ–RTPJ Connectivity 0.71 [-10.89, -0.51] 0.04 0.19 .853 0.45 0.05 [0, 0.14]  

Age -0.04 [-0.13, 0.04] -0.20 -1.02 .316   
 IQ 0.04 [-0.10, 0.17] 0.13 0.67 .506     

      
LTPJ–RSTS Connectivity 14.59 [-4.98, 27.82] 0.35 1.91 .067 1.72 0.17 [0.01, 0.34] 

 Age -0.02 [-0.11, 0.06] -0.11 -0.56 .580    
IQ 0.04 [-0.10, 0.15] 0.11 0.60 .553     

      

PC–LTPJ Connectivity 8.23 [-4.98, 27.82] -0.34 1.81 .082 1.59 0.15 [0.01, 0.32] 
 Age -0.03 [-0.11, 0.06] -0.14 -0.73 .473    

IQ 0.02 [-0.10, 0.15] 0.06 0.32 .756   

        

MMPFC–PC Connectivity 0.15 [-8.71, 8.90] 0.01 0.03 .974 0.44 0.05 [0, 0.13] 
 Age -0.04 [-0.14, 0.05] -0.19 -0.96 .348   

 IQ 0.04 [-0.09, 0.17] 0.14 0.70 .490   

        

ROI Activity + Age + IQ à SRS-Awr       
LTPJ–RTPJ Connectivity -8.98 [-34.42, 7.44] -0.21 -1.07 .299 2.98 0.32 [0.05 0.50] 

 Age -0.13 [-0.33, 0.05] -0.28 -1.41 .176   
 IQ -0.21 [-0.47, 0.02] -0.34 -1.75 .097   
        

LTPJ–RSTS Connectivity -11.20 [-47.12, 
19.62] -0.14 -0.69 .498 2.67 0.30 [0.02, 0.49] 

 Age -0.17 [-0.35, -0.01] -0.35 -1.73 .010   
 IQ -0.22 [-0.46, 0.03] -0.35 -1.75 .096   
        

PC–LTPJ Connectivity -15.31 [-35.10, 3.57] -0.31 -1.68 .110 3.75 0.37 [0.02, 0.53] 
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Table S1.2 (continued) 
 Age -0.17 [-0.34, -0.01] -0.37 -1.97 .064   
 IQ -0.18 [-0.45, 0.08] -0.29 -1.53 .143   
        

MMPFC–PC Connectivity 8.75 [-5.03, 23.01] 0.19 0.93 .365 2.85 0.31 [0.04, 0.56] 
 Age -0.12 [-0.33, 0.10] -0.25 -1.21 .242   
 IQ -0.22 [-0.45, 0.05] -0.36 -1.82 .085   
        

ROI Activity + Age + IQ à SRS-Cog      
LTPJ–RTPJ Connectivity -0.13 [-2.19, 2.70] -0.03 -0.12 .907 1.17 0.16 [0.01, 0.35] 

 Age 0.01 [-0.01, 0.04] 0.18 0.83 .417   
 IQ -0.03 [-0.06, 0.01] -0.40 -1.82 .085   
        

LTPJ–RSTS Connectivity -1.98 [-6.06, 1.92] -0.21 0.93 .342 1.53 0.20 [0.01, 0.41] 
 Age 0.01 [-0.01, 0.03] 0.12 0.98 .575   
 IQ -0.03 [-0.06, 0.01] -0.39 -1.94 .080   
        

PC–LTPJ Connectivity 0.92 [-3.12, 1.63] -0.16 -0.75 .463 1.38 0.18 [0, 0.43] 
 Age 0.01 [-0.01, 0.03] 0.15 0.69 .497   
 IQ -0.03 [-0.05, 0.01] -0.37 -1.68 .109   
        

MMPFC–PC Connectivity -0.38 [-2.75, 1.49] -0.07 -0.31 .761 1.20 0.16 [0, 0.37] 
 Age 0.01 [-0.01, 0.03] 0.15 0.67 .512   
 IQ -0.03 [-0.05, 0.01] -0.39 -1.81 .086   
        

 Notes. Parameter and model fit results are reported for each regression model. SRS data were collected for 23 
participants, affecting degrees of freedom [F(3,19)]. No brain-behavior associations remained significant after 
controlling FDR (a<.05). LTPJ = left temporoparietal junction; RTPJ = right temporoparietal junction; RSTS = right 
(anterior) superior temporal sulcus; PC = precuneus; MMPFC = middle medial prefrontal cortex. 
 

DISCUSSION 

Using a widely-employed fMRI paradigm adapted for children, we investigated patterns of 

neural activity and connectivity supporting false belief reasoning, an important facet of ToM, in 

children ages 9-13. On average, participants demonstrated modestly lower accuracy and longer 

response times for FB versus FP trials, suggesting that children may still find reasoning about 

others’ mental states more difficult than reasoning about non-mentalistic false content at this stage 

of development. To account for possible associations with neural activity and connectivity, we 

modeled varying durations for FB and FP trials for each participant. In addition, we included task 

accuracy as a second-level covariate in BOLD activity and effective connectivity analyses and 

found no significant effects of this variable, controlling for multiple comparisons. This suggests 
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that our neural findings for ToM-modulated activity and connectivity (FB>FP) are not simply 

attributable to differences in condition difficulty. Notably, we did not find significant effects of 

age on activity or connectivity for FB>FP, in contrast to prior developmental studies (Gweon et 

al., 2012; Richardson et al., 2018; Xiao et al., 2019), although this may be due to the narrow age 

range we tested. 

 Whole-brain analyses confirmed that children ages 9-13 more strongly engaged the RTPJ, 

LTPJ, PC, and RSTS during mentalistic (FB) versus non-mentalistic (FP) reasoning about false 

content, consistent with prior studies of ToM in children (Gweon et al., 2012; Rebecca Saxe et al., 

2009) and adults (Dodell-Feder et al., 2011; Schurz et al., 2014). This suggests that temporal and 

parietal aspects of the neural ToM network are engaged to support mental state reasoning by this 

important stage of social development. Notably, our results indicated that clusters of activation in 

the DMPFC, MMPFC, and VMPFC were limited in extent, failing to survive correction for 

multiple comparisons. These results add to a mixed body of findings with regard to MPFC 

engagement for ToM in school-age children. For example, some prior studies have similarly found 

significant MMPFC activity only at uncorrected thresholds in whole-brain analyses (Rebecca Saxe 

et al., 2009), while others indicate robust DMPFC activity at corrected thresholds (Gweon et al., 

2012).  

 Limited engagement of the MPFC may be partially attributable to features of our specific 

FB paradigm and the age of our sample. Prior studies have found that the MPFC is more strongly 

recruited by mentalizing about others’ emotions versus non-affective mental states (Sebastian et 

al., 2012; Völlm et al., 2006); our task focused specifically on understanding the beliefs of others, 

a cognitive aspect of ToM, perhaps contributing to less engagement of the MPFC. Alternatively, 

FB and FP story stimuli in our study were read aloud by a neutral voice, possibly imbuing both 
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types of stories with social salience. Recent work suggests enhanced DMPFC activity to social 

stimuli in middle childhood (Alkire, Levitas, Warnell, & Redcay, 2018; Rice et al., 2016) and 

adolescence (Blakemore, 2008), even in the absence of mental state content. This may reflect the 

enhanced salience of social information in adolescence (Somerville, 2013). However, findings 

from our follow-up analyses are not consistent with this interpretation, indicating that the DMPFC 

was not recruited to a significant extent to process either FB or FP stimuli. Given that our sample 

spans middle childhood and emerging adolescence, results should be viewed in the context of the 

marked changes in MPFC structure and function that occur during this period and continue through 

adulthood (Blakemore, 2008), Further longitudinal research is needed to clarify how the roles of 

prefrontal ToM regions change from peri-adolescence into adulthood. 

 To characterize the functional integration of ToM regions in school-age children, we 

evaluated patterns of effective connectivity between key nodes of the ToM network identified in 

previous literature (Dufour et al., 2013; R Saxe & Kanwisher, 2003). Our analyses revealed 

increased task-modulated connectivity between the LTPJ and RTPJ, LTPJ and RSTS, PC and 

LTPJ for FB>FP. Post-hoc tests indicated that observed increases in coupling reflected similar 

effective connectivity of these regions for FB versus baseline and diminished effective 

connectivity for FP versus baseline. Building upon preliminary evidence that intrinsic connectivity 

of the RTPJ with the LTPJ and PC is associated with children’s ToM ability (Xiao et al., 2019), 

our findings suggest the LTPJ, RTPJ, PC, and RSTS may interact in a similar manner during ToM 

reasoning as during rest. In contrast, these regions may decouple, showing weaker associations 

between their timecourses, when engaging in non-mentalistic reasoning relative to rest. 

Interestingly, the decrease in connectivity of midline structures (MMPFC and PC) was driven by 

a modest decrease in connectivity during FB relative to baseline, suggesting that these regions 
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decouple, acting in a more independent manner, to support ToM at this stage of development. 

Given the overlap between core nodes of the ToM network and those of the default mode network 

(Spreng, Mar, & Kim, 2009), future studies should compare task-modulated connectivity of ToM 

regions to their intrinsic connectivity in order to clarify how these regions interact in a task-

dependent versus task-independent manner. Although gPPI analyses model task-modulated effects 

of a seed region on a target region, we note that this approach does not test causal influence. 

Investigating the direction of information flow during ToM is another promising avenue for future 

research.  

Lastly, to elucidate associations between neural ToM mechanisms and social cognitive 

behavior, we tested the contributions of task-modulated activity and connectivity to variation in 

children’s everyday social cognition. Results indicated a possible association between empathic 

perspective-taking and ToM-modulated connectivity of the LTPJ with the RSTS, consistent with 

prior work implicating the LTPJ in perspective-taking (Schurz et al., 2013); however, this finding 

was not significant after correction for multiple comparisons and should be interpreted with 

caution. Notably, the magnitude of PC activity for FB>FP explained significant unique variance 

in social cognition, controlling for age and IQ, at corrected statistical thresholds. PC activity was 

associated with variation in children’s self-reported empathic perspective-taking and concern, as 

well as parent-reported social awareness and reasoning, suggesting that this region facilitates 

multiple aspects of social cognitive behavior in everyday settings. These results extend prior 

research indicating that midline cortical structures, including the PC, are engaged by thinking 

about the self and others in adolescents, facilitating understanding of others’ affective and non-

affective internal states (Ochsner et al., 2004; Pfeifer, Lieberman, & Dapretto, 2007; Pfeifer et al., 

2009; Rebecca Saxe & Powell, 2006). Importantly, our brain-behavior analyses focused on testing 
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relations between ToM network function and children’s social cognitive skills, including empathy. 

However, empathy can engage other neural circuitry, including subcortical regions such as the 

insula (Kanske, Böckler, Trautwein, & Singer, 2015) and cortical regions implicated in generated 

shared representations, such as the inferior parietal lobule and premotor cortex (Zaki et al., 2009). 

To better understand the functional architecture of empathy in childhood, future studies should test 

associations between a wider set of candidate brain regions and real-world empathic behavior. 

Notably, task-modulated activity in the PC was negatively associated with children’s social 

cognition in everyday situations, such that lower activity for FB>FP was associated with better 

functioning. Although associations between TPJ activity and behavioral measures did not survive 

correction for multiple comparisons––and should be interpreted with caution––, they demonstrated 

trends in the same direction. This suggests that children who demonstrate greater social cognitive 

ability show less differentiation of neural activity when engaging in mental state reasoning during 

middle childhood and early adolescence. This could reflect reduced engagement of regions such 

as the PC to support reasoning about others’ minds or increased engagement of these regions to 

support reasoning about other stimuli. Further research is needed to test associations between 

selectivity of ToM regions and social cognitive behavior as development unfolds. 

 Limitations to the current study are acknowledged. Our modest sample size limited our 

power to detect significant neural correlates of ToM and examine individual differences in 

behavior. The rate of false negatives is particularly high for PPI analyses (O’Reilly, Woolrich, 

Behrens, Smith, & Johansen-Berg, 2012), which may have impacted our effective connectivity 

results. Fewer participants contributed data for our analyses using SRS subscales (N=23), so 

reported associations between PC activity and variation in social awareness and cognition should 

be considered preliminary. In addition, although our task is modeled on a well-validated fMRI 
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paradigm for studying ToM (Dodell-Feder et al., 2011; R Saxe & Kanwisher, 2003), FB stories 

always featured social agents, while some FP stories did not. This may have impacted our ability 

to identify neural responses specific to mental state reasoning versus more general social reasoning 

for certain stimuli. Lastly, FB reasoning is just one aspect of ToM; successfully navigating the 

social world requires more sophisticated, spontaneous social cognition. Studies testing mentalizing 

in interactive contexts may help elucidate the mechanisms supporting everyday social function. 

 Conclusions. The current study supports the assertion that core temporal and parietal aspects of 

the neural ToM network are engaged during mental state reasoning in children (ages 9-13). In 

addition, children demonstrate significant task-modulated changes in connectivity between key 

ToM regions, indicating emerging functional integration of this network. Together, these findings 

elucidate how the ToM network functions to support social cognition during this developmental 

period. Furthermore, the current study addresses an important gap in existing literature, providing 

evidence that neural activity in the ToM network is linked to variation in children’s everyday social 

cognition. Task-modulated activity and connectivity in the ToM network may serve as useful 

metrics of heterogeneity in typical development and in neurodevelopmental populations 

characterized by social deficits, such as autism spectrum disorder. 
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ABSTRACT 

Impairment in simulation, i.e., the generation of internal representations of experiences, 

may contribute to social dysfunction in schizophrenia spectrum disorders (SZ). Using a novel 

fMRI task, we identified neural representations generated during simulation of sensorimotor 

experiences and evaluated their associations with socioemotional function in 19 individuals with 

SZ and 24 psychiatrically-healthy controls (HC). Participants watched videos depicting a painful 

sensorimotor experience in the hand or foot of another person and were then asked to imagine how 

unpleasant it would be to undergo that experience themselves, eliciting simulation. A localizer task 

identified regions-of-interest (ROIs) within each participant’s sensorimotor cortices (SC) recruited 

by firsthand sensory experiences in hands and feet. Simulation engaged these ROIs in HC and SZ. 

Simulation-related activation in ROIs did not differ between groups but was associated with 

participants’ social function. Findings indicate that simulation elicits specific neural 

representations within the SC and the strength of these representations might be linked to social 

function. 

 

 

Keywords: Simulation; schizophrenia; fMRI; social function; social cognition 
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INTRODUCTION 

Social impairment is a core feature of schizophrenia spectrum disorders (SZ), predicting 

conversion to psychosis (Cannon et al., 2008; Cornblatt et al., 2012), positive symptomatology 

(Collip et al., 2013), and functional disability (Mueser et al., 1991). However, social deficits are 

minimally responsive to standard schizophrenia treatments (Swartz et al., 2007). Investigating 

mechanisms that underlie social dysfunction is critical to developing targeted interventions to 

prevent and treat SZ. 

Theory of Mind (ToM), the ability to understand and reason about others’ mental states, is 

markedly impaired in SZ (Savla et al., 2013) and strongly predictive of social function (Brüne et 

al., 2007; Fett et al., 2011). Individuals with SZ demonstrate impairment in affective ToM, i.e., 

reasoning about others’ emotional states (Shamay-Tsoory et al., 2007b), which may contribute to 

deficits in cognitive aspects of empathy, such as perspective-taking (Montag et al., 2007; Shamay-

Tsoory et al., 2007a). Better understanding how these ToM deficits arise is critical to developing 

effective strategies for remediating social cognition and function in SZ (Kurtz and Richardson, 

2012). 

Simulation theory proposes that internal simulation is the primary mechanism by which 

people represent others’ minds (Gallese et al., 2004). In this framework, an observer generates an 

internal representation of a target person’s experience within the same brain regions that are 

recruited when processing that experience firsthand. This neural representation facilitates 

simulation, allowing the observer to imagine what she might think or feel in a similar situation, 

which, in turn, helps the observer understand the target’s thoughts and feelings (Mitchell, 2009). 

For example, observing another person’s actions in context (e.g., reaching to grasp a cup in order 

to drink water) can elicit simulation, facilitating understanding of that person’s intentions; 
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similarly, observing an emotional facial expression can engage simulation mechanisms, enabling 

understanding of another’s affective state (Gallese, 2007; Gallese et al., 2004).  

Neuroimaging studies indicate the presence of “mirror”-like neural mechanisms in a 

distributed network that includes the inferior frontal gyrus, premotor cortex, somatomotor, and 

somatosensory-related cortices (Gazzola and Keysers, 2009; Rizzolatti and Fabbri-Destro, 2008). 

The sensorimotor cortices (SC) [including the somatomotor, primary somatosensory, and 

secondary somatosensory cortices] may play an important role in representing affective 

experiences (Carr et al., 2003). The SC are engaged not only during firsthand emotional experience 

(Damasio et al., 2000) but also during emotion recognition (Adolphs et al., 2000), empathy 

(Bufalari et al., 2007), and prediction of affective responses (Hooker et al., 2008). Moreover, 

enhanced SC activation when reasoning about others’ emotions is related to greater empathic 

accuracy (Zaki et al., 2009) and behavior (Hooker et al., 2008), suggesting that simulation 

mechanisms in the SC could facilitate social understanding.  

Disruption of these neural simulation mechanisms may contribute to impaired empathy and 

social function in SZ. Therefore, recent studies investigated simulation-related processes, such as 

imitation, in adults with SZ and psychiatrically-healthy controls (HC). Imitation, i.e., observing 

and reproducing others’ actions, is thought to recruit simulation mechanisms to facilitate action 

representation (Park et al., 2008). Although behavioral imitation is impaired in SZ (Matthews et 

al., 2013; Park et al., 2008), it is unclear whether individuals with SZ show corresponding 

dysregulation of neural simulation mechanisms in the SC. For example, while a recent functional 

magnetic resonance imaging (fMRI) study indicated similar SC activation when imitating on-

screen actions in HC and SZ (Horan et al., 2014), another demonstrated diminished specificity of 

activation in SC areas to imitative actions in SZ (Thakkar et al., 2014). Yet another study revealed 
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normative hemodynamic activation in SZ when observing others in pain but atypical SC activation 

specifically when instructed to switch between perspectives (i.e., imagining oneself versus others 

experiencing the pain) (Horan et al., 2016). This suggests specific disruption of neural mechanisms 

involved in imagining first- versus third-person experiences in SZ. Notably, these studies 

employed paradigms in which participants observed and/or imitated actions as they were depicted 

on-screen. Therefore, it is unclear whether individuals with SZ demonstrated an automatic, mirror-

like neural response to observed external cues or engaged in simulation, i.e., generated an internal 

representation. Sophisticated interactions can necessitate deliberate use of simulation as a strategy 

to understand others’ mental states and predict behavior. To characterize simulation deficits in SZ, 

research must test the ability to generate neural representations when attempting to imagine an 

experience in the absence of external cues. 

In the current study, our first aim was to directly examine whether simulation elicits 

specific neural representations of salient sensorimotor experiences within the SC in SZ and HC. 

In the MRI scanner, participants watched a video depicting a person experiencing pain in a hand 

or foot. After the stimulus was removed from the screen, participants rated how unpleasant it would 

be to experience that pain themselves, eliciting simulation. An independent functional localizer 

task was used to identify SC activation elicited by firsthand sensorimotor experience in hands and 

feet. By leveraging known somatotopic organization of the SC (Buccino et al., 2001), we defined 

functional regions-of-interest (ROIs) specifically involved in representing hand- and foot-related 

experiences for each participant. Utilizing these individually-tailored ROIs, we tested whether 

simulation elicited specific neural representations of sensorimotor experiences in SZ and HC. 

These methods allowed us to address our second aim: to compare the strength of these neural 

representations in SZ versus HC. Our final aim was to evaluate relations between the strength of 
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neural representations and measures of empathy and broader social function. We predicted: (1) 

during simulation, HC and SZ would generate neural representations within specific regions of the 

SC involved in representing firsthand sensorimotor experiences; (2) SZ would show diminished 

strength of these neural representations relative to HC, indicating impaired simulation; and (3) the 

strength of these representations would be linked to individual variation in empathy and social 

function, implicating simulation as a core mechanism supporting social understanding and ability. 

 

METHODS 

Participants  

22 individuals with schizophrenia or schizoaffective disorder (SZ) and 26 medically 

healthy controls (HC) were recruited from the greater Boston area. Inclusion criteria for all 

participants included: age 18-65, English-speaking, IQ>70, no history of neurological or major 

medical illness, no history of head trauma, and no DSM-IV history of substance abuse or 

dependence within 6 months. SZ participants had a clinical diagnosis of schizophrenia or 

schizoaffective disorder, no comorbid DSM-IV axis I disorders, and no history of 

electroconvulsive therapy. HC participants had no lifetime axis I disorders or first-degree relatives 

with a psychotic disorder.  

Participants completed the Structured Clinical Interview for DSM-IV Disorders (First et 

al., 2002) to screen for lifetime psychiatric diagnoses and the Wechsler Abbreviated Scales of 

Intelligence to assess IQ (Wechsler, 1999). SZ symptoms were assessed using an extended version 

of the Positive and Negative Syndrome Scale (PANSS-E) (Kay et al., 1987; Poole et al., 2000). 

Participants’ role functioning (e.g., performance in school, work, or home) was assessed using the 

Global Functioning: Role Scale (GF-Role) (Cornblatt et al., 2007). Data from 5 participants were 
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excluded from analysis due to poor data quality (see Methods), yielding a final sample of 19 SZ 

and 24 HC individuals. HC and SZ groups did not differ in demographics or IQ (Table 2.1). 

Participants provided written informed consent in accordance with the Institutional Review Board 

at Harvard University and were compensated for participation. 

 

EXPERIMENTAL PROCEDURE 

Measures of Social Function  

The Interpersonal Reactivity Index, a 28-item self-report measure, was used to evaluate 

multiple facets of empathy (Davis, 1980, 1983). We were interested in two subscales: perspective-

taking (IRI-PT), which assesses the tendency to adopt others’ points-of-view (e.g., “When I’m 

upset at someone, I try to put myself in his shoes for a while”) and empathic concern (IRI-EC), 

which measures concern and sympathy for others (e.g., “I often have tender, concerned feelings 

for people less fortunate than me”). Each subscale included 7 items rated from 0 (”does not 

describe me very well”) to 4 (“describes me very well”). 

The Social Adjustment Scale Self-Report (SAS-SR), a 54-item self-report questionnaire, 

assessed current function in six domains: work, social and leisure activities, relationships with 

extended family, marital role, parental role, and role within the family unit (Weissman et al., 1978). 

Raw SAS-SR scores were averaged across domains and converted to a gender-adjusted T score 

indexing overall social impairment.  

The Global Functioning: Social Scale (GF-Social), an interview-based measure, assessed 

quantity and quality of relationships, peer conflict, and family involvement on a scale from 1 

(“extreme dysfunction”) to 10 (“superior function”) (Cornblatt et al., 2007).  
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Simulation fMRI Task 

 

Figure 2.1. Simulation task. In the experimental trial example, participants observed a person accidentally cutting 
his finger with a breadknife, followed by a jittered fixation cross, a question screen asking them to rate how unpleasant 
it would be for them to be cut by the knife, and then another jittered fixation cross. In the control trial example, 
participants observed the static breadknife presented alone, followed by a fixation cross, a question screen asking them 
to rate the size of this object relative to another, and then another jittered fixation cross. Participants logged responses 
to the question screens via button-press for both trial types. 

 

In the MRI scanner, participants performed a novel task designed to elicit simulation 

(Figure 2.1) (Lincoln et al., 2010; Lincoln et al., 2017). During experimental trials, participants 

observed a video depicting a person experiencing accidental pain in either a (a) hand (e.g., hitting 

a hand with a hammer) or (b) foot (e.g., shutting a foot in a door). Stimuli included different types 

of sensory experience (pressure, mechanical, and thermal). After the video was removed from the 

screen, participants were instructed to rate how unpleasant it would be for them to have that 

experience (e.g., “How unpleasant would it be for you to be cut by a knife?”) on a scale from 1 

(“not at all unpleasant”) to 5 (“extremely unpleasant”), prompting them to generate an internal 

representation of the sensorimotor experience in order to judge how it might feel. 

How	unpleasant	would	it	
be	for	you	to	be	cut	by	

that	knife?	
1							2							3							4							5	
(not	at	all)				(extremely)			

+	
How	much	bigger	is	the	
breadknife	than	a	pair	of	

eyeglasses?	
1  		2							3							4							5	
(not	at	all)				(extremely)	

+	

Experimental	Trial	

Control Trial	

4	s	 4	s	4,	6,	8	s	

+	

+	
4,	6,	8	s	
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During control trials, participants observed a static video depicting an object from the 

experimental condition (e.g., the hammer that hit a hand in an experimental stimulus was presented 

alone in the matched control stimulus) and were then instructed to rate the relative size of the 

object (e.g., “How much bigger is that peeler than a stop sign?”) on a scale from 1 (“much smaller”) 

to 5 (“much bigger),” prompting them to imagine the objects in order to evaluate size. This 

condition allowed us to control for activation associated with object representation when 

evaluating neural representations of sensorimotor experiences. The task yielded six conditions: (1) 

observation of hand pain (Hand Observation), (2) observation of foot pain (Foot Observation), (3) 

observation of control object (Control Observation), (4) simulation of hand pain (Hand 

Simulation), (5) simulation of foot pain (Foot Simulation), and (6) object size representation 

(Control Question).   

 During the task, participants viewed 32 trials depicting hand pain, 32 trials depicting foot 

pain, and 32 trials depicting control stimuli. Trials consisted of a video stimulus (4 seconds), a 

fixation cross (4, 6, or 8 seconds jittered), a question screen (4 seconds), and another fixation cross 

(4, 6, or 8 seconds jittered). Participants responded to questions using a five-button response pad. 

Trials were presented in fixed, pseudorandomized order using E-Prime and Matlab software. 

 

Localizer task  

Participants also completed one functional run of an independent localizer task, which 

required participants to rub their hands or feet together or move their mouths. The single run of 

this task included five 20-second blocks of movement for Hand Motion, Foot Motion, and Mouth 

Motion, with 12-second rest periods. Mouth Motion was not a condition of interest in the current 
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analyses. This task identified neural activation associated with firsthand sensorimotor experiences 

in each participant’s hands and feet. 

 

fMRI acquisition and analysis  

fMRI data were collected on a 3T Siemens Tim Trio scanner at Harvard University’s 

Center for Brain Science with echoplanar images (40 oblique-axial slices; 3 × 3 × 3 mm isotropic 

voxels; TE=30 ms; TR= 2560 ms, flip angle=85 degrees). A T1-weighted anatomical image was 

acquired with an MPRAGE sequence (176 axial slices, 1 × 1 × 1 mm voxels).  Data were analyzed 

using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) within the general linear model 

(GLM) framework. The first four volumes of functional runs were discarded prior to analysis to 

ensure steady-state magnetization. Preprocessing included realignment to the mean functional 

image, co-registration to the anatomical image, normalization to MNI template space, and 

smoothing with an 8 mm Gaussian kernel. Data were high-pass filtered at 128 milliseconds. 

 

Simulation task analysis  

Within each subject, hemodynamic response to each observation condition (Hand 

Observation, Foot Observation, and Control Observation) was modeled at the onset of the video 

and to each simulation condition (Hand Simulation, Foot Simulation, and Control Question) at the 

onset of the question screen with a duration of 4 seconds. Contrast files were generated for Hand 

Observation>Control Observation, Foot Observation>Control Observation, Hand 

Simulation>Control Question, and Foot Simulation>Control Question. 

The Artifact Detection Toolbox (ART; http://www.nitrc.org/projects/artifact_detect/) was 

used to identify outlier scans in global signal (> ±4 SD) and movement (>3 mm from the previous 
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volume), which were entered into the GLM as nuisance regressors (Yin et al., 2015). The number 

of outliers did not differ between HC and SZ (Mann-Whitney U-test: U = 240, p = 0.77). 

Participants with greater than 4% of functional scans identified as outliers were excluded from 

analyses. Additionally, data from one SZ participant was excluded due to ghosting artifact. In total, 

data from 2 HC and 3 SZ participants were excluded from analysis due to poor quality. 

 

Whole brain ANOVA 

To verify expected task-related activation, a full-factorial ANOVA was conducted to 

examine the main effects of observation (Hand Observation>Control Observation; Foot 

Observation>Control Observation) and simulation (Hand Simulation>Control Question; Foot 

Simulation>Control Question) relative to control conditions. Following-up on our ROI analyses, 

we also examined between-group differences at the whole brain-level. This allowed us to confirm 

differential recruitment (HC>SZ; SZ>HC) of other neural mechanisms beyond our ROIs during 

simulation versus control conditions. Whole-brain results are reported at a peak threshold of 

p<0.0001, family-wise error (FWE) corrected to p<0.05 at the cluster level. 

 

Localizer task analysis  

In the localizer task, hemodynamic response to the three movement conditions (Hand, Foot, 

and Mouth Motion) was modeled at the onset of each 20-second movement block. Contrasts files 

were created for Hand Motion>Foot Motion and Foot Motion>Hand Motion. ART was used to 

identify outlier scans [global signal (> ±4 SD) or head movement (>3 mm composite motion)], 

which were entered into the GLM as nuisance regressors. This allowed us to account for variance 

associated with motion in our model, maximizing sensitivity to task-related activity. Task-motion 
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correlation plots were visualized for linear and rotational motion parameters and inspected to 

verify minimal association. The number of motion outliers did not differ between HC and SZ 

(Mann-Whitney U-test: U = 248, p = 0.62). 

 

ROI definition and analyses: Evaluating neural representations in the SC  

Primary analyses focused on simulation-related activity within a priori ROIs, i.e., the areas 

of each participant’s SC activated by the firsthand sensorimotor experience in hands and feet 

during the localizer task. The somatotopic organization of the SC guided the definition of hand 

and foot ROIs (Buccino et al., 2001; Stippich et al., 2002). For each participant, we defined hand 

ROIs as 8 mm spheres centered at the positive maxima for Hand Motion>Foot Motion located 

nearest to the ‘hand knob’ on the precentral gyrus (Stippich et al., 2002; Yousry et al., 1997) and 

foot ROIs as 3 mm spheres centered at the positive maxima for Foot Motion>Hand Motion located 

nearest to the intersection of the central sulcus and longitudinal fissure (Stippich et al., 2002) in 

each hemisphere. Maxima were identified for each contrast at p<0.001, k>10, uncorrected. If 

activation within the SC was not identifiable at p<0.001, the threshold was raised iteratively 

(p<0.01, then p<0.1) until local maxima were observable (Bedny et al., 2012). Six SZ and 2 HC 

participants required this p threshold adjustment to identify local maxima. Our procedure yielded 

four ROIs in the SC (Right and Left Hemisphere Hand ROIs; Right and Left Hemisphere Foot 

ROIs) for each participant. Average MNI coordinates are reported for HC and SZ in Figure 2.3. 

Given our specific interest in simulation-related neural representations, ROI analyses 

focused on simulation conditions. Contrast estimates were extracted for Hand Simulation>baseline 

from each Hand ROI and for Foot Simulation>baseline from each foot ROI. Contrast estimates for 
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Hand Simulation>Control Question and Foot Simulation>Control Question were also computed. 

Distribution of neural data was inspected for normality. 

To confirm that our simulation manipulation elicited neural representations of hand- and 

foot-related sensorimotor experiences within the SC, we examined whether ROIs demonstrated 

significantly greater activation to Hand Simulation and Foot Simulation relative to Control 

Question. In addition, we evaluated whether SZ individuals demonstrated atypical neural 

activation to simulation within ROIs. Therefore, we conducted a repeated measures ANOVA with 

task (Simulation>baseline and Control>baseline) and ROI (Right Hemisphere Hand, Left 

Hemisphere Hand, Right Hemisphere Foot, and Left Hemisphere Foot) as within-subjects factors 

and group (HC, SZ) as the between-subjects factor. Planned simple effect tests were carried out 

for significant interaction terms using a statistical threshold of p<0.05 (two-sided).  

 

Brain-behavior associations 

 Separate regression models tested associations between the strength of simulation-related 

neural activity in ROIs and each social measure (IRI-PT, IRI-EC, SAS-SR, and GF-Social) across 

HC and SZ. To test the unique effect of activity in a given ROI on social function for HC and SZ, 

initial regression models included ROI activity, diagnostic group, and the interaction term as 

predictors and the social measure as the dependent variable. We did not predict differential 

relations between ROI activity and social function in SZ versus HC; non-significant interaction 

terms were dropped, and final models were run with only ROI activity and group as predictors. 

Predictors were checked for multicollinearity; model residuals were inspected to confirm 

normality and homoscedacity. 95% confidence intervals (CIs) were derived through bias-corrected 

and accelerated (BCa) bootstrapping from 1000 samples. We used the adaptive Benjamini–
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Hochberg correction (Benjamini and Hochberg, 2000), which controls the false-discovery rate, to 

evaluate whether brain-behavior associations remained significant (p < 0.05) after multiple 

comparison correction (i.e., eight tests conducted). 

 

RESULTS 

Behavioral results. Table 2.1 summarizes behavioral results. SZ participants demonstrated 

greater social maladjustment (SAS-SR T scores) and poorer global social function (GF-S) but did 

not differ significantly from HC on empathic perspective-taking (IRI-PT) or concern (IRI-EC). 

Importantly, HC and SZ groups did not differ in ratings of how unpleasant it would be to 

experience the pain depicted in the task, confirming similar subjective experience of imagined 

pain. 

Table 2.1.  Participant demographics and behavioral data. 
 SZ HC Group differences 

N 19 24  
Gender (male/female) 10/9 18/6 χ2(1, N = 43) = 1.45, p = 0.23 
Age 38.10 (9.56) [21-58] 35.38 (11.37) [20-53]  t(41) = -0.86, p = 0.40, d = 0.26 
Education (years)a 14.53 (2.25) [10-18] 14 (2.70) [11-21] t(41) = -0.70, p = 0.49, d = 0.21 
Race/ethnicity (N)   χ2(5, N = 43) = 5.35, p = 0.37 

White or Caucasian 9 17  
Black or African American  6 4  
Hispanic or Latinx 1 1  
Asian or Asian American 2 0  
Hawaiian or Pacific 

Islander 
0 1  

Multiracial 1 1  
IQa 106.95 (14.37) [82-133] 108.58 (10.39) [88-127] t(32) = 0.42 p = 0.68, d = 0.13 
GF – Role 5.58 (1.80) [3-8] 8.08 (1.21) [6-10] t(30) = 5.19, p <.001, d = 1.67* 
Diagnosis (n)     

Schizophrenia  15    
Schizoaffective  4    

PANSS-E symptoms    
Negative symptoms 13.05 (5.47) [7-27]   
Positive symptoms 16.37 (5.74) [8-30]   
Disorganized symptoms 7.68 (4.00) [5-18]    

Duration of illness (years)b 16.66 (11.83) [2-42]   
CPZ equivalent 350.88 (314.59) [0-1000]   
Social variables    
     IRI-PT 30.70 (4.32) [20-37] 32.46 (4.32) [27-42] t(39) = 1.33, p = .19, d = 0.41 
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Table 2.1 (continued) 
     IRI-EC 31.95 (5.55) [21-42] 31.75 (4.29) [24-42] t(33) = -0.13, p = .90, d = 0.04 
    SAS-SR 67.47 (16.48) [43-97] 51.46 (10.15) [36-76] t(28) = -3.71, p <.001, d = 1.17* 
    GF – Socialb 6.11 (1.52) [3-9] 8.56 (1.34) [6-10] t(36) = 5.49, p <.001, d = 1.72* 
Simulation task    

Unpleasantness rating 
(Hand)c 

3.69 (0.69) [2.07-4.62] 3.77 (0.65) [2.34-4.90] t(35) = 0.39, p = 0.70, d = 0.12 

Unpleasantness rating 
(Foot)c 

3.71 (0.62) [2.07-4.72] 3.84 (0.60) [2.83-4.97] t(34) = 0.64, p = 0.53, d = 0.20 

Control ratingc 3.30 (0.61) [2.00-4.40] 3.25 (0.56) [2.25-4.57] t(33)= -0.28, p = 0.78, d = 0.09 
Notes. All data are presented as mean, (SD), [range] unless otherwise noted. Welch’s t-tests were used to test group 
differences; adjusted degrees of freedom were rounded to the nearest integer. aFull-scale IQ scores were estimated 
using the Vocabulary and Matrix Reasoning subtests of the Wechsler Abbreviated Scale of Intelligence (WASI).  bData 
were not collected from one participant in the HC group. cDue to technical error at the scanner, ratings were not 
collected from one participant in the SZ group. *Group differences were significant at p<0.05. 
 

Whole brain ANOVA. Main effects for observation and simulation conditions are reported for 

the full sample (Table 2.2, Figure 2.2). Expected task-related activation was observed: both SZ 

and HC participants demonstrated activation in SC regions (including somatomotor and 

somatosensory cortices) when observing and simulating hand- and foot-related sensorimotor 

experiences. Midline cortical structures, i.e., the posterior cingulate cortex, precuneus, and medial 

prefrontal cortex, also demonstrated activation during hand and foot simulation. In addition, 

whole-brain results indicated no significant differences in activation between HC and SZ. 

Table 2.2. Whole-brain analysis (ANOVA): main effects of condition across HC and SZ 
 Region BA Cluster 

size 
MNI 

coordinates 
x y z 

Peak 
voxel 

t-value 
Hand Observation> 
Control Observation 

Middle temporal 
Gyrus/Inferior parietal 
lobule/Postcentral gyrus (R) 

39/2/5 
 

2479 51 -64 4 15.73 

 Inferior parietal lobule/ 
Postcentral gyrus (L) 

40/1/2 2293 -57 -28 25 15.34 

 Inferior frontal 
gyrus/Precentral gyrus (L) 

44/9 1302 -51 8 16 11.44 

 Inferior frontal 
gyrus/Precentral gyrus (R) 

44/9 1912 51 14 10 10.83 

 Precentral gyrus/Superior 
Frontal gyrus (L) 

6 325 -27 -7 55 9.05 

 Fusiform gyrus (L) 37 75 -42 -46 -20 8.99 
 Cingulate gyrus (L) 31 49 -12 -25 40 8.28 
 Cerebellum (R) - 50 15 -73 -44 7.90 
 Supplementary motor area 

(Bilateral) 
6 

385 9 17 61 7.54 
 Lingual gyrus (Bilateral) 18 856 6 -79 -5 7.40 
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Table 2.2 (continued) 
 Cingulate gyrus (Bilateral) 24 115 -3 -1 37 7.40 
 Thalamus (R) - 154 18 -28 4 7.09 
 Thalamus (L) - 178 -9 -19 10 7.03 
 Cerebellum (L) - 51 -9 -76 -44 6.77 
 Superior occipital 

lobe/Cuneus (R) 
19 

93 27 -79 37 6.15 
 Cingulate gyrus (R) 31 24 12 -22 40 6.02 
 Putamen (R) - 33 21 2 7 5.57 

 
Foot Observation> 
Control Observation 

Inferior parietal 
lobule/postcentral gyrus (L) 40/2 1328 -57 -28 25 16.42 

 Middle temporal gyrus/Middle 
occipital gyrus (R) 39/37 1983 48 -64 4 14.55 

 Middle temporal gyrus/Middle 
occipital gyrus (L) 39/19 684 -48 -67   7 14.02 

 Inferior frontal 
gyrus/Precentral gyrus (L) 44/45 817 -54   8 19 11.41 

 Inferior frontal 
gyrus/Precentral gyrus (R) 44/45 1219 51 14 10 10.03 

 Fusiform Gyrus (L) 37 76 -42 -46 -20 8.79 
 Cingulate gyrus (L) 31 37 -12 -25 40 8.34 
 Cerebellum (R) - 42 15 -73 -44 7.56 
 Superior frontal 

gyrus/Precentral gyrus (L) 6 256 -24 -7 58 7.50 

 Cingulate gyrus (Bilateral) 24 66 -3 -1 37 7.35 
 Thalamus (L) - 93 -15 -25 7 6.38 
 Lingual gyrus (R) 18 193 6 -79 -5 6.24 
 Thalamus (R) - 67 18 -28 4 6.17 
 Cerebellum (R) - 22 24 -67 -23 5.82 
 Cerebellum (L) - 39 -21 -67 -50 5.76 
 Supplementary motor area (R) 6 93 6 17 58 5.66 
 Insula (L) 47 36 -27 17 -14 5.19 
 Middle frontal gyrus (L) 46 86 -48 44 19 5.18 
 Superior occipital lobe (R) 19 36 27 -82 37 5.10 
 Superior occipital lobe (L) 19 36 -24 -82 28 4.83 
 Superior medial frontal gyrus 

(R) 8 20 6 44 43 4.79 

 

Hand Simulation> 
Control Question 

Medial frontal gyrus/ 
Cingulate gyrus/ Precuneus 
(Bilateral) 

10 5038 -6 56 -2 9.67 

 Cerebellum (L)  96 -30 -82 -35 6.91 

 
Paracentral Lobule/ 
Postcentral gyrus/ Precentral 
gyrus (Bilateral) 

4/5/6 560 -6 -28 64 6.42 

 Cerebellum (R) - 27 30 -82 -35 6.21 
 Putamen/Amygdala (R) - 37 27 -7 -8 5.58 

 

Foot Simulation> 
Control Question 

Posterior cingulate cortex/ 
Precuneus/ Superior temporal 
gyrus/ Supramarginal gyrus 
(Bilateral) 

31 6632 -33 -52 4 10.20 

 Cerebellum (R) - 47 30 -79 -35 7.27 
 Cerebellum (L) - 86 -30 -79 -35 6.91 
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Table 2.2 (continued) 

 
Paracentral lobule (Bilateral)/ 
Postcentral gyrus 
(R)/Precentral gyrus (R) 

6/3/4 791 -3 -28 61 6.72 

 Superior temporal gyrus (R) 22 33 57 -58 16 4.74 
      

Notes. Regions demonstrating significant neural activity for the main effects of condition are reported at a peak 
threshold of p<0.0001, corrected at the cluster-level to p<0.05. 
 

 

Figure 2.2. Whole brain analysis: task verification. A) Top panel depicts the positive main effects of Hand 
Observation>Control Question and Hand Simulation>Control Question in a full-factorial ANOVA. B) Bottom panel 
depicts the positive main effects of Foot Observation>Control Observation and Foot Simulation>Control Observation 
in a full factorial ANOVA. All images are displayed at p<0.0001, corrected at the cluster-level to p<0.05. Slices are 
shown at MNI coordinates [-1 -29 67]. 
 

ROI analysis: Evaluating neural representations in the SC. Repeated measures ANOVA with 

a Greenhouse-Geisser correction revealed a significant interaction between ROI and Task [F(1.87, 

76.64) = 25.66, p<0.001, η2partial = 0.385], as well as significant main effects of ROI [F(1.58, 64.86) 

= 46.82, p<0.001, η2partial = 0.533] and task [F(1.00, 41.00) = 6.60, p = 0.014, η2partial = 0.139]. 

Importantly, the main effect of group and all interactions with group were non-significant [all 

Fs<0.70, all ps>0.48]. 

Planned simple effects tests of the significant interaction (ROI by Task) revealed greater 

activation to Hand Simulation versus Control Question in the Right Hemisphere Hand ROI [t(42) 
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= 2.97, p = 0.005, d= 0.45] and to Foot Simulation versus Control Question in both Right [t(42) = 

6.59, p < 0.001, d=1.00] and Left Hemisphere Foot ROIs [t(42) = 4.85, p < 0.001, d=0.74] across 

groups. The Left Hemisphere Hand ROI demonstrated reduced activation to Hand Simulation 

versus Control Question [t(42) = -3.24, p = 0.002, d=-0.50]. Contrast estimates for Hand 

Simulation > Control Question in each Hand ROI and for Foot Simulation > Control Question in 

each Foot ROI are depicted in Figure 3 for HC and SZ. Since the Left Hemisphere Hand ROI was 

not engaged during simulation, it was dropped from subsequent brain-behavior analyses. Given 

the strong correlation between Right and Left Foot ROI activity (r = 0.65, 95% CI [0.29, 0.82], p 

<0.001), we collapsed Foot ROI data across hemispheres and used the resulting Bilateral Foot ROI 

for subsequent analyses.  

 

Figure 2.3. Region of interest (ROI) data. Mean contrast estimates for HC and SZ are plotted for the Left and 
Right Hemisphere Hand and Foot ROIs. Error bars represent the standard error of the mean. Because ROIs were 
individually-tailored for each participant, MNI coordinates averaged across participants are reported in square brackets 
for HC (blue) and SZ (red). The blue and red spheres represent the average regions from which contrast estimates 
were extracted for HC and SZ, respectively. 
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Brain-behavior associations. Results of multiple regression models are reported in Table 2.3. 

Neural activity in the Bilateral Foot ROI demonstrated a significant unique association with GF-S 

scores: stronger neural representations were associated with better social function, above and 

beyond the effect of group. However, this relationship did not survive multiple comparison 

correction. Simulation-related ROI activity did not uniquely predict SAS-SR, IRI-PT, or IRI-EC 

scores. 

Table 2.3. Brain-behavior associations: Multiple regression models predicting social measures 
  Parameter Estimates & Significance Model Fit 
  b [95% CI] p F(2,40) R2 [95% CI] 

Neural Activity + Group à 
IRI-PT 

     

Right Hand ROI Activity 0.79 [-1.53, 3.54] 0.604 1.00 0.05 [0.00, 0.18] 
 Group -1.68 [-4.45, 0.86] 0.222   
      

Bilateral Foot ROI Activity 1.78 [-2.13, 5.21] 0.352 1.32 0.06 [0.00, 0.19] 
 Group -1.92 [-4.69, 0.71] 0.162   
      

Neural Activity + Group à 
IRI-EC 

     

Right Hand ROI Activity 0.90 [-2.08, 4.38] 0.601 0.15 0.01 [0.00, 0.02] 
 Group 0.30 [-3.14, 3.37] 0.846   
      

Bilateral Foot ROI Activity 1.44 [-1.92, 6.81] 0.502 0.24 0.01 [0.00, 0.05] 
 Group 0.08 [-3.21, 3.11] 0.958   
      

Neural Activity + Group à 
SAS-SR 

     

Right Hand ROI Activity -1.56 [-11.67, 6.76] 0.805 7.54 0.27 [0.07, 0.47] 
 Group 15.89 [7.81, 25.03] <0.001*   

      

Bilateral Foot ROI Activity -6.29 [-19.73, 4.67] 0.281 8.31 0.29 [0.08, 0.49] 
 Group 16.52 [8.31, 25.07] <0.001*   

      
Neural Activity + Group à 
GF-Social• 

     

Right Hand ROI Activity 0.35 [-0.46, 1.67] 0.513 15.46 0.44 [0.18, 0.63] 
 Group -2.44 [-3.25, -1.58] <0.001*   
      

Bilateral Foot ROI Activity 1.51 [0.45, 2.52] 0.013*† 21.16 0.52 [0.23,0.67] 
 Group -2.58 [-3.41, -1.76] <0.001*   
      

Notes. Parameter estimates (b) and significance (p), as well as model fit (F statistic and R2) are reported for each 
multiple regression model run. •GF-Social data were not collected for one participant, affecting degrees of freedom 
[F(2,39)]. *Significant at p<0.05 †Does not remain significant after controlling the false-discovery rate. 
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4. DISCUSSION 

Using a novel fMRI paradigm, the current study evaluated neural mechanisms supporting 

sensorimotor simulation in SZ and HC. HC and SZ participants did not differ in behavioral ratings 

of how unpleasant it would be to experience the pain depicted, confirming similar subjective 

experience of imagined pain. Whole-brain analyses revealed expected task-related activation in 

the SC across SZ and HC, verifying that our simulation task recruited this aspect of the mirror 

neuron system. These findings build upon prior studies of social cognitive processes, including 

emotion recognition (Adolphs et al., 2000), social signal perception (Hooker et al., 2010), and 

empathy (Bufalari et al., 2007; Zaki et al., 2009), which have implicated the SC in embodied 

simulation. Our whole-brain analyses revealed that simulation recruited some nodes of the mirror 

neuron network (e.g., the superior temporal sulcus, middle temporal gyrus, and SC) but not others 

(e.g, inferior frontal gyrus) engaged by action observation and/or imitation in previous studies 

(Caspers et al., 2010; Iacoboni and Dapretto, 2006). This highlights the need to evaluate neural 

correlates of simulation in the absence versus presence of external cues. Notably, we found that 

simulation elicited activation in the medial prefrontal cortex and posterior cingulate cortex, key 

nodes of a network associated with self-reflective cognitive processes, such as simulating one’s 

own future experiences (Buckner and Carroll, 2007). Given previous findings of midline cortical 

structure dysregulation in SZ (Harrison et al., 2007; Holt et al., 2011), further studies should 

evaluate contributions of these regions to simulation and social function in SZ. 

Our novel methodology allowed us to address three primary questions about simulation. 

First, we tested whether HC and SZ individuals generate specific neural representations of 

sensorimotor experiences in the SC during simulation. Across diagnostic groups, participants 

engaged the Right Hemisphere Hand ROI and Bilateral Foot ROI when simulating the experiences 
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observed in others’ hands and feet, respectively. This suggests that individuals generate an internal 

representation of imagined sensorimotor experiences in the same regions of the SC in which they 

represent firsthand experiences, providing a parsimonious mechanism for internal representation 

of sensations and associated affective responses. Interestingly, the Left Hemisphere Hand ROI 

showed deactivation during simulation relative to the control condition. This finding is difficult to 

clearly interpret, as activity in this ROI might reflect not only neural simulation mechanisms but 

also those involved in preparing or executing small movements with right hand (e.g., getting ready 

to log a response or fidgeting). Another study employing our experimental procedure also did not 

find simulation-related activation in the Left Hemisphere Hand ROI, indicating lack of 

engagement across samples (Lincoln et al., 2010; Lincoln et al., 2017). Nevertheless, our findings 

in the Right Hemisphere Hand and Bilateral Foot ROIs provide evidence that individuals generate 

neural representations within the SC to imagine what it would feel like to experience pain they 

observed in another person, consistent with simulation accounts of social cognition (Gallese et al., 

2004). 

Second, to test possible impairment of simulation mechanisms in SZ, we compared the 

strength of sensorimotor representations in SZ and HC. Simulation-related activation in ROIs did 

not differ significantly between groups; individuals with SZ demonstrated comparable strength of 

representations in the SC relative to HC. Importantly, the SC constitute only one node of the 

distributed networks implicated in simulation. It is possible that other regions of the mirror neuron 

network (e.g., inferior frontal gyrus) or areas that support self-reflective thinking (e.g., the medial 

prefrontal cortex) might show dysregulation during simulation in SZ. However, our whole-brain 

analyses suggest no significant difference between SZ and HC in engagement of broader neural 

mechanisms during simulation. Results are consistent with previous studies investigating imitation 
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and empathy (Horan et al., 2014; Horan et al., 2016), which indicate broadly similar patterns of 

neural activation in SZ and HC. By employing a novel paradigm eliciting simulation in the absence 

of external cues, the current study suggests that neural simulation mechanisms in the SC may not 

be impaired in SZ.  

Third, we tested whether the strength of neural representations generated during simulation 

was linked to social function. Simulation-related activation in the Bilateral Foot ROI predicted 

better interviewer-rated social function; however, this relationship did not survive correction for 

multiple comparisons and should therefore be interpreted with caution. Findings suggest that 

robust internal representations of salient sensorimotor experiences might support social function, 

in line with simulation accounts of social understanding (Gallese et al., 2004). Reduced strength 

of these neural representations may reflect difficulties in simulation, contributing to marked social 

dysfunction in SZ and more subtle social difficulties in psychiatrically-healthy individuals. The 

strength of hand- or foot-related experiences in the SC were not linked to self-evaluated empathic 

tendencies or social adjustment, possibly because these self-report measures rely upon higher-

order inferential processes requiring insight. Further work is needed to clarify relations between 

neural simulation mechanisms and socioemotional function in SZ and HC. 

Interestingly, neural representations of foot- but not hand-related experiences were 

associated with social function. Our ROI analyses focused on representations within the specific 

regions of the SC recruited by firsthand experience. Given the larger expanse of cortical surface 

that supports representation of hands versus feet (Disbrow et al., 2000), our Hand ROIs may not 

have captured the full extent of variation in SC activity during hand simulation. Prior research 

suggests that imagining hand movements recruits unique aspects of the SC compared to executing 

the same movement, although these neural representations partly overlap (Stippich et al., 2002). 
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Future work should test whether imagining hand experiences is supported, in part, by aspects of 

the SC that are not strongly engaged by direct experience. 

 We note that our experimental task elicited representations of how unpleasant it would be 

for oneself to experience the observed pain. Simulation theory proposes that these self-referential 

representations are then used to make social inferences. However, this study did not test the 

translation of these representations to understand others’ experiences. Individuals with SZ could 

demonstrate atypical neural activation at this critical step for social cognition, contributing to 

impairment in social understanding. Also, because the paradigm evaluated simulation of painful 

sensorimotor experiences, it remains unclear whether simulation elicits representations of positive 

experiences or other negative experiences in the SC. Although the SC has been implicated in 

reasoning about others’ positive and negative emotional responses (Hooker et al., 2008; Zaki et 

al., 2009), this hypothesis remains to be directly evaluated. Moreover, simulation of other salient 

affective experiences (e.g., social rejection) could be impaired in SZ, contributing to social 

dysfunction. 

Findings should be interpreted in light of key limitations. The modest sample size may 

have limited our power to detect group differences in activation and elucidate brain-behavior 

relations. Additionally, our procedure for defining individualized ROIs may have impacted 

findings: increasing the p threshold to identify local peak activations in the SC during hand and 

foot movement may have led to definition of ROIs based on weaker signal in some participants. It 

is also possible that psychoactive medication use affected neural activity and current social 

function in SZ. These limitations should be addressed by future studies. 

The current work adds to the literature supporting simulation accounts of interpersonal 

understanding (Gallese et al., 2004). Findings reveal that individuals generate neural 
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representations of observed sensorimotor experiences in the SC during simulation and that the 

strength of these representations might be linked to individual variation in social function. 

However, future research is needed to confirm this brain-behavior relationship. Given evidence of 

the neuroplasticity of the SC in human adults (Feldman and Brecht, 2005; Yang et al., 1994), 

neural representations in this region may hold promise as targets for future social-cognitive 

interventions in SZ and other disorders characterized by social deficits, such as autism. 
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ABSTRACT 

 Children reared in institutions experience psychosocial deprivation early in life, with 

profound and lasting consequences for social and emotional development. The current study 

evaluated growth trajectories of self-regulation in social contexts from ages 8 to 16 years among 

institutionally-reared children randomized to high-quality foster care (foster care group; FCG) or 

to remain in institutional care (care-as-usual group; CAUG) in comparison to a never-

institutionalized group (NIG). Results indicate a time-elapsed intervention effect, by which FCG 

children experienced modest growth in self-regulation over the course of adolescence and “caught 

up” to their NIG peers by age 16. In contrast, CAUG children demonstrated stably low self-

regulation relative to NIG across this developmental period. We then tested a developmental 

pathway by which growth in self-regulation reduces transdiagnostic risk of psychopathology at 

age 16 for FCG versus CAUG. Serial mediation analysis revealed that the beneficial effect of the 

foster care intervention on psychopathology at age 16 operated through greater growth in self-

regulation from age 8 to 16 years for FCG relative to CAUG. Part of this effect was further 

mediated by lower peer difficulties for FCG versus CAUG at age 16. These findings suggest that 

the effects of early foster care placement on self-regulation may emerge over the course of 

adolescence, and that growth in this pivotal capacity may be a mechanism by which foster care 

mitigates the impact of institutionalization on adolescent psychopathology. 
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INTRODUCTION 

Consistent, responsive caregiving early in life lays the foundation for healthy social and 

emotional development (Ainsworth, Bell, & Stayton, 1974; Davies & Cicchetti, 2004; Feldman & 

Eidelman, 2009). Children reared in institutions face profound disruption of this expected 

caregiving environment, subject to low caregiver-to-child ratios, high staff turnover, and rigid 

routines (Berens & Nelson, 2015; Smyke et al., 2007). Post-institutionalized children and 

adolescents show poor social skills (Almas et al., 2012; Etel & Yagmurlu, 2015; Julian & McCall, 

2016), problematic social behaviors (Caprin, Benedan, Ballarin, & Gallace, 2017; Gunnar & Van 

Dulmen, 2007; Humphreys et al., 2018), peer difficulties (Hodges & Tizard, 1989; Humphreys et 

al., 2018; Pitula et al., 2014), and vulnerability to psychiatric problems (Colvert et al., 2008; 

Gunnar & Van Dulmen, 2007; Sonuga-Barke et al., 2017; Wiik et al., 2011). However, the 

processes by which early institutionalization shape later psychosocial well-being remain unclear. 

Self-regulation, defined here as the capacity to regulate one’s emotions and behavior in 

social contexts, is a pivotal ability shaped by early psychosocial experience. Caregiving 

interactions foster development of basic self-regulation skills (Feldman, Greenbaum, & Yirmiya, 

1999; Fox & Calkins, 2003) and self-control (Vazsonyi & Huang, 2010). Early institutional care 

is associated with poor self-regulation, including reduced executive control (Pollak et al., 2010; 

Wade, Fox, Zeanah, & Nelson, 2019), emotional dysregulation (Tottenham et al., 2010), and 

disinhibited social behavior (Chisholm, 1998; Gleason et al., 2014; Guyon-Harris, Humphreys, 

Fox, Nelson, & Zeanah, 2018; Sonuga-Barke et al., 2017) from childhood into young adulthood. 

Individual differences in childhood self-regulation may, in turn, have wide-ranging effects on other 

psychosocial outcomes (Fergusson, Boden, & Horwood, 2013; Moffitt et al., 2011). Increased 

control over emotions and behavior in early childhood predicts several aspects of interpersonal 



 

 78 

competence later in development, including social status (Maszk, Eisenberg, & Guthrie, 1999), 

peer rejection (Trentacosta & Shaw, 2009), and quality of peer relationships (Blair et al., 2014). 

Furthermore, recent studies indicate that basic self-regulatory processes predict risk for general 

psychopathology, i.e., “p” factor (Bloemen et al., 2018; Caspi et al., 2014; Martel et al., 2017). 

These findings implicate self-regulation as a pivotal mechanism by which early psychosocial 

experiences shape both peer and psychiatric outcomes later in life.  

Moreover, emerging longitudinal evidence suggests that self-regulation may impact risk 

for psychopathology through its effects on social relationships. For example, a recent study 

suggested that associations between self-regulation in preadolescence and both internalizing and 

externalizing psychopathology in young adulthood are partly mediated through negative social 

interactions with peers, parents, and romantic partners (Laceulle, Veenstra, Vollebergh, & Ormel, 

2017). Prior work indicates that the association between maltreatment and psychiatric symptoms 

at one-year follow-up is serially mediated through emotion regulation and its effects on peer 

relations (Kim & Cicchetti, 2010). Given the persistent effects of early institutional care on 

psychopathology (Humphreys et al., 2015; Sonuga-Barke et al., 2017), it is critical to evaluate 

developmental pathways by which these effects can be mitigated or reversed.   

Research from the Bucharest Early Intervention Project (BEIP), the only randomized 

controlled trial of foster care as an intervention for institutionalized children, suggests that the 

effects of early psychosocial deprivation can be partially remediated following placement into 

family-based care. In this trial, infants reared in Romanian institutions were randomly assigned to 

remain in institutional care (care as usual group; CAUG) or placed into high-quality foster care 

(foster care group; FCG). Developmental outcomes in this cohort were assessed longitudinally and 

compared to a never-institutionalized group (NIG). At age 8, FCG children placed into foster care 
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before 20 months of age demonstrated better overall social skills than CAUG (Almas et al., 2012). 

FCG children were also less reticent to speak and elicited more peer engagement while interacting 

with NIG children at this age (Almas et al., 2015). To better understand how the capacity to enact 

these social behaviors develops over time, it is critical to evaluate growth in self-regulatory 

processes from childhood into adolescence, a period of significant biological and psychosocial 

transition. Recent work suggests that the effects of foster care intervention on social-emotional 

development may not fully manifest until later in adolescence. For instance, although CAUG and 

FCG demonstrate similar levels of general psychopathology (p factor) at age 8, FCG showed a 

modest decline from ages 8 to 16, leading to significantly lower general psychopathology by age 

16 (Wade, Fox, Zeanah, & Nelson, 2018). Still, the developmental mechanisms by which foster 

care mitigates transdiagnostic risk remain unclear.  

Using longitudinal data from BEIP, the current study maps developmental trajectories of 

self-regulation in social contexts among previously-institutionalized children from middle 

childhood into adolescence (ages 8 to 16 years). First, we estimated growth parameters (intercept 

and slope) for self-regulation with latent growth modeling within a Bayesian framework. The 

randomized controlled design of the trial allowed us to: (a) identify specific effects of the foster 

care intervention by comparing growth in self-regulation in FCG versus CAUG; and (b) clarify 

the extent to which foster care remediates the effects of early institutionalization on trajectories of 

self-regulation through comparison with NIG. Moreover, we tested whether the foster care 

intervention mitigated risk for general psychopathology via its effects on self-regulation in social 

contexts and peer relationships. We predicted that placement into high-quality foster care would 

facilitate more growth in self-regulation over the course of adolescence in FCG compared to 
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CAUG, ultimately contributing to reduced peer difficulties and, in turn, reduced vulnerability to 

general psychopathology at 16 years. 

 

METHODS 

Clinical Trial Design 

 The Bucharest Early Project is the only randomized controlled trial (RCT) of a foster care 

intervention for institutionalized children to date. Study enrollment and randomization began in 

2001. Inclusion criteria for institutionalized children included being 31 months or younger and 

having spent at least half of their lives in institutional care. Exclusion criteria included frank 

genetic, neurological, or fetal alcohol syndromes, and microcephaly. After baseline screening, 136 

children (between 6 and 31 months of age) living in six institutions throughout Bucharest, Romania 

were randomly assigned to either remain in institutional care (care as usual group, CAUG; n=68) 

or moved out of the institutions and placed into foster families selected and trained by study 

investigators (foster care group, FCG; n=68). At baseline, FCG and CAUG children did not differ 

on demographic characteristics, age of entry into institutions, or duration of institutional care 

(McLaughlin, Fox, Zeanah, & Nelson, 2011). As part of the RCT, foster parents were trained to 

provide high-quality, responsive caregiving to the children placed in their care and received 

support from social workers in Bucharest with ongoing consultation from clinicians in the U.S. 

(Smyke, Zeanah, Fox, & Nelson, 2009). A policy of non-interference was adopted, such that 

Romanian child protection authorities made all decisions with regard to children’s placements; 

several children experienced changes in their placements over the course of the study (Figure 3.1). 

Age- and sex-matched typically-developing children living with their biological families were 

recruited from the local community as a comparison group (NIG; n=72).  



 

 81 

Figure 3.1. CONSORT flow diagram for the Bucharest Early Intervention Project (BEIP). Randomized 
clinical trial and follow-up assessments at 8, 12, and 16-year timepoints, and the current analysis. SSRS = Social Skills 
Responsiveness Scale. 
 

The design of the original trial and ethical safeguards of BEIP have been discussed in detail 

elsewhere (Millum & Emanuel, 2007; Zeanah et al., 2003). All study protocols and procedures 

were approved by the Institutional Review Boards at the three principal investigators’ universities 

and later by the Ethics Committee at Bucharest University. The study was initiated in collaboration 

with the Ministry of Health in Romania. For each child, signed informed consent was obtained 
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from the child’s legal guardian. Written or verbal assent was also obtained, depending upon the 

cognitive ability of the child, at ages 8, 12 and 16 years. 

 

Participants 

Children were assessed at 30 months, 42 months, and 54 months as part of the original 

trial. At the conclusion of the RCT (54 months), support for the foster care network was transferred 

to local child protection authorities. Data for the current study were obtained from follow-up 

assessments conducted at 8-year, 12-year, and 16-year timepoints. Participants who were enrolled 

at the 8-year timepoint and contributed Social Skills Rating System (Gresham & Elliott, 1990) 

self-regulation subscale data at least once were included in the current analyses, yielding a final 

sample of 220 children (58 CAUG, 62 FCG, 100 NIG). 215 children (55 CAUG, 60 FCG, and 100 

NIG) contributed data at age 8; 157 children (53 CAUG, 54 FCG, and 50 NIG) contributed data 

at age 12; and 134 children (45 CAUG, 48 FCG, 41 NIG) contributed data at age 16 by 8/25/2018. 

An intent-to-treat approach was employed, such that participants’ original group assignments were 

employed for all analyses, regardless of subsequent changes in placement over the course of the 

study. Demographics, baseline characteristics, and full-scale IQ for CAUG, FCG, and NIG 

participants included in the current study are reported in Table 3.1. 

Table 3.1. Participant demographics 

 CAUG FCG NIG 
N 58 62 100 
Sex (%)    

Male 51.7 51.6 49.0 
Female 48.3 48.4 51.0 

Ethnicity (%)    
Romanian 48.3 58.1 91.0 
Roma 36.2 29.0 8.0 
Unknown 13.8 11.3 0 
Other 1.7 1.6 1.0 

Age entered institution (mo) 2.6 (3.8) 2.7 (4.1) - 
Age entered foster care (mo) - 22.7 (7.1) - 
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Table 3.1 (continued) 
Full-scale IQ (age 8)* 75.9 (14.1) 80.3 (16.0) 100.26 (15.8) 

Notes. 206 children enrolled in the Bucharest Early Intervention Project were included in the current 
study. CAUG = care as usual group; FCG = foster care group; NIG = never-institutionalized group. 
*NIG>FCG, CAUG 
 

Measures 

Self-regulation at 8, 12, and 16 years. Self-regulation in social situations was assessed 

using the Social Skills Rating System (SSRS), a standardized questionnaire evaluating social skills 

performance, at the 8, 12, and 16-year time points. The SSRS Self-control subscale assesses a 

child’s ability to appropriately modulate his/her reactions in social contexts (e.g., responding 

appropriately to teasing and refusing unreasonable requests from others). Children’s primary 

caregivers and/or teachers responded to items on a three-point scale from 0 (“never”) to 2 (“very 

often”). To account for children’s actual age at assessment in our growth curve model, parent and 

teacher ratings were residualized for each child’s age in months. Ratings were then averaged to 

generate an age-residualized composite score across informants at the 8, 12, and 16-year 

timepoints. 

General psychopathology at 16 years. Psychopathology was measured using the 

Internalizing and Externalizing/ADHD Scales of the MacArthur Health and Behavior 

Questionnaire (HBQ) (Essex et al., 2002). Caregivers and/or teachers rated behaviors on a three-

point scale from 0 (“never or not true”) to 2 (“often or very true”); ratings were then combined to 

generate a multi-informant composite score for each subscale. Subscales included depression, 

overanxious, social anxiety/withdrawal, oppositional defiant, conduct problems, overt aggression, 

relational aggression, and ADHD. Composite subscale scores were then subjected to latent bifactor 

models to estimate general psychopathology, internalizing, and externalizing factors, as described 
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previously (Wade et al, 2018). Factor scores for the latent general psychopathology factor at age 

16 were saved and used as a manifest outcome variable for the current study.  

 Peer difficulties. Children’s challenges in peer functioning were evaluated using the Peer 

Relations Scale of the HBQ at the 16-year timepoint. Caregivers and/or teachers rated each child’s 

experiences in the domains of Peer Acceptance/Rejection, Bullying by Peers, and Relational 

Victimization on a scale from 1 (“not at all”) to 4 (“very much”). Given the highly intercorrelated 

ratings among these domains and between informants, confirmatory factor analysis was carried 

out on multi-informant ratings across these domains to identify one latent Peer Difficulties factor. 

Robust maximum likelihood estimation was employed. Modification indices indicated that the 

single-factor model would be improved by including residual correlations of Peer Victimization 

(teacher-rated) with Bullying by Peers (teacher-rated), Acceptance/Rejection (teacher-rated) with 

Bullying by Peers (teacher-rated), Peer Acceptance/Rejection with Peer Victimization (teacher-

rated), and Peer Acceptance/Rejection with Peer Victimization (parent-rated); these residual 

correlations were added to the final model. Model fit was good, c2(5) = 1.49, p=0.91, 

RMSEA<.001, CFI=1.00, SRMR = 0.009 (Hu & Bentler, 1999). Factor scores were saved from 

this model and used as manifest mediator variables at age 16. 

IQ. Full-scale IQ scores were entered as a covariate in the growth models to control for the 

effects of general cognitive ability on social skill development. IQ was assessed at the 8-year 

timepoint using the Wechsler Intelligence Scale for Children (WISC-IV; Wechsler, 2003). A full-

scale IQ composite score was calculated for each participant based on all 10 WISC-IV subtests. 

All IQ assessments were administered by trained and reliable Romanian psychologists in the BEIP 

laboratory. IQ outcomes at age 8 years have been previously reported (Fox, Almas, Degnan, 

Nelson, & Zeanah, 2011). 
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Statistical analysis 

 Using Mplus v7 statistical software (Muthen & Muthen), we conducted multigroup latent 

growth modeling (LGM) for SSRS self-control scores within a Bayesian framework. This 

approach allowed us to examine growth parameters (slopes and intercepts) within and between 

CAUG, FCG, and NIG groups. In addition, sex and general cognitive ability (WISC-IV Full Scale 

IQ score) were controlled for in each model, as these variables have been shown to modulate social 

skills in prior developmental studies (Gresham & Elliott, 1990; Skuse et al., 2009). To handle 

missing data over time, we employed Bayesian estimation. This method is similar to full 

information maximum likelihood estimation, which provides less biased parameter estimates and 

better model fit compared to other common methods for treating missing data, such as listwise or 

pairwise deletion (Enders & Bandalos, 2001). Bayesian posterior predictive checking using chi 

square indicated good model fit, indicated by a posterior predictive p-value greater than .05 

(p=.165) and a 95% confidence interval including zero (-15.00 to 42.91). For LGM results, one-

tailed p-values based on posterior distributions for parameter estimates and 95% Bayesian 

credibility intervals are reported. Individual growth parameters (intercepts and slope) for self-

regulation were then saved from the latent growth model using Bayesian estimation for secondary 

analyses; plausible values were generated using 50 draws (imputations) from the Bayesian 

posterior distribution. 

 To evaluate the effects of the foster care intervention on mental health in adolescence 

directly and indirectly through growth in self-regulation and peer difficulties in adolescence, we 

tested a serial mediation model (Model 6) using the PROCESS tool for SPSS (PROCESS v. 3.3., 

Hayes, 2012). For FCG relative to CAUG, we hypothesized that greater growth in self-regulation 

over the course of adolescence would be associated with reduced peer difficulties and, in turn, 
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reduced general psychopathology at age 16. Slopes for self-regulation (ages 8 to 16) and peer 

difficulties (age 16) were entered as mediators (process model: group à change in self-regulation 

à peer difficulties à psychopathology). PROCESS employs ordinary-least-squares path analysis 

to estimate coefficients for direct and direct effects (Hayes, 2012). FCG and CAUG children with 

sufficient HBQ data at age 16 to extract factor scores for peer difficulties and psychopathology as 

described above were included in serial mediation analysis (n=88). Follow-up analyses of indirect 

effects were bootstrapped (10000 bootstrap samples) to obtain the 95% confidence intervals used 

for statistical inference (Preacher & Hayes, 2008). 

 Lastly, we conducted secondary analyses to examine possible effects of age at placement 

and number of caregiving disruptions on growth in self-regulation within FCG from middle 

childhood into adolescence. Age of placement was defined as the age in months at which FCG 

children were removed from institutional care and placed into their initial foster care placement as 

part of the BEIP RCT. Prior studies have indicated significant effects of placement before versus 

after approximately two years of age on critical domains of development, including cognition (Fox 

et al., 2011; Nelson et al., 2007), brain activity (Marshall, Reeb, Fox, Nelson, & Zeanah, 2008; 

Vanderwert, Marshall, Nelson, Zeanah, & Fox, 2010). Therefore, independent samples t-tests were 

carried out to compare growth parameters (slopes and intercepts) for self-regulation in FCG 

children placed in foster care before versus after 24 months of age. Caregiving  disruptions were 

defined as the number of times a child transitioned from a caregiving placement that was intended 

to be permanent (e.g., from foster parents back to biological family) from birth to the 8 year 

timepoint (Almas et al., 2018). Pearson correlations were carried out to investigate whether the 

number of caregiving disruptions was related to these growth parameters among children who 

were previously-institutionalized (FCG and CAUG). 
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RESULTS 

Latent growth model: self-regulation from 8 to 16 

 Within- and between-group comparisons of LGM parameters (i.e., intercepts and slopes) 

are reported in Tables 3.2 and 3.3. At age 8 (model intercept), NIG demonstrated significantly 

higher self-regulation skills relative to both CAUG and FCG; CAUG and FCG did not significantly 

differ from each other. However, FCG showed a modest increase in rate of change (slope) from 8 

to 16 years, while NIG remained stably high and CAUG did not increase significantly. By the 12-

year timepoint, both NIG and FCG had higher self-regulation skills than CAUG, and only a 

modest, trend-level difference remained between NIG and FCG (p=.058). At the 16-year 

timepoint, no significant differences in self-regulation remained between NIG and FCG, and both 

FCG and NIG showed modestly higher self-regulation than CAUG. Model-estimated trajectories 

of self-regulation for CAUG, FCG, and NIG are illustrated in Figure 3.2. 

Table 3.2. Growth parameter estimates for self-regulation: Within-group effects 

Growth 
parameter CAUG intercept [95% CI] FCG intercept [95% CI] NIG intercept [95% CI] 

Slope  
(8 to 16 yrs) 

0.07 [-0.07, 0.21], p=.179 0.13 [-0.01, 0.26], p=.036* -0.02 [-0.18, 0.15], p=0.388 

Intercept 
(age 8) 

-0.32 [-0.54, -0.10] p=0.003** -0.13 [-0.33, 0.07], p=.105 0.23 [0.06, 0.41], p=.004** 

Intercept 
(age 12) 

-0.25 [-0.45, -0.06], p=.005** -0.001 [-0.18, 0.18], p=.498 0.21 [0.04, 0.39], p=0.008** 

Intercept 
(age 16) 

-0.18 [-0.45, 0.09], p=.093 0.12 [-0.14, 0.37], p=.179 0.22 [-0.06, 0.49], p=.056 

***P < 0.001, **P < 0.01, *P < 0.05. Effects are based on one-tailed directional tests and control for sex and IQ 
(Wechsler Intelligence Scale for Children-IV, Full Scale IQ). Coefficients reflect unstandardized estimates at the mean 
of sex and IQ. 
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Table 3.3. Growth parameter estimates: Between-group differences 

 FCG > CAUG 
[95% CI] 

NIG > CAUG 
[95% CI] 

NIG > FCG 
[95% CI] 

Slope  
(8 to 16 yrs) 

0.06 [-0.12, 0.24], p=.276 -0.10 [-0.32, 0.16], p=.224 -0.15 [-0.37, 0.09], p=.102 

Intercept 
(age 8) 

0.195 [-0.08, 0.48], p=.086 0.55 [0.238, 0.863], p<.001*** 0.35 [0.07, 0.64], p=.007** 

Intercept 
(age 12) 

0.25 [0.01, 0.50], p=0.020* 0.46 [0.18, 0.76], p=0.001** 0.21 [-0.05, 0.49], p=0.058 

Intercept 
(age 16) 

0.30 [-0.04, 0.65], p=0.039* 0.40 [-0.02, 0.82], p=0.033* 0.10 [-0.30, 0.49], p=0.310 

***P < 0.001, **P < 0.01, *P < 0.05. Effects are based on one-tailed directional tests and control for sex and IQ 
(Wechsler Intelligence Scale for Children-IV, Full Scale IQ). Coefficients reflect unstandardized estimates of group 
differences at the mean of sex and IQ. 
 

 

Figure 3.2. Group-level trajectories of self-regulation from ages 8 to 16. Plotted values reflect model-
estimated means of intercept at ages 8, 12, and 16, controlling for sex and IQ. SSRS self-regulation subscale scores 
reflect the composite of teacher- and parent-report scores residualized for participants’ actual ages (in months) at 
assessment for each timepoint. Group comparisons at each timepoint are reported †p<.10, *p<.05 
 

Serial mediation model 

 Using serial mediation analysis, we tested whether greater growth in self-regulation (slope 

from age 8 to 16) and lower peer difficulties in adolescence sequentially mediated the effects of 

foster care intervention on adolescent general psychopathology. All paths for the process model 
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and their corresponding coefficients are depicted in Figure 3.3. The total effect (c) of the foster 

care intervention on psychopathology at age 16 was not significant (b=-0.34, t=-1.67, p=.100), nor 

was the direct effect (c’) controlling for effects of the mediators (b=-0.13, t=-0.86, p=.388). 

However, two indirect paths were significant. The specific indirect effect through growth in self-

regulation was significant (point estimate: -0.11; CI =-0.23 to -0.02), as was the specific indirect 

effect through growth in self-regulation and a subsequent reduction in peer difficulties (point 

estimate: -0.10; CI=-0.23 to -0.01). 

 

 

Figure 3.3. Serial mediation model with growth in self-regulation (slope ages 8 to 16) and peer 
difficulties (age 16) as proposed mediators of the foster care intervention on adolescent 
psychopathology (age 16). ***p <.001, **p < .01, *p < .05.  
 

Follow-up analyses 

Age at placement. No significant differences in growth parameters were observed between 

FCG children placed in foster care before versus after 24 months of age [intercept: t(58)=0.49, 

p=.628; slope: t(58)=-0.45, p=.658]. 



 

 90 

 Caregiving disruptions. Across FCG and CAUG, the number of caregiving disruptions 

from birth to age 8 were negatively correlated with growth in self-regulation over adolescence 

(slope from 8 to 16 years) [r(118)=-0.23, p=.010]. In other words, more disruptions were 

associated with less growth in self-regulation over time. In addition, caregiving disruptions showed 

a trend-level association with lower self-regulation at age 8 (intercept) [r(118)=-0.18, p=.052). 

 

DISCUSSION 

 Using longitudinal data from the Bucharest Early Intervention Project (BEIP), we 

examined developmental trajectories of self-regulation from middle childhood into adolescence in 

institutionally-reared children randomized to foster care (FCG) or to remain in institutions 

(CAUG), as well as a never-institutionalized community sample (NIG). Our results indicate that 

early caregiving experiences can set children on significantly different developmental trajectories 

for self-regulation. While NIG children demonstrated stably high levels of self-regulation from 

ages 8 through 16, CAUG children evinced stable low levels of self-regulation.  Building upon 

prior work suggesting long-term impairment of executive control (Sonuga-Barke et al., 2017; 

Wade et al., 2019), our results indicate disruption of everyday self-regulatory function in children 

exposed to prolonged institutional care. 

We tested whether early removal from institutional care can mitigate the harmful effects 

of early deprivation on trajectories of self-regulation. Results revealed that institutionally-reared 

children (CAUG and FCG) were rated as having significantly lower self-regulation in social 

contexts than NIG at age 8. There was no evidence of an intervention effect at this age, as FCG 

and CAUG children did not differ significantly on self-regulation. However, FCG children showed 

a modest increase in self-regulation from ages 8 to 16. By age 16, both FCG and NIG showed 
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better self-regulation than CAUG, and there was no significant difference between FCG and NIG. 

Secondary analyses indicated similar trajectories of growth for FCG children placed in foster care 

before and after 2 years of age, although our power to detect age-of-placement effects may be 

limited by the modest size of our FCG sample. Together, results indicate a time-elapsed 

intervention effect whereby the effects of foster care on self-regulation emerge over the course of 

adolescence, with FCG “catching up” to NIG by age 16. Although prior research indicates 

moderate stability of individual differences in self-control from early in life (Coyne & Wright, 

2014) into adulthood (Moffitt et al., 2011), this continuity is far from complete across 

development. Our findings add to evidence that environmental influences, including parental 

warmth (Ng-Knight et al., 2016) and negative life events (Duckworth, Kim, & Tsukayama, 2012) 

impact growth trajectories for self-control over adolescence. Given that teenagers may be uniquely 

prone to lapses in self-control in the presence of social incentives (Casey, Jones, & Somerville, 

2011; Somerville, Jones, & Casey, 2010), growth in self-regulation may play a particularly 

important role in supporting adolescent well-being. 

We also evaluated growth in self-regulation from ages 8 to 16 as a potential mechanism by 

which foster care intervention reduces transdiagnostic vulnerability to psychopathology among 

institutionally-reared children over adolescence (Wade et al., 2018). As hypothesized, placement 

into foster care supported greater growth in self-regulation from middle childhood into 

adolescence, which was associated with fewer peer difficulties at age 16 and, in turn, reduced 

general psychopathology at age 16. Importantly, another indirect path was observed whereby 

growth in self-regulation alone mediated the intervention effect. Given the randomized design of 

BEIP, our results provide compelling evidence that self-regulation in social contexts is a pivotal 

mechanism by which foster care can reduce psychiatric risk in post-institutionalized adolescents. 
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Extending recent work linking self-regulatory processes with general psychopathology in children 

(Martel et al., 2017) and adolescents (Castellanos-Ryan et al., 2016), our findings suggest that 

interventions targeting self-regulation in everyday settings could help reduce risk for a broad array 

of mental health problems among institutionally-reared youth. Moreover, our findings suggest that 

growth in self-regulation over adolescence is a key mechanism for remediating the harmful effects 

of psychosocial deprivation. These findings are in line with preliminary evidence suggesting that 

individuals demonstrating increases in self-control from childhood into young adulthood have 

better outcomes across a number of psychosocial domains (Moffitt et al., 2011). 

There are several limitations of the current work. The modest sample size may have limited 

our power to detect significant effects, including timing effects for the intervention. In addition, 

we conducted intent-to-treat analyses, using original group assignments for all participants. 

Although this method facilitated unbiased, conservative estimation of intervention effects, it did 

not account for the subsequent changes in caregiving placement experienced by several children 

in the FCG and CAUG groups. Our secondary analyses indicate that experiencing more caregiving 

disruptions (up to age 8) may be associated with flatter trajectories of growth in self-regulation 

over adolescence among post-institutionalized children (FCG and CAUG). Further research 

employing larger post-institutionalized samples are needed to confirm this link and to examine 

how caregiving stability might influence growth in self-regulation. In addition, our mediation 

analyses focused on evaluating specific developmental pathways linking foster care intervention 

to reductions in psychopathology at age 16 via growth in self-regulation over adolescence and peer 

difficulties at 16. Both psychopathology and peer difficulties were assessed by teacher and 

caregiver ratings using the HBQ, which could inflate parameter estimates due to shared 

measurement variance; however, both p factor and peer difficulties factor scores were computed 
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based on aggregated data from multiple raters (teacher and caregiver) across multiple subscales, 

reducing this risk. Lastly, transactional models highlight the importance of examining both 

contemporaneous and longitudinal relations between different systems in order to understand their 

cumulative effects on child development (Sameroff & Mackenzie, 2003). Future studies 

employing developmental cascade models and multi-informant methodology can further elucidate 

how psychopathology, self-regulation, caregiver-child interactions, and peer interactions influence 

each other in a bidirectional manner over development in post-institutionalized samples.  

Conclusions 

The present study adds to a growing literature on the effects of early psychosocial 

deprivation on growth in self-regulation and its consequences for adolescent psychopathology. 

While children exposed to prolonged institutional care show stably poor self-regulation within 

social contexts from ages 8 to 16 years, children randomized to high-quality foster care placements 

demonstrate modest growth, eventually “catching up” to never-institutionalized children by age 

16. In turn, this growth in self-regulation helps explain the beneficial effects of foster care on 

mental health among post-institutionalized adolescents. Together, these findings reveal that early 

placement into family-based care supports less problematic developmental trajectories of self-

regulation, ultimately contributing to better psychosocial outcomes. Intervention effects may not 

fully emerge until later in adolescence, a unique period of neurobehavioral reorganization (Casey 

et al., 2011; Giedd et al., 1999). Growth in self-regulation over this developmental period may be 

a promising target for future interventions seeking to remediate long-term effects of profound 

neglect. In the context of prior work tying childhood self-regulation to several indices of 

psychosocial well-being (Moffitt et al., 2011), fostering gradual improvement in self-regulation 
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over development may have wide-ranging beneficial effects on multiple domains of competence 

for children reared in alternative care settings. 
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SUMMARY & DISCUSSION                                                                                                                                  

Summary of findings  

This dissertation leveraged neuroimaging and behavioral methods to investigate processes 

supporting social competence in typical and atypical development. A growing body of research 

indicates that social cognition is linked to variation in socially-competent behavior in healthy 

development. Study 1 identified patterns of task-modulated neural activity and connectivity 

specific to making explicit mental state attributions during middle childhood, an important period 

of psychosocial change and transition in typical child development (Mukerji et al., 2019). Findings 

elucidated how aspects of the neural ToM network act–– and interact–– to support false belief 

understanding and revealed that ToM-related activity is associated with individual differences in 

children’s social cognitive skills in everyday settings. In this way, Study 1 demonstrated that neural 

correlates of ToM may contribute to variation in children’s social cognitive skill in everyday life, 

affording new insights into the link between social brain function and a behavior in healthy child 

development. 

Disruptions to social cognitive processing may contribute to social impairment in atypical 

neurodevelopment. Study 2 tested a central assumption of simulation theories of social cognition, 

revealing that simulation elicited neural representations within the same regions involved in 

supporting firsthand experience in both psychiatrically-healthy controls and individuals with 

schizophrenia, a serious neurodevelopmental disorder marked by social impairment (Mukerji et 

al., 2018). The strength of these specific sensorimotor representations did not differ significantly 

between individuals with schizophrenia and healthy controls but was linked to individual 

differences in global social function. These findings did not suggest specific disruption of neural 
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simulation mechanisms in SZ but provided preliminary evidence that the neural correlates of 

simulation may contribute to transdiagnostic difficulties in social function.  

 
 A convergent line of research indicates that responsive caregiving early in life lays the 

foundation for healthy development of self-regulation, a cornerstone of social competence. Using 

data from the Bucharest Early Intervention randomized controlled trial, Study 3 evaluated the 

effects of a caregiving intervention on the development of self-regulation among institutionally-

reared children, who have experienced severe, early psychosocial neglect. Institutionally-reared 

children randomized to high-quality foster care showed modest growth in self-regulation from 

middle childhood into adolescence, “catching up” to their never-institutionalized peers by age 16. 

In contrast, children randomly assigned to remain in institutional care showed stably low self-

regulation across this developmental period. Moreover, results revealed that the beneficial effect 

of the foster care intervention on psychopathology at age 16 operated through greater growth in 

self-regulation from age 8 to 16 years; furthermore, part of this effect was further mediated by 

reduced peer difficulties at age 16 for the foster care group. These findings indicated that effects 

of early foster care placement on self-regulation emerge over the course of adolescence; moreover, 

growth in self-regulation may be a key developmental mechanism by which foster care mitigates 

harmful long-term effects of institutionalization on mental health outcomes. 

 

Implications 

In summary, these three studies evaluated candidate processes supporting social 

competence in typical and atypical development. Extending prior research investigating core 

mechanisms supporting social competence, our findings elucidated how social cognition and self-

regulation operate to facilitate healthy psychosocial development. In addition, we began to reveal 



 

 103 

how these processes may go awry, contributing to marked social difficulties among individuals 

with neurodevelopmental disorders and those exposed to early neglect. Our findings may have 

important translational applications, implicating both social cognitive processing and self-

regulation as promising targets for future interventions seeking to remediate or prevent social 

difficulties in vulnerable populations. 

 In addition, this dissertation provided compelling evidence that profound early neglect can 

derail growth trajectories of self-regulation in social contexts, contributing to psychosocial 

outcomes; early placement into stable, responsive family-based care can significantly reduce this 

harm to social and emotional development. Our findings add to a growing number of studies 

indicating that early neglect has harmful and enduring effects on brain and behavior (Bick & 

Nelson, 2016; McLaughlin, Fox, Zeanah, & Nelson, 2011; Tottenham, 2014; Wiik et al., 2011; 

Wismer Fries & Pollak, 2017). This body of research has important implications for public policy 

in the U.S. and abroad. Separating children from loving families has devastating developmental 

consequences; removal from neglectful settings can mitigate harm. This scientific knowledge 

should inform the way societies treat vulnerable children, particularly in the context of child 

protective services and our immigration and juvenile justice systems. 

 

Limitations and future directions 

The findings from this dissertation should be interpreted in light of several important 

limitations. For example, Studies 1 and 2 examined linear associations between neural correlates 

of social cognition and measures of social behavior at a single point in time. Our modest sample 

sizes may not be adequately powered to detect subtle individual differences in social brain and 

behavior, limiting our ability to elucidate brain-behavior relations. Moreover, these studies did not 
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test directional relations between brain and behavior or examine how brain-behavior relations 

change over the course of typical and atypical development. Recent neuroscientific studies have 

begun to map typical development of the ToM network (Bowman, Dodell-Feder, Saxe, & 

Sabbagh, 2019; Richardson, Lisandrelli, Riobueno-Naylor, & Saxe, 2018). Future studies 

employing longitudinal assessments of neural and behavioral function in larger samples are needed 

to elucidate developmental trajectories of social brain maturation and to test their relations to 

behavior in typical and atypical neurodevelopment. 

In addition, this dissertation did not evaluate the impact of environmental processes on 

social cognitive development. A growing body of research indicates that early environmental 

inputs critically shape the developing brain (Hensch, 2005; Tierney, Nelson, & III, 2009). Prior 

studies suggest that aspects of family environment, including presence of siblings in the home 

(Jenkins & Astington, 1996; Perner, Ruffman, & Leekam, 1994; Peterson, 2000) and maternal use 

of mental state language (Laranjo, Bernier, Meins, & Carlson, 2010; Meins, Fernyhough, Russell, 

& Clark-Carter, 2001), predict children’s performance on classic theory-of-mind tasks. However, 

the effects of social experiences on development of neural social cognitive mechanisms remain 

unclear. Further work seeking to elucidate the development of social cognition and behavior 

should explore how social experiences impact the neural correlates of social cognition––and vice 

versa––over the course of development 

 Although Study 3 provides compelling evidence that growth in self-regulation over 

adolescence is a key process by which foster care intervention mitigates transdiagnostic risk for 

psychopathology among institutionally-reared children, it is important to consider these findings 

within a broader neurodevelopmental context. The brain undergoes marked structural (Giedd, 

2004; Thompson et al., 2001) and functional changes over the course of adolescence (Blakemore, 
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2008; Blakemore & Mills, 2014). In particular, adolescents show heightened neural sensitivity to 

social incentives combined with an as-yet immature capacity for cognitive control in the presence 

of such motivational cues (Casey, Jones, & Somerville, 2011; Somerville, Jones, & Casey, 2010). 

Future studies are needed to evaluate how growth in self-regulation in social situations over this 

period corresponds to changes in neural circuitry. In addition, it is important to consider the 

possible role that basic neurocognitive processes may play in an individual’s propensity to regulate 

emotions and behavior in everyday life. Prior studies suggest that executive control is 

compromised (Sonuga-Barke et al., 2017; Wade, Fox, et al., 2019) in post-institutionalized 

children and that stably low executive control may mediate the relation between 

institutionalization and transdiagnostic psychopathology (Wade, Zeanah, Fox, & Nelson, 2019). It 

is important for future studies to explore developmental cascades among executive control 

processes, self-regulation in everyday contexts, psychopathology, and social behavior over the 

course of development to gain a more comprehensive understanding of how social competence 

develops. 

 Lastly, institutionalization represents a unique form of severe psychosocial deprivation; 

this may limit the generalizability of findings from Study 3 to populations experiencing other 

forms of neglect. Further research is needed to evaluate risk and resilience in children exposed to 

neglect in different circumstances. Similarly, foster families in our randomized controlled trial 

were carefully provided with training, community supports, and home visits, representing a 

uniquely enriched psychosocial environment. The positive effects of foster care intervention on 

self-regulatory growth and broader social and emotional outcomes may be tied to specific features 

of these caregiving contexts and may not generalize to all foster-care systems. Further research is 
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needed to identify the “active ingredients” of foster care intervention to inform targeted 

interventions and public policy aimed at improving outcomes for neglected youth. 
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