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Abstract

As a highly social species, our social connectedness carries important consequences for
our physical and mental well-being. Navigating the social world and developing social
connections, however, is challenging for people with schizophrenia, making it difficult for them
to reap the benefits of social relationships. Though treatments for social dysfunction are clearly
warranted, it remains unclear as to what factors influence daily social behavior, leaving the
pathophysiological mechanisms of social dysfunction and potential targets for intervention
unknown. In the current dissertation, I present three studies evaluating the hypothesis that the
neural network supporting theory of mind (ToM) – the process by which we attribute and reason
about the mental states of others – is one important determinant of social functioning in
schizophrenia, individuals at familial risk for schizophrenia, and romantic couples. Using fMRI
and behavioral methods, I find that individuals with schizophrenia (Paper 1) and individuals at
familial risk for schizophrenia (Paper 2) exhibit disruption to the ToM network. Furthermore,
neural activity in aspects of the ToM network captures variance in laboratory-based assessments
of ToM and daily-reported ToM, social enjoyment/motivation, and other aspects of social
functioning in these groups. FMRI and experience-sampling data from romantic couples (Paper
3) suggest that recruitment of the ToM network may support healthy social relationships by
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affecting the well-being of social partners. Together, the findings are consistent with the notion
that the neurocognitive system supporting ToM is one important factor underlying social
functioning in health, psychopathology, and at risk states. As such, this work may carry
important implications regarding the pathophysiological processes connecting social dysfunction
to illness onset and exacerbation, endophenotypes, and treatment. These findings point towards
important future directions, which include elucidating how the dynamic relations between neural
function and behavior, as well as ToM and other social processes (e.g., social anhedonia and
withdrawal), interact and unfold over the course of development in the service of healthy social
behavior and the expression of psychopathology.
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Background and Introduction
Our nature as social animals is to interact, bond, and form enduring relationships with
others. So key are social relationships to our well-being that the extent of social connectedness,
whether measured by perceived or objective indices, is associated with a variety of important
physical and mental health outcomes (Cacioppo & Cacioppo, 2014; Cacioppo, Cacioppo,
Capitanio, & Cole, 2015; S. Cohen, Doyle, Skoner, Rabin, & Gwaltney, 1997; Coyne &
Downey, 1991; Eisenberger & Cole, 2012; Holt-Lunstad, Smith, & Layton, 2010; House,
Landis, & Umberson, 1988; Kessler, Price, & Wortman, 1985; Matheson et al., 2013; Uchino,
2006; Umberson, Crosnoe, & Reczek, 2010; VanderWeele, Hawkley, & Cacioppo, 2012). These
associations are particularly consequential in relation to psychopathology, which is, in part,
defined by impairments in the ability to engage in, establish, and maintain appropriate social
exchanges and relationships (APA, 2013).
Schizophrenia is paradigmatic in this sense. Affected individuals experience marked
disturbances in the ability to navigate the social world (Green & Horan, 2010; Green, Horan, &
Lee, 2015; Hooley, 2010), and experience a trait-like disinterest in and lack of pleasure from
social interaction (Blanchard, Horan, & Brown, 2001; Horan, Blanchard, Clark, & Green, 2008).
These social difficulties are evident pre-illness onset in at risk individuals who exhibit attenuated
symptoms (Addington, Penn, Woods, Addington, & Perkins, 2008; Ballon, Kaur, Marks, &
Cadenhead, 2007; Cornblatt et al., 2007; S. H. Lincoln & Hooker, 2014) or have an affected
first-degree relative (Cornblatt, Lenzenweger, Dworkin, & Erlenmeyer-Kimling, 1992; Dworkin
et al., 1991; Dworkin et al., 1993; Dworkin, Lewis, Cornblatt, & Erlenmeyer-Kimling, 1994;
Glatt, Stone, Faraone, Seidman, & Tsuang, 2006; Hans, Auerbach, Asarnow, Styr, & Marcus,
2000; P. Miller, Byrne, et al., 2002), predict later schizophrenia diagnosis (Cannon et al., 2008;
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Cornblatt et al., 2007; Cornblatt et al., 2012; Fusar-Poli, Bonoldi, et al., 2012; Kwapil, 1998;
Tarbox & Pogue-Geile, 2008), and are associated with worse outcomes for diagnosed
individuals, including poorer quality of life (Bellack, Morrison, Wixted, & Mueser, 1990) and
increased rates of relapse (Sullivan, Marder, Liberman, Donahoe, & Mintz, 1990). Given that the
modal age of illness onset occurs during early adulthood (Kirkbride et al., 2012; Kirkbride et al.,
2006) when individuals are developing important social and vocational skills and relationships,
the consequences of social dysfunction are devastating. Compared to the general population,
individuals diagnosed with schizophrenia are less likely to be employed (MacCabe, Koupil, &
Leon, 2009; Marwaha et al., 2007), less likely to be married (MacCabe et al., 2009), and have
smaller social networks (Horan, Subotnik, Snyder, & Nuechterlein, 2006; Macdonald, Hayes, &
Baglioni, 2000).
Despite the importance of social functioning and connectedness in health and
psychopathology, our understanding of the mechanisms – genetic, neural, or otherwise – that
give rise to social behavior and healthy social relationships remains poor. The challenge of
studying social functioning may be explained by the notion that how we function in the social
world is a distal product of myriad interacting biological and environmental factors
(Krabbendam, Hooker, & Aleman, 2014). Progress in elucidating the causes and consequences
of enhanced and impaired social functioning may depend on the extent to which social behavior
can be parsed into less complex, more discrete and quantifiable component processes that better
reflect underlying mechanisms (Insel et al., 2010).
In this dissertation, I propose that the neural network underlying the process by which we
attribute and reason about the mental states of others, a capacity known as theory of mind (ToM),
is one important determinant of social functioning in health and psychopathology. This notion is
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supported by three studies demonstrating that (a) the neural basis of ToM (i.e., the ToM network)
is disrupted in populations with documented social functioning deficits, namely people with
schizophrenia and people at familial risk for schizophrenia, (b) functional activity in the ToM
network captures variance in aspects of social functioning, and (c) functional activity in the ToM
network is associated with the well-being of social partners. Together, these data point towards
the neurocognitive system supporting ToM as one factor important for social functioning that
may contribute to risk for schizophrenia, and serve as a target for intervention.
ToM: Definition, Process, and Measurement
ToM refers to the suite of processes that involve attributing and reasoning about the
beliefs, intentions, goals, desires, and emotions of other individuals, and using that information
to predict associated mental states or actions (Premack & Woodruff, 1978; Wimmer & Perner,
1983). Researchers have made distinctions between different types of ToM based on the content
of the mental state and the process through which the attribution or reasoning occurs. On content,
researchers often distinguish between cognitive ToM, which involves the representation of
epistemic states such as beliefs, and affective ToM, which involves the representation of affective
states such as emotions and desires (Hooker, Verosky, Germine, Knight, & D'Esposito, 2008;
Shamay-Tsoory, 2011; Shamay-Tsoory & Aharon-Peretz, 2007). On process, researchers often
make two sets of distinctions. One distinction involves mental state decoding (i.e., detecting
mental states from available perceptual information; e.g., recognizing someone is sad based on
their facial expressions and body language) versus mental state reasoning (i.e., deliberation over
mental state information to interpret others’ actions; e.g., predicting where someone will look for
an item based on their belief as to the item’s location) (Sabbagh, 2004). The other distinction
involves implicit ToM (i.e., fast, inflexible, reflexive attributions that are made in the absence of
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a prompt to reflect on mental states) versus explicit ToM (i.e., slow, flexible, reflective
attributions) (Adolphs, 2010; Frith & Frith, 2008; Lieberman, 2007). These distinctions are
generally supported by studies demonstrating dissociable behavioral performance and neural
networks on tasks testing these different aspects of ToM (Sabbagh, 2004; Schneider, Slaughter,
Becker, & Dux, 2014; Shamay-Tsoory & Aharon-Peretz, 2007).
Underlying these different facets of ToM processes is the ability to recognize that the
mental representations of other individuals, whether it be an epistemic or affective state, may
differ from one’s own representation and reality, and furthermore, that these mental
representations motivate thought and behavior. Importantly, this concept is distinct from
empathy, which involves a shared or vicarious affective response to another individual’s
experience (Singer & Klimecki, 2014; Singer & Lamm, 2009). Researchers have argued that
empathy may be accomplished through two routes: (a) a more automatic affective sharing
process that does not require mental state reasoning, often referred to as emotional contagion or
neural resonance, and (b) a more deliberate, reasoned process of affective sharing that draws
upon one’s understanding of another individual’s experience (Gonzalez-Liencres, ShamayTsoory, & Brune, 2013; Zaki & Ochsner, 2012). Although this latter empathic process may be
emergent from mental state understanding, not all empathic processes may involve ToM. More
generally, the distinction between the affective sharing component of empathy, whether at a
more automatic or deliberate level, and ToM is supported by neuroimaging data implicating
separable neural networks (Kanske, Bockler, & Singer, 2015; Kennedy & Adolphs, 2012; Zaki
& Ochsner, 2012).
The question of how people accomplish mental state reasoning is a topic of contention.
Two prominent theories have been offered: (a) Theory-Theory proposes that people attribute and
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reason about the mental state of others using a naïve or lay theory of psychology constructed
from experience (Apperly, 2008; Saxe, 2005); (b) Simulation Theory proposes that instead of
using an exhaustive theory of mental states and actions, people use themselves as a model for
other minds (Apperly, 2008; Saxe, 2005). Neural evidence exists in support of each proposal. For
example, congenitally blind individuals activate the same network of brain regions as sighted
individuals when reasoning about mental states formed on the basis of seeing (Bedny, PascualLeone, & Saxe, 2009); that is, being unable to simulate the sensory experience that gives rise to
beliefs does not alter the way in which individuals reason about beliefs. On the other hand, other
research has demonstrated that brain regions involved in self-referential processing, for example,
medial prefrontal cortex (MPFC), are consistently and robustly recruited during ToM tasks
(Ames, Jenkins, Banaji, & Mitchell, 2008; Mitchell, 2009; Mitchell, Banaji, & Macrae, 2005;
Saxe, Moran, Scholz, & Gabrieli, 2006). These accounts for how ToM occurs are not mutually
exclusive, leading to proposals of hybrid models (Apperly, 2008; Mitchell, 2005; Saxe, 2005).
And, such models are consistent with preliminary behavioral evidence, which suggests that the
strategy used may depend on the similarity/dissimilarity of the target (Tamir & Mitchell, 2013).
The richness of the social world, and the contexts in which we engage ToM has led to the
creation of a wide variety of tasks that test ToM ability. Perhaps the most widely used task to test
ToM in the child, adult, and psychopathology literature is the False-Belief Task (Wimmer &
Perner, 1983). In its most common form, participants are presented with a scenario in which a
character is induced to have an incorrect belief about the location of an object (e.g., Hank thinks
his saxophone is in the closest, but unbeknownst to him, Barbara has moved his saxophone into
the car trunk). Participants are then asked to identify where Hank believes the saxophone is,
where the saxophone actually is, and/or where Hank will look for his saxophone. If the
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participant recognizes that (a) beliefs are representational, and thus can differ from reality, and
(b) that actions depend on one’s beliefs as opposed to the true state of affairs, then participants
will correctly infer that Hank believes his saxophone is still in the closest and that he will look
for it in that location, even though the saxophone is actually in the car trunk. Performance on
false-belief stories is often compared to false-photograph or false-map stories in which
participants read about an outdated photograph or map that no longer accurately depicts reality
(Zaitchik, 1990). Given that both story types require the representation of false content, they are
theoretically matched on executive functioning demands, and differ only in the need to think
about beliefs.
Beyond the false-belief task, ToM is most often tested through the following paradigms:
(a) Story Vignette Tasks in which participants read stories and answer questions about nuanced
social interactions and relationships (Dodell-Feder, Lincoln, Coulson, & Hooker, 2013),
situations involving faux pas (Stone, Baron-Cohen, & Knight, 1998), or interactions involving
non-literal and indirect speech (Corcoran, Mercer, & Frith, 1995); (b) Strategic Games such as
the prisoner’s dilemma (Kircher et al., 2009) and ultimatum game (Sripada et al., 2009); (c)
Social Animations Tasks in which participants view a series of cartoon animations acting with or
without ostensible intent and emotions, and are asked to simply describe the scene (Castelli,
Happe, Frith, & Frith, 2000); (d) Rational Action Tasks in which participants view a sequence of
cartoons or photographs and are asked to choose a logical story ending based on the character’s
mental state (Walter et al., 2004); and (e) Mental State Decoding Tasks such as the Reading the
Mind in the Eyes Task (Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 2001) in which
participants judge the mental state being expressed by a photograph depicting solely the eye
region of actors.
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One challenge facing the field is how to measure ToM in a way that is sensitive to both
normal variation in ToM and clinical impairment. Ceiling effects, in which participants perform
at or near 100% accuracy, often occur with many of the most widely used behavioral measures
of ToM making it difficult to characterize the full range of ToM ability, evaluate its relation to
social behavior across the full spectrum of functioning, and determine the nature of impairment,
if any, in groups with more subtle putative ToM difficulties (Dodell-Feder et al., 2013). Often,
researchers will attempt to make tasks more challenging by increasing the complexity of the
mental state information, for example, embedding mental states within other mental states, and
having participants make second-, third-, and fourth-order inferences (e.g., What person X thinks
person Y believes about person Z’s intent) (Kinderman, Dunbar, & Bentall, 1998). Although this
approach does indeed render tasks more difficult, it inevitably increases the demand on nonsocial aspects of cognition. In the absence of tight control conditions, it becomes difficult to
tease apart performance as a function of ToM ability per se versus other aspects of non-social
cognitive ability. This is particularly problematic when testing individuals with schizophrenia
who may be experiencing non-social cognitive difficulties that can affect performance on a ToM
task (Bora, Yucel, & Pantelis, 2009b). FMRI studies that analyze condition contrasts may be
useful in this regard by better isolating processes of interest. Furthermore, to the extent that
behavioral performance on ToM tasks reflects the integrity of neural processes that give rise to
mental state reasoning, neural data may exhibit greater sensitivity to group and individual
differences. This idea is supported by findings of ToM-related neural differences in the absence
of behavioral performance differences in individuals with schizophrenia (Brune et al., 2008;
Brune et al., 2011) and individuals at familial risk for the illness (de Achaval et al., 2010) when
compared to healthy control participants.
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The Neural Bases of ToM
Thinking about mental states recruits a highly reliable set of brain regions often referred
to as the ToM network. This network includes right and left temporo-parietal junction
(RTPJ/LTPJ), MPFC, and precuneus (PC)/posterior cingulate cortex (Mar, 2011; Schurz, Radua,
Aichhorn, Richlan, & Perner, 2014; Van Overwalle, 2009). Meta-analytic data have
demonstrated that across a wide variety of tasks including those involving cognitive and
affective ToM, mental state decoding and mental state reasoning, implicit and explicit
attributions, and across modalities, these brain regions exhibit greater activity for stimuli
involving mental states versus stimuli involving non-mental social information or physical states
(Schurz et al., 2014). Similar evidence has accumulated through studies using brain-injured
patients and transcranial magnetic stimulation (TMS). Impaired performance on ToM tasks
results from lesions to LTPJ (Apperly, Samson, Chiavarino, & Humphreys, 2004; Samson,
Apperly, Chiavarino, & Humphreys, 2004) and MPFC (Bird, Castelli, Malik, Frith, & Husain,
2004; Stone et al., 1998; Stuss, Gallup, & Alexander, 2001). Disruption of RTPJ with TMS
impairs the use of belief and intention information when making moral judgments (Young,
Camprodon, Hauser, Pascual-Leone, & Saxe, 2010). Together, these data support the notion that
TPJ and MPFC are not simply correlated with ToM processes, but necessary for ToM.
ToM Development
ToM follows a protracted development, with false-belief understanding emerging
between 3 and 5 years of age (Wellman, Cross, & Watson, 2001), and other aspects of mental
state reasoning developing later still, including the ability to understand sarcasm and irony
(Capelli, Nakagawa, & Madden, 1990; Winner & Leekam, 1991), and the use of mental state
information for moral reasoning (Baird & Astington, 2004). However, studies employing
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looking-time paradigms have demonstrated that infants as young as 12 to 15 months of age
attribute false-beliefs to others and use that information to form expectations about future
behavior (Baillargeon, Scott, & He, 2010; Onishi & Baillargeon, 2005; Surian, Caldi, & Sperber,
2007). Some have proposed that this apparent discrepancy in ToM development may have to do
with the existence of two mental state reasoning systems: one that is early developing, efficient,
and inflexible, and one that is later developing, concomitant with verbal and executive function
development, inefficient, and allows for explicit and top-down-guided mental state reasoning
(Apperly & Butterfill, 2009).
Neural data support a view of continuing development of the ToM network through at
least late childhood/early adulthood. Structurally, TPJ and MPFC demonstrate continued
maturation through early adulthood in the form of a linear decrease in gray matter volume
(Gogtay et al., 2004) and cortical thickness (Mills, Lalonde, Clasen, Giedd, & Blakemore, 2014).
These structural changes co-occur with important functional changes in the ToM network, and
accompanying behavioral performance. Researchers have found that variance in the functional
maturation of dorsal (D)MPFC and RTPJ, as measured with EEG alpha coherence, predicts ToM
performance in children 4-5 years of age (Sabbagh, Bowman, Evraire, & Ito, 2009). FMRI data
have similarly shown that although a similar ToM network is recruited in children ages 5-11 as
in adults (i.e., bilateral TPJ and MPFC), certain regions in the network continue to show
developmental changes in function (Gweon, Dodell-Feder, Bedny, & Saxe, 2012; Saxe,
Whitfield-Gabrieli, Scholz, & Pelphrey, 2009). Specifically, two studies have found that RTPJ
and LTPJ do not distinguish between mental state and non-mental social information in younger
children (5-8.5 years); in older children (> 8.5 years) and adults however, these regions show the
greatest response to mental state information, and an equal response to non-mental social and
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physical information. That is, RTPJ and LTPJ become more selective for mental state
information with age. Furthermore, changes in functional selectivity in RTPJ are associated with
improved behavioral performance on ToM tasks in children (Gweon et al., 2012). Thus, despite
findings with the false-belief task and looking-time paradigms suggesting that children, and
possibly infants, have fully-fledged ToM, these data indicate that the neurocognitive system
supporting ToM continues to develop into adolescence. Interestingly, this is also the period of
time in which individuals who later go on to develop schizophrenia begin to exhibit social
functioning impairments and social withdrawal (Tarbox & Pogue-Geile, 2008), suggesting that
these individuals may experience disruption to normal maturational processes.
ToM development is influenced by a variety of cognitive and psychosocial factors. In
children ages 3 to 7, performance on ToM tasks is moderately to strongly associated with verbal
ability (Milligan, Astington, & Dack, 2007) and executive functions, specifically inhibitory
control (Carlson & Moses, 2001; Carlson, Moses, & Breton, 2002). On the direction of the
relationship, results are mixed. Meta-analytic data has demonstrated that language ability
predicts later ToM ability and vice-versa, although the strength of the relationship for language
predicting ToM is stronger (Milligan et al., 2007). Similarly, although there may be a small
predictive relation between early ToM ability and later executive function (Hughes & Ensor,
2007), there are more data to support a view of executive function supporting ToM development
(Carlson, Mandell, & Williams, 2004; Flynn, 2007; Hughes, 1998; Hughes & Ensor, 2007). In its
stronger form, these findings have led to proposals that language and inhibitory control are in
some sense necessary for ToM (e.g., De Villiers, 2000). Against this proposal are findings that
pre-verbal infants process mental state information (Onishi & Baillargeon, 2005), and that
performance on ToM tasks can be similar among groups of children with different executive
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functioning ability (Sabbagh, Xu, Carlson, Moses, & Lee, 2006). Though the causal nature of
these relations is unknown, the data indicate a clear relation between ToM, language, and
executive functioning during development.
Data from twin studies have suggested a moderate genetic influence on ToM ability in
young children (< 5 years) (Hughes & Cutting, 1999), but a negligible influence in older children
with the majority of individual differences attributable to non-shared, and slightly less to shared
environmental factors (Hughes et al., 2005). Indeed, a variety of research has documented
individual differences in children’s ToM ability as a function the number of child-aged siblings
(McAlister & Peterson, 2007; Perner, Ruffman, & Leekam, 1994), particularly the number of
older siblings (C. Lewis, Freeman, Kyriakidou, MaridakiKassotaki, & Berridge, 1996), family
SES (Cutting & Dunn, 1999; Hughes et al., 2005), parental ToM ability (Sabbagh & Seamans,
2008), and mothers’ propensity to use mental state language when conversing (Peterson &
Slaughter, 2003; Ruffman, Slade, Devitt, & Crowe, 2006) and reading narratives to their children
(Slaughter, Peterson, & Mackintosh, 2007), among other factors. Early childhood adversity is
also robustly associated with ToM performance in adulthood (Germine, Dunn, McLaughlin, &
Smoller, 2015).
ToM and Social Behavior
Individual differences in ToM are functionally significant in that they capture variance in
aspects of real-world social outcomes. Among children, ToM ability is positively associated with
peer popularity (Slaughter, Imuta, Peterson, & Henry, 2015), and negatively associated with
friendlessness (Fink, Begeer, Peterson, Slaughter, & de Rosnay, 2015), suggesting that children
more skilled in ToM are more able develop and foster peer relationships. In line with this idea,
other findings have indicated that in children, ToM skills are associated with adaptive social
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behavior, such as increased communicative competence during play and conflict (Cutting &
Dunn, 1999; Foote & Holmes-Longergan, 2003; Slaughter, Peterson, & Moore, 2013),
prosociality (Caputi, Lecce, Pagnin, & Banerjee, 2012; Cassidy, Werner, Rourke, Zubernis, &
Balaraman, 2003), decreased aggression during peer interaction (Olson, Lopez-Duran,
Lunkenheimer, Chang, & Sameroff, 2011), and general social skills related to peer interaction
(Peterson, Slaughter, Moore, & Wellman, 2015).
Among adults, several studies have demonstrated that ToM is associated not only with
adaptive interpersonal behavior on the part of the individual engaging in ToM, but also positive
consequences for the recipient. For example, perspective-taking is associated with greater
success during negotiation, in addition to greater satisfaction with how one was treated on the
part of the person whose perspective was taken (Galinsky, Maddux, Gilin, & White, 2008).
Individuals asked to engage in an interracial perspective-taking exercise show increased
approach behavior towards members of the other race, and members of the other race report
more positive subjective experiences interacting with perspective-takers versus non-perspectivetakers (Todd, Bodenhausen, Richeson, & Galinsky, 2011). In a similar vein, individuals report
increased liking of and demonstrate increased prosocial behavior towards perspective-takers
versus non-perspective-takers in an experimental context (Goldstein, Vezich, & Shapiro, 2014).
The positive outcomes of ToM engagement, for both members of a social dyad, have led
some to propose that ToM may be a mechanism for promoting social bonds and relationship
quality (Galinsky, Ku, & Wang, 2005). Consistent with this notion, several lines of research have
demonstrated that among romantic couples, the perception of ToM engagement by one’s partner
(e.g., perspective-taking) is associated with relationship satisfaction and martial adjustment (S.
Cohen, Schulz, Weiss, & Waldinger, 2012; Cramer & Jowett, 2010; Long, 1993; Long &
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Andrews, 1990). And, though several studies have linked ToM accuracy (or empathic accuracy;
i.e., accurately inferring the emotional states of another individual) to relationship satisfaction in
romantic partners (S. Cohen et al., 2012; Haugen, Welsh, & McNulty, 2008; Thomas & Fletcher,
2003), some studies have found that perceiving ToM engagement and effort by one’s partner has
been found to be more consequential for these outcomes than accuracy (S. Cohen et al., 2012;
Cramer & Jowett, 2010). Together, these findings suggest that engaging in ToM facilitates
adaptive social behavior, which carries positive consequences for the social partner and, more
broadly, social relationships.
ToM in Schizophrenia
The persistence of social functioning deficits in schizophrenia, and the extant literature
connecting ToM ability to social behavior, suggests a connection between ToM and social
impairment in schizophrenia. This hypothesis is especially intriguing when considered in the
context of neural changes associated with illness onset. Two meta-analyses of gray matter
volume (GMV) in schizophrenia demonstrated that some of the largest structural deficits occur
in MPFC and areas of anterior temporal cortex that encompass TPJ (Gupta et al., 2015; Haijma
et al., 2013). GMV abnormalities in aspects of MPFC have been further shown to predict ToM
performance on laboratory-based assessments and self-reported ToM usage in daily life (Hooker,
Bruce, Lincoln, Fisher, & Vinogradov, 2011). Though antipsychotic treatment and illness
duration may be associated with these GMV abnormalities, these and other factors related to
illness onset and progression only account for a portion of structural alterations in schizophrenia.
Individuals at clinical high risk for psychosis (CHR) – that is, individuals exhibiting an onset or
worsening of attenuated psychotic symptoms without meeting criteria for a psychotic disorder
(T. J. Miller, McGlashan, et al., 2002) – who later go on to convert to psychosis exhibit greater
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GMV loss in MPFC and anterior superior temporal sulcus than non-converting CHR individuals
and controls (Cannon et al., 2015). Similar findings have emerged from antipsychotic-naïve
CHR and first-episode patients (Fusar-Poli, Radua, McGuire, & Borgwardt, 2012). Taken
together, these findings suggest that schizophrenia illness is associated with deleterious neural
changes to the ToM network.
This idea is further supported by a large body of evidence from behavioral studies of
ToM in schizophrenia. Several meta-analyses have shown that individuals with schizophrenia
exhibit marked impairment in ToM (Bora, Yucel, & Pantelis, 2009a; Chung, Barch, & Strube,
2013; Savla, Vella, Armstrong, Penn, & Twamley, 2013; Sprong, Schothorst, Vos, Hox, & van
Engeland, 2007) with effect sizes ranging from .73 (Chung et al., 2013) to 1.26 (Sprong et al.,
2007). These deficits are as large or larger than other domains of social cognition (e.g., emotion
processing) (Savla et al., 2013), and similar in magnitude to deficits in general non-social
cognitive functioning (Bora & Murray, 2014; Mesholam-Gately, Giuliano, Goff, Faraone, &
Seidman, 2009). The magnitude of impairment is similar across ToM tasks as well, though
greater impairment has been observed on the false-belief task (Bora et al., 2009a; Sprong et al.,
2007) and other tasks that test ToM through verbal means (e.g., story vignettes) (Chung et al.,
2013). This observation and a large body of work documenting non-social cognitive deficits in
schizophrenia (Heinrichs & Zakzanis, 1998) point towards deficits in verbal ability, executive
functioning, and/or general cognitive functioning as a contributing factor to impairment on ToM
tasks. Meta-analytic findings support this idea, demonstrating a positive association between
general cognitive impairment and ToM impairment (Bora et al., 2009a), with the relation being
moderate in size, but not specific to any one cognitive domain (Ventura, Wood, & Hellemann,
2013). With that said, several studies have found impaired ToM performance in the absence of
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group differences in IQ or other non-social aspects of cognition, or when controlling for these
differences (Bora et al., 2009b) suggesting a core ToM deficit in schizophrenia that in some
samples may be exacerbated by general cognitive impairment.
On clinical factors, ToM impairments exhibit minimal association with positive
symptoms, and moderate association with negative symptoms and disorganization (i.e., thought
disorder, conceptual and behavioral disorganization) (T. M. Lincoln, Mehl, Kesting, & Rief,
2011; Sprong et al., 2007; Ventura et al., 2013). ToM impairments are also relatively stable
across clinical status and phase of the illness (Bora et al., 2009b; Green, Bearden, et al., 2012).
Furthermore, accumulating evidence suggests that individuals at familial high risk (FHR; i.e.,
individuals with an affected first-degree relative), also exhibit impairments in ToM, although less
severe than diagnosed individuals (d = .37) (Bora & Pantelis, 2013). Collectively, the data
suggest that ToM impairment may be trait-related in schizophrenia, and consequently, indicate
and contribute to risk for the illness, potentially acting as both a vulnerability – in the form of
genetically mediated disruption to the ToM network – and stressor – through compromised
social functioning (e.g., Picci & Scherf, 2015).
The importance of ToM deficits in schizophrenia is substantial when considering its
impact on social functioning, which in schizophrenia is marked, persistent, and fails to improve
with standard treatments (Bellack et al., 2007; Swartz et al., 2007). A now large body of
literature has shown that the extent of ToM impairment is directly related to the extent of social
functioning impairment (Couture, Penn, & Roberts, 2006; Fett et al., 2011). Moreover, ToM
impairments have been found to mediate the relation between non-social cognitive impairment
and functional outcome (Couture, Granholm, & Fish, 2011; Horton & Silverstein, 2008), and
capture more of the variance in functional outcome than other aspects of the illness including
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non-social cognitive deficits and psychotic symptoms (Brune, Abdel-Hamid, Lehmkamper, &
Sonntag, 2007; Fett et al., 2011; Kosmidis, Giannakou, Garyfallos, Kiosseoglou, & Bozikas,
2011). Together, these data suggest that ToM impairment may be the most proximal and
consequential aspect of the illness for daily functioning, and as a result, may be the most
worthwhile target for intervention towards improving daily functioning. This notion is further
supporting by preliminary evidence that interventions designed to improve ToM skills, among
other aspects of social cognition, lead to improvements in social functioning (Kurtz &
Richardson, 2012).
Research Questions
The reviewed findings suggest that ToM ability is one important determinant of social
functioning in health and psychopathology. However, there exist many issues in the extant
literature and unanswered questions. For one, little is known about the neural bases of ToM in
schizophrenia or its connection to daily social behavior. In line with recent efforts to characterize
the underlying pathophysiological mechanisms of mental disorders (Insel et al., 2010), the
available data suggest that the pathophysiology of social dysfunction in schizophrenia, and
possibly other disorders, may be due, in part, to disruption to the ToM network. However,
additional work is needed to evaluate this possibility. In a similar vein, almost nothing is known
about the neural bases of ToM in FHR, and their relation to social functioning. Based on
behavioral data from FHR (Bora & Pantelis, 2013), researchers have proposed that ToM
impairments in schizophrenia are trait-related, and may represent a marker of risk for the illness
(Bora et al., 2009b). However, findings in FHR samples are mixed (Gibson, Penn, Prinstein,
Perkins, & Belger, 2010; Kelemen, Keri, Must, Benedek, & Janka, 2004), which may have to do
with the fact that the most widely used behavioral measures to test ToM lack sensitivity to
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variation in performance and/or result in ceiling effects. This in turn makes it difficult to
characterize the full range of ToM ability, evaluate its relation to social behavior across the full
spectrum of functioning, and determine the nature of impairment, if any, in groups with more
subtle putative ToM difficulties (Dodell-Feder et al., 2013). If FHR status were associated with
neural disruption to ToM and accompanying social behavior, it would shed light on the
underlying mechanisms connecting vulnerability, stress, and psychopathology. Finally, as will be
demonstrated in Papers 1 and 2, though neural bases of ToM are associated with one’s
performance on laboratory tasks and self-reported daily ToM engagement and social behavior, it
remains unclear as to how this affects social partners, and in what ways it might support healthy
social relationships.
With these issues and open questions in mind, the current dissertation addresses the
relation between ToM and social functioning in health and psychopathology. Specifically, I
present three studies addressing the following questions:
Question 1. What is the nature of disruption to the ToM network in schizophrenia? Are
functional abnormalities in the ToM network related to social cognition and social functioning?
Paper 1. Dodell-Feder, D., Tully, L. M., Lincoln, S. H., & Hooker, C. I. (2014). The
neural basis of theory of mind and its relationship to social functioning and social anhedonia in
individuals with schizophrenia. NeuroImage: Clinical, 4, 154-163.
Question 2. Do FHR individuals also exhibit disruption to the neural bases of ToM?
Does ToM-related neural activity predict aspects of daily ToM engagement and social
functioning?
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Paper 2. Dodell-Feder, D., DeLisi, L. E., & Hooker, C. I. (2014). Neural disruption to
theory of mind predicts daily social functioning in individuals at familial high-risk for
schizophrenia. Social Cognitive and Affective Neuroscience, 9(12), 1914-1925.
Question 3. How does recruitment of the ToM network affect social partners?
Specifically, does ToM-related neural activity for one’s romantic partner predict the partner’s
well-being after meaningful encounters?
Paper 3. Dodell-Feder, D., Felix, S., Yung, M. G., & Hooker, C. I. (in press). Theory-ofmind-related neural activity for one’s romantic partner predicts partner well-being. Social
Cognitive and Affective Neuroscience.
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Paper 1: The neural basis of theory of mind and its relationship to social functioning and
social anhedonia in individuals with schizophrenia
David Dodell-Feder, Laura M. Tully, Sarah Hope Lincoln, Christine I. Hooker
Published in NeuroImage: Clinical, Volume 4, Pages 154-163
Abstract
Theory of mind (ToM), the ability to attribute and reason about the mental states of
others, is a strong determinant of social functioning among individuals with schizophrenia.
Identifying the neural bases of ToM and their relationship to social functioning may elucidate
functionally relevant neurobiological targets for intervention. ToM ability may additionally
account for other social phenomena that affect social functioning, such as social anhedonia
(SocAnh). Given recent research in schizophrenia demonstrating improved neural functioning in
response to increased use of cognitive skills, it is possible that SocAnh, which decreases one's
opportunity to engage in ToM, could compromise social functioning through its deleterious
effect on ToM-related neural circuitry. Here, twenty individuals with schizophrenia and 18
healthy controls underwent fMRI while performing the False-Belief Task. Aspects of social
functioning were assessed using multiple methods including self-report (Interpersonal Reactivity
Index, Social Adjustment Scale), clinician-ratings (Global Functioning Social Scale), and
performance-based tasks (MSCEIT—Managing Emotions). SocAnh was measured with the
Revised Social Anhedonia Scale. Region-of-interest and whole-brain analyses revealed reduced
recruitment of medial prefrontal cortex (MPFC) for ToM in individuals with schizophrenia.
Across all participants, activity in this region correlated with most social variables. Mediation
analysis revealed that neural activity for ToM in MPFC accounted for the relationship between
SocAnh and social functioning. These findings demonstrate that reduced recruitment of MPFC
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for ToM is an important neurobiological determinant of social functioning. Furthermore, SocAhn
may affect social functioning through its impact on ToM-related neural circuitry. Together, these
findings suggest ToM ability as an important locus for intervention.
Introduction
Social functioning impairment is a hallmark of schizophrenia that is not amenable to
most common forms of treatment (Swartz et al., 2007). Elucidating determinants of social
functioning are thus a critical step in the development of effective interventions. Research in this
area however, may be limited by a lack of information regarding the neural mechanisms that give
rise to social impairment. Such information may elucidate the neurocognitive processes and
neural substrates to be targeted for remediation that will most likely result in functional
improvements.
Theory of mind (ToM), or the ability to attribute and reason about the mental states of
others, is markedly impaired in individuals with schizophrenia (Bora et al., 2009a; Sprong et al.,
2007). Critically, among individuals with schizophrenia, these deficits have been consistently
linked to aspects of social functioning (Couture et al., 2006; Fett et al., 2011; Horan et al., 2012),
are more proximal to daily functioning (Bora, Eryavuz, Kayahan, Sungu, & Veznedaroglu, 2006;
Couture et al., 2011; McGlade et al., 2008), and account for more of the variance in daily
functioning than other aspects of the illness, including non-social aspects of cognition and
symptoms (Brune et al., 2007; Fett et al., 2011; Kosmidis et al., 2011; Pinkham & Penn, 2006).
Though the neural bases of ToM have been fairly well characterized in healthy adults,
encompassing right and left temporo-parietal junction (RTPJ, LTPJ) and medial prefrontal cortex
(MPFC) (Mar, 2011; Van Overwalle, 2009), less is known about the ToM network in individuals
with schizophrenia. The extant literature suggests functional and anatomical abnormalities in
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MPFC (Benedetti et al., 2009; Brune et al., 2011; Brunet, Sarfati, Hardy-Bayle, & Decety, 2003;
Das, Lagopoulos, Coulston, Henderson, & Malhi, 2012; Hooker et al., 2011; J. Lee, Quintana,
Nori, & Green, 2011; K.-H. Lee et al., 2006; Walter, Ciaramidaro, et al., 2009; M. Yamada et al.,
2007). However, findings are inconsistent, and, surprisingly, few such studies investigate the
relationship between neural activity for ToM and social functioning. Such data could provide
biomarkers of social dysfunction, which may prospectively predict schizophrenia outcomes, and
neural targets for remediation. Thus, the first aim of the current study was to characterize the
neural bases of ToM in schizophrenia and investigate their relationship to aspects of social
behavior using multiple methods of assessment.
Social anhedonia, characterized by a trait-like disinterest and lack of pleasure from social
interaction, is another important determinant of social functioning in individuals with
schizophrenia (Blanchard, Mueser, & Bellack, 1998; A. S. Cohen et al., 2005) and the general
population (Blanchard, Collins, Aghevli, Leung, & Cohen, 2011). Individuals with high levels of
social anhedonia, which is an enduring feature of schizophrenia-spectrum disorders (Blanchard
et al., 2001; Blanchard et al., 1998; Horan et al., 2008), are more likely to be socially isolated
(Brown, Silvia, Myin-Germeys, & Kwapil, 2007; Kwapil et al., 2009), report less social support
and social coping (Blanchard et al., 2011; Horan, Brown, & Blanchard, 2007), greater levels of
perceived stress (Horan et al., 2007), and worse functioning within the family unit including less
family cohesion, support, and more conflict (Blanchard et al., 2011). Much of the extant
literature concerning the underlying mechanisms connecting social anhedonia to these
aforementioned consequences for social functioning have focused on the role of diminished
anticipatory reward for future social interaction (Barch & Dowd, 2010; Gard, Kring, Gard,
Horan, & Green, 2007; Horan et al., 2008; Kring & Elis, 2012), which may be a consequence of
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difficulty representing reward value and subsequently accessing these representations due to
impairments in working and episodic memory (Gold, Waltz, Prentice, Morris, & Heerey, 2008;
Strauss & Gold, 2012). These findings have led to suggestions that targeting reward-related
neural circuitry, possibly through pharamacological means, may ameliorate symptoms of
anhedonia and subsequently improve functional outcome (Juckel, Schlagenhauf, Koslowski,
Filonov, et al., 2006; Juckel, Schlagenhauf, Koslowski, Wustenberg, et al., 2006; Schlagenhauf
et al., 2008; Walter, Kammerer, Frasch, Spitzer, & Abler, 2009; Waltz, Frank, Robinson, &
Gold, 2007).
An alternative uninvestigated possibility that would carry important treatment
implications is that social anhedonia impacts social functioning, at least partially, through its
consequences on neural circuitry supporting social cognitive processes, such as ToM. Substantial
evidence exists that repeated engagement in cognitive skills, as in cognitive remediation
treatments for schizophrenia, improves neural function due to the brain’s capacity for
reorganization in response to environmental input (Buonomano & Merzenich, 1998; Eack,
Hogarty, et al., 2010; Hooker et al., 2012; Penades et al., 2013; Subramaniam et al., 2012).
Likewise, both animal and human studies have demonstrated that failure to engage cognitive
skills, via social deprivation, for example, can produce profound neurobiological alterations
(Barr et al., 2004; Chugani et al., 2001; Geyer, Wilkinson, Humby, & Robbins, 1993; Kaufman,
Plotsky, Nemeroff, & Charney, 2000; Suomi, 1997). Considering these findings in the context of
social anhedonia, social isolation may remove opportunities to engage in ToM and this lack of
engagement may precipitate a cascade of aberrant neuroplastic events that result in disruption to
neural networks supporting social cognition (Hoffman, 2007). These disrupted neural networks
may, in turn, manifest as difficulty inferring the intentions and emotions of others, which then
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contributes to the interpersonal difficulties, compromised social networks, and further isolation
that characterizes social functioning impairment in schizophrenia and individuals with high
levels of social anhedonia.
If disruption to ToM-related neural circuitry accounts for the relationship between social
anhedonia and social functioning, it would suggest ToM as a more proximal process to social
functioning than social anhedonia. This has significant implications for schizophrenia as it means
that neurocognitive improvements in ToM may more directly support improved social
functioning. In other words, it would suggest ToM as a more effective treatment target than
social anhedonia or anhedonia more broadly. Furthermore, the early presence of social anhedonia
and accompanying withdrawal pre-illness onset (Gooding, Tallent, & Matts, 2005; Kwapil,
1998; Tarbox & Pogue-Geile, 2008), and its temporal stability (Blanchard et al., 2001; Blanchard
et al., 1998), suggest that social anhedonia could be a marker of risk for disruption to ToMrelated neural circuitry and subsequent social dysfunction. Thus, engaging and training ToM
processes early in development in those exhibiting social withdrawal may help to prevent social
dysfunction (Cornblatt et al., 2012; Tarbox & Pogue-Geile, 2008). In consideration of these
issues, our second aim was to investigate this proposed relationship; that is, whether neural
activity for ToM accounts for the link between social anhedonia and social functioning.
We addressed these aims using a well-validated ToM scanner task ubiquitously employed
in the social neuroscience literature: the False-Belief Task (Saxe & Kanwisher, 2003). Betweengroup differences were examined in a priori regions-of-interest (ROIs) identified from the ToM
literature and with whole-brain analyses. The use of ROIs increases the certainty that the neural
activity under examination relates to the process of mental state attribution as opposed to illnessrelated deficits in peripheral cognitive processes (Poldrack, 2006; Saxe, Brett, & Kanwisher,
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2006). Furthermore, we investigate how neural activity for ToM relates to different aspects of
social behavior (i.e., trait empathy/perspective taking, the ability to manage emotions in different
social contexts, the quantity/quality of social interaction in a variety of social roles) with multiple
methods of assessment (i.e., self-report, clinician-ratings, performance-based measures).
Converging evidence from these assessments make it less likely for significant relationships to
be an artifact of the method used (Hooker et al., 2011). Mediation models were used to test
whether neural activity for ToM accounts for the relationship between social anhedonia and
social functioning. We predict the following: 1) individuals with schizophrenia will exhibit
reduced recruitment of the ToM network, specifically MPFC, compared to matched controls; 2)
neural activity in these regions will predict social behavior across all participants; 3) neural
activity in these regions will mediate the relationship between social anhedonia and social
functioning.
Methods
Participants
Twenty individuals with schizophrenia or schizoaffective disorder (SZ) and 18 healthy
controls (HC) were recruited from the Greater Boston Area and participated for monetary
compensation (Table 1). Inclusion criteria for all participants included being between the ages of
18 and 65, English speaking, no neurological or major medical illness, no history of head trauma,
no substance abuse within six months, and no current or past history of substance dependence.
Inclusion criteria for SZ included a diagnosis of schizophrenia or schizoaffective disorder, no
comorbid Axis I disorders, and no history of electroconvulsive therapy. Inclusion criteria for HC
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Table 1
Participant Characteristics, Social Variables, and False-Belief Task Performance
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n
Gender (Male/Female)
Age
Education (years)
IQa
SocAnh
Diagnosis (n)
Schizophrenia
Schizoaffective
Duration of Illness (years)b
CPZ Equivalentc
PANSS Symptoms
Positive Symptoms
Negative Symptoms
Disorganized Symptoms
Neurocognition – MATRICSd
Speed of Processing
Attention/Vigilance
Working Memory
Verbal Learning
Visual Learning
Reasoning and Problem Solving
Social Variables
IRI-PT
IRI-EC
MSCEIT-ME (T score)
SAS (T score)
GFS

SZ
20
12/8
38.8 (9.7)
15.0 (2.3)
108.7 (13.4) [86-133]
8.2 (3.4) [3-19]

HC
18
12/6
32.4 (12.1)
14.2 (2.6)
107.4 (10.7) [89-123]
5.9 (4.3) [1-18]

Between-Group Difference

46.7 (9.7)
45.5 (10.0)
51.2 (8.2)
46.8 (10.2)
44.0 (11.2)
46.4 (10.2)

54.3 (8.1)
49.7 (9.2)
49.4 (8.9)
52.9 (9.7)
47.8 (10.1)
50.2 (7.9)

t(36)=2.62, p=.013, d=.85
t(36)=1.35, p=.185, d=.44
t(36)=.63, p=.530, d=.21
t(36)=1.90, p=.066, d=.62
t(36)=1.12, p=.270, d=.36
t(36)=1.30, p=.204, d=.42

30.3 (4.4) [20-37]
31.1 (5.5) [21-42]
38.9 (8.6) [22-54]
66.4 (17.1) [43-97]
6.2 (1.8) [3-9]

32.7 (4.6) [24-42]
31.9 (4.8) [24-42]
55.6 (9.6) [34-70]
53.8 (9.4) [40-76]
8.3 (1.4) [6-10]

t(36)=1.658, p=.106, d=.54
t(36)=0.50, p=.623, d=.16
t(36)=5.67, p<.001, d=1.83
t(36)=2.78, p=.009, d=.92
t(36)=4.05, p<.001, d=1.33

χ2 (1, N=38)=.181, p=.671
t(36)=1.78, p=.084
t(36)=1.00, p=.326
t(36)=0.30, p=.763, d=.10
t(36)=1.79, p=.082, d=.58

16 (80%)
4 (20%)
17.1 (12.2)
501.6 (402.8)
3.1 (1.1)
1.7 (0.6)
1.5 (0.8)

Table 1 (Continued)
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SZ !
HC !
Between-Group Difference!
!
e
False-Belief Task
FB Accuracy (%)
74.8 (17.3)
80.6 (16.0)
t(31)=0.99, p=.330, d=.34
FP Accuracy (%)
79.9 (15.3)
82.2 (14.3)
t(31)=0.45, p=.656, d=.16
FB RT (s)
4.1 (0.6)
3.4 (0.6)
t(31)=3.36, p=.002, d=1.17
FP RT(s)
3.7 (0.5)
3.4 (0.5)
t(31)=1.30, p=.202, d=.45
Note. Unless otherwise indicated, values represent means with standard deviations in parentheses and the range in square brackets. SZ
= schizophrenia, HC = healthy control, SocAnh = Revised Social Anhedonia Scale, CPZ = chlorpromazine, PANSS = Positive and
Negative Symptom Scale, IRI-PT = Interpersonal Reactivity Index – Perspective Taking, IRI-EC = Interpersonal Reactivity Index –
Empathic Concern, SAS = Social Adjustment Scale – Self-Report, GFS = Global Functioning Social Scale, MSCEIT-ME = MSCEIT
Managing Emotions subtest of the MATRICS, FB = False-Belief, FP = False-Photograph.
a
IQ was estimated from the vocabulary and matrix reasoning subtests of the WASI.
b
Data were not collected from 1 participant.
c
Two patients were not taking medication.
d
T scores.
e
Due to technical error, data were not collected for 3 SZ and 2 HC participants.

included no current or past Axis I disorder, and no first-degree relative with a psychotic disorder.
Efforts were made to recruit an HC group that matched the SZ group in demographics and
education. Thus, advertisements for HCs specified that we were particularly interested in
participants who finished high school, but did not necessarily attend or complete college.
Participants gave informed written consent in accordance with the Institutional Review Board at
Harvard University.
All participants were administered the Structured Clinical Interview for DSM-IV
Disorders (First, Spitzer, Gibbon, & Williams, 2002) to screen for past and current Axis I
diagnoses, the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) to assess IQ, and the
MATRICS Consensus Cognitive Battery (Nuechterlein et al., 2008), which assesses several
neurocognitive domains including speed of processing, attention/vigilance, verbal learning,
visual learning, reasoning and problem solving, and social cognition. Symptoms in the SZ group
were assessed with the Positive and Negative Syndrome Scale (Kay, Fiszbein, & Opler, 1987).
Clinical assessments were conducted by MA-level doctoral students in clinical psychology
(LMT, SHL) supervised by a licensed clinical psychologist (CIH).
Social Anhedonia
Social anhedonia was assessed with the Revised Scale for Social Anhedonia (SocAnh)
(Eckblad, Chapman, Chapman, & Mishlove, 1982), which is widely used in the
schizophrenia/schizotypy literature to assess this phenomenon (Gooding et al., 2005; Horan et
al., 2008; Kwapil, 1998). SocAnh consists of 40 self-reported items answered true/false (e.g.,
“Having close friends is not as important to me as many people say” [keyed true]; “If given the
choice, I would much rather be with others than alone” [keyed false]). Higher scores denote
greater disinterest/less pleasure in and lack of social interaction.
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Social Variables
Interpersonal Reactivity Index. The Interpersonal Reactivity Index (IRI) (Davis, 1980,
1983) is a 28-item self-report measure that assesses different facets of empathy. We were
interested in two subscales: the perspective-taking subscale (IRI-PT), which assesses an
individual’s tendency to engage in ToM, specifically through adopting another’s perspective
(e.g., “I sometimes try to understand my friends better by imagining how things look from their
perspective.”), and the empathic concern subscale (IRI-EC), which assesses an individual’s
tendency to consider the emotional states and feel sympathy for others (e.g., “I often have tender,
concerned feelings for people less fortunate than me.”). Each subscale consists of 7 items that are
rated on a scale from 0 (does not describe me well) to 4 (describes me very well).
MSCEIT – Managing Emotions. Participants completed the Managing Emotions
subtest of the Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT-ME) (Mayer,
Salovey, Caruso, & Sitarenios, 2003), a performance-based assessment of social cognition that
measures an individual’s understanding of how emotions affect behavior and how to best
manage emotions in a variety of social contexts. Participants read short vignettes about story
characters and judge how socially effective different actions would be for the story character in
managing their emotions. This task was completed as part of the MATRICS battery.
Social Adjustment Scale – Self-Report. The Social Adjustment Scale – Self-Report
(SAS) (Weissman, Prusoff, Thompson, Harding, & Myers, 1978) is a 54-item questionnaire that
assesses functioning over the past two weeks in six areas: work, social and leisure activities,
relationship with extended family, role as a marital partner, parental role, and role within the
family unit. Participants answer questions on a 5-point scale that are designed to assess
performance, friction with others, interpersonal relationships, and satisfaction within each area.
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Raw scores were averaged across areas and converted to a gender-adjusted T score which
represents overall social functioning. Lower scores represent better social functioning.
Global Functioning Social Scale. Participants were administered the clinician-rated
Global Functioning Social Scale (GFS) (Cornblatt et al., 2007), which assess the quantity and
quality of peer relationships on a scale from 1 (extreme dysfunction) to 10 (superior functioning).
FMRI task: False-Belief Task. Participants underwent functional magnetic resonance
imaging while performing an optimized version of the False-Belief Task (Dodell-Feder, KosterHale, Bedny, & Saxe, 2011). This task, as in other ToM tasks used in the literature (Happe,
1994; Stone et al., 1998), requires participants to predict behavior based on mental states. More
specifically, participants read short stories designed to fit one of two conditions: (1) False-Belief
(FB) stories describe a protagonist’s outdated (i.e., “false”) belief, and actions based on that
outdated belief (e.g., “The morning of the high school dance, Barbara placed her high heel shoes
under her dress and then went shopping. That afternoon, her sister borrowed the shoes and later
put them under Barbara’s bed.”), and (2) False-Photograph (FP) stories describe outdated
physical states in the world through photographs and maps (e.g., “Old maps of the islands near
Titan are displayed in the Maritime museum. Erosion has since taken its toll, leaving only the
three largest islands.”). Both stories require the representation of false content. The critical
difference is that the false content pertains to beliefs in FB stories and physical states in FP
stories. Following the presentation of each story, participants responded to a true/false question
(half of which referred to the false representation and half referred to reality) with a button press
(e.g., FB: “Barbara gets ready assuming her shoes are under the dress”; FP: “Near Titan today,
there are many islands”).
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In the scanner, participants saw 10 stories per condition, divided into two functional runs
(5 stories presented from each condition in each run). Stories were visually presented for 11 s,
followed by the true/false question for 6 s, and finally 12 s of fixation on a center cross. Each
functional run lasted 5 min and 2 s. Stories were presented according to two predetermined
orders (divided evenly between participants in each group), in which story order was
pseudorandomized within and across runs. Stimuli were presented in white font on a black
background with Matlab 7.6 using Pyschophysics Toolbox extensions (Brainard, 1997; Kleiner,
Brainard, & Pelli, 2007). Accuracy and reaction time (RT) data were collected.
fMRI data acquisition and analysis. fMRI data were collected on a 3Tesla Siemens
scanner at Harvard University with echo-planar images (47 sagittal slices, 3 x 3 x 3 mm voxels,
TE = 30 ms, TR = 2560 ms, flip angle = 85°). A high-resolution T1-weighted anatomical image
was acquired with an MPRAGE sequence (176 sagittal slices, 1 x 1 x 1 mm voxels). Data were
analyzed with SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) within the general linear
model (GLM) framework. Preprocessing occurred in the following steps: 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 s.
Within each subject, hemodynamic response to each condition was estimated at the start of each
story for the duration of the story and true/false judgment. Scans that that were ± 3 SD from the
mean global signal intensity or exceeded 3 mm in movement from the previous volume
(identified with the Artifact Detection Tool, http://www.nitrc.org/projects/artifact_detect/) were
entered as nuissance regressors to reduce noise.
Neural activity for FB > FP within each group. To verify the expected task-related
activity, we first identified neural activity for FB > FP separately within HC and SZ with one-
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sample t-tests. The statistical threshold was set to p < .001, k > 10, uncorrected for multiple
comparisons. Regions that survive correction for multiple comparisons at a voxel-wise p < .001,
corrected at the cluster-level to p < .05, are marked with an asterisk (*) in Table 2.
Between-group differences: ROI analysis. Our main analyses focused on neural
activity for FB versus FP within a priori regions, defined independently from the current data,
that have been demonstrated in previous studies (Dufour et al., 2013; Mar, 2011; Saxe &
Kanwisher, 2003; Saxe & Powell, 2006; Van Overwalle, 2009) to be reliably recruited for ToM:
RTPJ, LTPJ, dorsal (D)MPFC, middle (M)MPFC, and ventral (V)MPFC. These ROIs were
defined as 9 mm spheres around the peak coordinates identified from an independent group of 62
healthy adult participants scanned on a similar version of the False-Belief Task reported by
Dodell-Feder et al. (2011). There existed substantial overlap between the DMPFC and MMPFC
ROIs, and neural activity in these regions for FB > FP was highly correlated, r = .89, p < .001.
Given this spatial and functional similarity, we combined the data from these two ROIs so that
each participant had a single value representing neural activity in MPFC.
Contrast estimates, averaging across all voxels in an ROI, were extracted from individual
participants for FB > baseline and FP > baseline from the ROIs, and a difference score (FB – FP)
was calculated from these data. These values were compared between groups with independent
samples t-tests using a statistical threshold of p < .05 (two-tailed).
Between-group differences: Whole-brain ANOVA. We followed up the ROI analysis
with whole-brain random effects analysis to investigate whether other regions were disrupted
during mental state reasoning in schizophrenia. Between-group differences were evaluated with
full factorial ANOVA models with group as the between-subjects factor and condition as the
within-subjects factor. In this model, contrast images representing the difference between

31

condition and baseline activity (i.e., FB > baseline and FP > baseline) were used. This analysis
yielded group*condition interaction effects for HC > SZ and SZ > HC. The statistical threshold
was set to p < .001, k > 10/270 mm to achieve a balance between Type I and Type II error rates –
a strategy that is recommended for new fields of study (Lieberman & Cunningham, 2009).
Regions that survive correction for multiple comparisons at a voxel-wise p < .001, corrected at
the cluster-level to p < .05, are marked with an asterisk (*) in Table 2.
Given that the SZ group we recruited were older than the HC group, we repeated all
analyses controlling for age and report them in Supplemental Material Tables 1 and 2. We did
not control for IQ in these analyses given the shared variance between IQ and group membership
(G. A. Miller & Chapman, 2001).
Correlations between neural activity for ToM and the social variables. First, we
tested the zero-order relationships between ROI activity and each of the social variables with
Pearson correlations. Second, we conducted partial correlations controlling for the effect of age
as well as IQ to evaluate the effect of general intelligence on these relationships (Brune et al.,
2007). We expected neural activity for ToM to be related to social behavior regardless of
diagnosis so all correlations were conducted across all participants. Follow-up analyses
examined correlations within each group. In order to reduce possible bias in the correlations, we
used data extracted from the independent ROIs as the measure of neural activity, which did not
guarantee neural differences between the groups. The statistical threshold was set to p < .05
(two-tailed).
Mediation analysis. Finally, we performed a mediation analysis to investigate the
hypothesis that neural activity for ToM accounts for the link between social anhedonia and our
measures of functioning (SAS, GFS). Several paths between the variables are estimated in
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typical mediation analyses including the total effect of an independent variable X on a dependent
variable Y (path c), which consists of the direct effect of X on Y after controlling for mediator M
(path c’) and the indirect effect of X on Y through M (i.e., the product of path X!M and M!Y;
path ab) (Figure 3A). A test of mediation is conducted by evaluating whether path ab is
significantly different from zero; that is, whether there exists a significant difference between the
total effect (path c) and direct effect (path c’) that accounts for M (Preacher & Hayes, 2004,
2008). We used a nonparametric bootstrapping procedure, which is better suited for smaller
sample sizes, to derive bias-corrected 95% CIs of the ab sampling distribution based on 5,000
bootstrap samples (Preacher & Hayes, 2008). If the CI does not encompass zero, then the
indirect effect (path ab) is significantly different from zero (p < .05), indicating that neural
activity accounts for a statistically significant portion of the relationship between social
anhedonia and social functioning. κ2 is provided as the measure of effect size, representing the
proportion of the variance accounted for by the indirect effect relative to the maximum possible
indirect effect that could have occurred (Preacher & Kelley, 2011). Contrast values extracted
from the independent ROIs were used as the measure of neural activity. Data from all
participants were used in this analysis.
Results
Participants Characteristics and False-Belief Task Performance
SZ and HC did not differ in demographic characteristics or IQ (Table 1). SZ performed
worse on all neurocognitive domains assessed in the MATRICS, except working memory, with
effect sizes ranges from .36 (visual learning) to .85 (speed of processing). However, only the
differences in speed of processing and verbal learning (at a trend level) were statistically
significant. Notably, the difference between SZ and HC on SocAnh was significant only at a
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trend level and smaller than what has been observed by other investigations (Horan et al., 2008).
Behavioral data on the scanner task were not collected for 3 SZ participants and 2 HC
participants due to technical error. SZ and HC did not differ in accuracy in either condition. SZ
did not differ from HC in RT to the FP question, but were significantly slower to the FB
question.
fMRI Results
Neural activity for FB > FP within each group. Consistent with prior work using this
task, in HC, contrasting activity for FB > FP revealed robust recruitment of the ToM network,
including bilateral TPJ, and DMPFC extending to VMPFC (Table 2, Figure 1A). A similar
pattern of activation was observed in SZ, although less pronounced, particularly in MPFC.
Between-group differences: ROI analysis. Compared to HC, SZ exhibited reduced
neural activity for FB > FP in MPFC, t(36) = 3.60, p = .001, d = 1.17, but not VMPFC, t(36) =
.98, p = .33, d = .32, RTPJ, t(36) = 1.29, p = .20, d = .42, or LTPJ, t(36) = .90, p = .37, d = .29
(Figure 2).
Between-group differences: Whole-brain ANOVA. Exploratory analysis at p < .001, k
> 10, uncorrected for multiple comparisons, revealed the predicted group*condition interactions,
whereby SZ exhibited reduced activity for FB > FP compared to HC, in MPFC and
VMPFC/orbitofrontal cortex (Table 2, Figure 1B). However, these differences did not survive
correction for multiple comparisons. No regions showed the opposite interaction (i.e., SZ > HC
for FB > FP).
Correlations between neural activity for ToM and social variables. We hypothesized
that neural activity for ToM would be related to our measures of social behavior, including trait
perspective-taking/empathy (IRI), social cognition (MSCEIT-ME), and social functioning (SAS,
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GFS). In line with this hypothesis, across all participants, neural activity for ToM in MPFC
demonstrated significant relationships with IRI-PT, MSCEIT-ME, SAS, GFS such that greater
neural activity for FB > FP was associated with better scores on these measures (Table 3). RTPJ
activity correlated with MSCEIT-ME performance, SAS, and a trend level with IRI-PT. Partial
correlations controlling for age and IQ did not change these findings except for the relationship
between MPFC and IRI-PT, MPFC and GFS, and RTPJ and MSCEIT-ME, which were reduced
to trend levels of significance (p < .10) (Supplemental Material Table 3). Correlations within SZ
and HC are summarized in Table 3. SocAnh was negatively associated with neural activity in
MPFC such that greater SocAnh was associated with less neural activity for ToM. This
association was not observed with VMPFC, RTPJ, or LTPJ activity.
Does neural activity for ToM mediate the relationship between social anhedonia and
social functioning? To address our second aim, we examined whether ToM-related activity
mediates the relationship between social anhedonia and social functioning in those brain regions
that demonstrated a significant relationship with both social anhedonia (path a) and social
functioning (path b): MPFC (Figure 3A). The addition of MPFC activity in the mediation model
rendered the relationship between SocAnh and GFS (path c’) nonsignificant (Figure 3B).
Additionally, though the relationship between SocAnh and SAS was not statistically significant
(p = .11), the addition of MPFC activity in the mediation model reduced the strength of this
relationship. Bootstrap analysis of the indirect effect (path ab) revealed that MPFC activity
accounted for a statistically significant portion of the variance in the relationship between
SocAnh and GFS (κ2 = .16, 95% CI [.02, .37]), and SocAnh and SAS (κ2 = .26, 95% CI [.09,
.46]).
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Table 2
Results From the Whole-Brain Analyses Comparing Neural Activity for FB > FP Within and
Between Groups
Region
HC
R Precuneus*
R Anterior Superior Temporal
Sulcus*
R Posterior Superior Temporal
Sulcus*
R Temporo-Parietal Junction*
Dorsal Medial Prefrontal Cortex*
R Middle Medial Prefrontal
Cortex*
R Ventral Medial Prefrontal
Cortex*
L Temporo-Parietal Junction*
L Cerebellum*
L Cerebellum*
R Middle Frontal Gyrus*
R Cerebellum*
R Lingual Gyrus*
L Middle Frontal Gyrus*
L Middle Frontal Gyrus
L Inferior Frontal Gyrus
L Thalamus
R Rostral Anterior Cingulate
Cortex
SZ
L Temporo-Parietal Junction*
L Precuneus*
R Anterior Superior Temporal
Sulcus*
R Temporo-Parietal Junction*
L Anterior Superior Temporal
Sulcus*
L Superior Frontal Gyrus
L Ventral Medial Prefrontal
Cortex
R Middle Medial Prefrontal
Cortex
L Middle Frontal Gyrus

BA

Volume in Voxels

MNI coordinates
xyz

T Value

20

782
1,616

6 -55 34
51 -1 -26

14.33
13.87

21

-

51 -25 -8

12.12

21
10

1,293
-

54 -58 19
0 53 31
9 65 16

10.79
13.84
10.89

11

-

3 56 -14

7.93

39

960
220
39
39
134
69
36
21
15
10
15

-48 -64 22
-24 -76 -38
-6 -58 -44
45 8 49
21 -76 -29
6 -76 -11
-36 20 43
-21 26 43
-30 17 -17
-9 -13 10
3 26 -11

11.61
10.20
6.60
6.48
6.48
6.43
6.23
5.54
5.10
4.97
4.89

21

537
697
176

-51 -55 25
-3 -58 40
60 -7 -14

12.17
8.88
8.79

22
21

410
295

51 -49 19
-54 -1 -26

8.29
7.25

8
11

24
26

-6 20 64
-3 56 -11

6.01
5.73

10

34

9 53 10

5.21

6

24

-39 2 52

5.10

6
17
46
9
48
11

39
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Table 2 (Continued)
Region!
L Cerebellum
R Posterior Superior Temporal
Sulcus
L Dorsal Medial Prefrontal
Cortex*
L Middle Frontal Gyrus
R Middle Frontal Gyrus
R Superior Frontal Gyrus

!

!

!

!

BA!

Volume in Voxels!

T Value!

21

36
17

MNI coordinates
x y z!
-24 -76 -32
54 -34 -2

10

52

-6 59 25

4.61

46
9
9

13
22
16

-33 23 55
27 23 43
21 35 43

4.52
4.50
4.00

4.96
4.70

HC>SZ
R Medial Prefrontal Cortex
10
44
9 62 19
4.26
Medial Prefrontal Cortex
10
0 56 19
4.15
L Ventral Medial Prefrontal
11
10
-9 35 -14
3.84
Cortex
Note. Statistical threshold is p < .001, k = 10/270mm, uncorrected for multiple comparisons.
Dash (-) in the volume column indicates that the region is included in the cluster above.
Asterisks (*) next to the anatomical region indicates that the region is significant at a voxel-wise
threshold of p < .001 corrected at the cluster-level to p < .05. BA = Broadmann area, MNI =
Montreal Neurological Institute, HC = healthy control group, SZ = schizophrenia group, R =
right, L = left.
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Figure 1. Whole-brain analysis. A) Top panel depicts within-group one-sample t-tests for FalseBelief > False-Photograph. B) Bottom panel depicts full factorial ANOVA results demonstrating
group*condition interactions whereby controls showed greater activation for False-Belief >
False-Photograph compared to individuals with schizophrenia. All images are displayed at p <
.001, uncorrected for multiple comparisons.
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Figure 2. Region-of-interest analysis. Results from the independent region-of-interest (ROI)
analysis in medial prefrontal cortex (MPFC), ventral medial prefrontal cortex (VMPFC), right
temporo-parietal junction (RTPJ), and left temporo-parietal junction (LTPJ). The red spheres
represent the regions from which contrast estimates were extracted. Montreal Neurological
Institute (MNI) coordinates are displayed above each region. Error bars depict standard error of
the mean. * p < .05.
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Table 3
Correlations Between Neural Activity in the ToM ROIs and the Social Variables
MPFC

VMPFC

RTPJ

LTPJ

All

HC

SZ

All

HC

SZ

All

HC

SZ

All

HC

SZ

IRI-PT

.33*

.68**

-.03

.20

.50*

.00

.28†

.36

.16

.13

.19

.03

IRI-EC

.24

.42†

.14

.21

.27

.18

-.21

-.22

-.24

-.22

-.22

-.24
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MSCEITME
SAS

.53**

.33

.28

.04

.32

-.36

.33*

-.13

.54*

.16

-.02

.16

-.56**

-.43†

-.44*

-.11

-.39

.05

-.33*

-.39

-.23

-.21

-.07

-.21

GFS

.45**

.47*

.11

.02

.19

-.19

.15

-.07

.09

.07

-.10

.04

SocAnh

-.48**

-.55*

-.33

-.27

-.41†

-.09

-.10

.18

-.23

.19

.13

.37

Note. Pearson r values depicted. MPFC = medial prefrontal cortex, VMPFC = ventral medial prefrontal cortex, RTPJ = right temporoparietal junction, LTPJ = left temporo-parietal junction, All = all participants, HC = healthy control group, SZ = schizophrenia group,
IRI-PT = Interpersonal Reactivity Index – Perspective Taking, IRI-EC = Interpersonal Reactivity Index – Empathic Concern,
MSCEIT-ME = Managing Emotions branch of the MSCEIT, SAS = Social Adjustment Scale – Self-Report, GFS = Global
Functioning Social Scale, SocAnh = Social Anhedonia.
** p < .01
* p < .05
†
p < .10

Figure 3. Mediation analysis. A) We tested whether neural activity for theory of mind (ToM) in
medial prefrontal cortex (MPFC) mediated the relationship between social anhedonia (SocAnh)
and our measures of social functioning (Social Adjustment Scale – Self-Report [SAS], Global
Functioning Social Scale [GFS]). Path c is the total effect of social anhedonia on social
functioning; path c’ is the direct effect of social anhedonia on social functioning after controlling
for neural activity for ToM; the product of the paths a and b (ab) is the indirect effect of social
anhedonia on social functioning, through neural activity for ToM. B) Results from the mediation
effects of social anhedonia on GFS through MPFC activity (left), and mediation effects of social
anhedonia on SAS through MPFC activity (right). Unstandardized path coefficients are displayed
along with standard errors in parentheses. **p ≤ .01, *p ≤ .05, †p = .11
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Discussion
Using a well-validated ToM scanner task and multiple-methods for assessing different
aspects of social behavior, we found that individuals with schizophrenia exhibit reduced
recruitment of MPFC for ToM. Neural activity in MPFC correlated with understanding how to
manage emotions (MSCEIT-ME), the tendency to engage in perspective-taking (IRI-PT), and
both self-reported (SAS) and clinician-rated (GFS) measures of social functioning. Finally,
mediation analysis provided evidence that social anhedonia influences social functioning through
its effect on ToM-related neural circuitry.
Similar to other investigations (Brune et al., 2011; Brunet et al., 2003; Das et al., 2012;
Hooker et al., 2011; J. Lee et al., 2011; K.-H. Lee et al., 2006; Walter, Ciaramidaro, et al., 2009),
the ROI analysis revealed significantly less MPFC activity for ToM in individuals with
schizophrenia versus matched healthy controls. Though the whole-brain analysis did not yield
any group differences at a corrected threshold, we observed largely converging evidence of
reduced MPFC activity in the schizophrenia group at an uncorrected threshold. Importantly, we
found several relationships between neural activity in MPFC and RTPJ for ToM and aspects of
social behavior, which were largely unchanged when controlling for the effects of age and IQ.
More specifically, neural activity in MPFC correlated with trait perspective-taking on the IRIPT, MSCEIT-ME performance, self-reported social functioning on the SAS, and clinician-rated
social functioning on the GFS, such that greater activity in these regions was associated with
better social cognition and social functioning, respectively. RTPJ activity correlated with
MSCEIT-ME, SAS, and IRI-PT at a trend level. We note that several of these relationships may
have been influenced, in part, by group differences on the social variables (e.g., MSCEIT-ME,
SAS, and GFS), which could have led to clustering of data points by group and an inflated
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correlation coefficient. Furthermore, most of these relationships were observed across all
participants, and not separately within each group. With that said, we did find several significant
associations within SZ participants alone: greater neural activity in MPFC was associated with
less social impairment on the SAS, and greater neural activity in RTPJ was associated with better
ability to manage emotions through the use of affective ToM skills on the MSCEIT-ME. The
finding that some brain-behavior relationships were found in one group and not the other would
suggest that there may be differences between the groups in how ToM-related neural activity
may influence social behavior. However, reduced power may have prevented us from observing
additional relationships between neural activity and social functioning within the SZ and HC
group separately. Furthermore, recruitment of the ToM network should in theory be related to
social functioning and ability regardless of diagnosis making it important to investigate these
associations across groups where the relationship can be examined across the full range of neural
and social functioning. Nonetheless, the relationships found here should be interpreted with
caution, and examined in future work with larger sample sizes.
Together, these findings indicate that increased neural activity for ToM in MPFC and
RTPJ is associated with greater perspective-taking in daily life, enhanced social cognitive ability,
specifically the ability to use ToM skills to effectively manage emotions in different social
situations, and social functioning. These findings are consistent with other studies that have
found increased MPFC activity during a ToM task to predict improvements in social functioning
following recovery from a psychotic episode (K.-H. Lee et al., 2006), and, in a separate study,
following cognitive remediation (Subramaniam et al., 2012). Studies have also shown that
VMPFC gray matter volume correlates with engagement in ToM to enhance interpersonal
relationships among individuals with schizophrenia (Hooker et al., 2011), and MPFC/TPJ
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activity during ToM tasks correlates with increased perspective-taking in daily life (Falk, Spunt,
& Lieberman, 2012; Hooker et al., 2008; Masten, Eisenberger, Pfeifer, Colich, & Dapretto,
2013; Moriguchi et al., 2006). These findings further highlight the functional significance of
neural activity for ToM by relating it to several different aspects and measures of social
behavior.
The relationship between MPFC and RTPJ activity and MSCEIT-ME performance is of
particular significance. The MSCEIT-ME requires participants to use affective ToM (i.e., reason
about the emotions of others) in order to effectively manage a story character’s emotion and
navigate various social situations. The correlations observed in the current study suggest that
ToM-related neural circuitry may be important for social functioning by supporting affective
ToM ability. These findings are of particular importance when considering that cognitive
remediation programs, which include social cognition training, demonstrate intervention-related
improvement on MSCEIT-ME performance (Eack, Hogarty, Greenwald, Hogarty, & Keshavan,
2007; Eack, Pogue-Geile, Greenwald, Hogarty, & Keshavan, 2011; Hooker et al., 2012; Sacks et
al., 2013) and increased MPFC activity which tracks with improvements in social functioning
(Subramaniam et al., 2012). Taken with our data, it suggests that the neural mechanisms
supporting ToM are amenable to intervention and are likely to result in measurable changes in
affective ToM skills and the use of those skills to improve social interaction. Furthermore, in line
with the MATRICS initiative (Green et al., 2004; Green, Olivier, Crawley, Penn, & Silverstein,
2005), these data, taken with other neuroimaging findings (Wojtalik, Eack, & Keshavan, 2013),
demonstrate that performance on at least the social cognition subtest of the MATRICS tracks
with important individual differences in neurobiology that are linked to social functioning,
supporting the measure’s validity and usefulness as a tool to assess intervention-related change.
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Addressing our second aim regarding the role of ToM-related neural circuitry in the
social anhedonia – social functioning relationship, mediation analysis replicated findings
demonstrating a link between social anhedonia and social functioning (Blanchard et al., 2011;
Blanchard et al., 1998; A. S. Cohen et al., 2005), and provided novel evidence that (a) neural
activity for ToM in MPFC is associated with social anhedonia, such that individuals reporting
higher social anhedonia demonstrated less MPFC activity for ToM, and (b) neural activity in this
region accounts for the relationship between social anhedonia and social functioning.
Specifically, we found neural activity in MPFC to account for a significant portion of the
variance between social anhedonia and our measures of social functioning, including the SAS
(self-report) and GFS (clinician-rated). This finding suggests that social anhedonia impacts social
functioning, at least partially, through its effect on ToM-related neural circuitry.
The extant literature on social anhedonia and social functioning has largely focused on
the role of decreased reward and impaired memory for reward (Dowd & Barch, 2010; Gard et
al., 2007; Horan et al., 2008; Kring & Elis, 2012; Strauss & Gold, 2012). Here, we demonstrate a
previously uninvestigated link between social anhedonia and social functioning through impaired
ToM. Although the data here are cross-sectional and cannot speak to causality, nor do they fully
account for social functioning impairments in schizophrenia, the results are consistent with
several interpretations. Disruption to the neural mechanisms subserving ToM may make social
interaction challenging, increase social stress, decrease social reward or increase disinterest in
socializing, thereby contributing to anhedonia and social dysfunction. On the other hand, social
anhedonia and isolation, both of which have been identified as risk factors for schizophrenia
(Kwapil, 1998; Tarbox & Pogue-Geile, 2008; van Os, Driessen, Gunther, & Delespaul, 2000),
may lead to deleterious changes in the neural mechanisms subserving ToM, thereby contributing
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to misperceptions of intentions and emotions, interpersonal conflict, and social impairment
(Hoffman, 2007). Though both explanations are theoretically viable, additional work, such as
prospectively measured reports of social anhedonia, ToM-related neural function, and social
functioning, would be needed in order to better evaluate these possibilities. Nonetheless, the
findings do demonstrate significant interrelationships between these different constructs.
Furthermore, it suggests that training ToM, as opposed to pharamacologically augmenting
response in reward-related neural circuitry (Juckel, Schlagenhauf, Koslowski, Filonov, et al.,
2006; Juckel, Schlagenhauf, Koslowski, Wustenberg, et al., 2006; Schlagenhauf et al., 2008;
Walter, Kammerer, et al., 2009; Waltz et al., 2007), may be a more accessible process for
remediation that will most likely lead to improvements in social functioning.
It is important to note that functional outcome in schizophrenia is multiply determined.
Neural function, while shown here to capture a significant portion of the variance in social
functioning, still leaves much variance unexplained. Research has demonstrated that cognitive
and affective factors such as dysfunctional attitudes (Granholm, Ben-Zeev, & Link, 2009; Grant
& Beck, 2009; Green, Hellemann, Horan, Lee, & Wynn, 2012; Horan et al., 2010), motivation
(Gard, Fisher, Garrett, Genevsky, & Vinogradov, 2009), and metacognition (Buck, Ringer,
Dimaggio, & Lysaker, 2011; Lysaker, Dimaggio, et al., 2010; Lysaker et al., 2011; Lysaker,
Shea, et al., 2010), as well as external factors relating to social support (Brekke, Kay, Lee, &
Green, 2005), disability policies and the availability of employment (Rinaldi et al., 2010;
Tandberg, Sundet, Andreassen, Melle, & Ueland, 2013), also contribute to functioning. A
comprehensive model of functional outcome would ideally incorporate all of these factors.
Similarly, functioning may best be improved through a multipronged approach targeting
neurocognitive functioning as well as these other factors.
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Finally, the sample of schizophrenia participants tested here demonstrated less
neurocognitive impairment (i.e., IQ, MATRICS) than what is typically observed in this
population (e.g., Kern et al., 2011). Though this may be in part the result of recruiting an
education-matched HC group, it warrants caution in generalizing our findings to lowerfunctioning individuals with schizophrenia. With that said, the neural data demonstrating
reduced recruitment of MPFC for ToM in the schizophrenia group replicates several other
studies with more neurocognitively impaired schizophrenia samples. This suggests that reduced
MPFC activity for ToM is characteristic of individuals with schizophrenia high- or lowfunctioning.
In conclusion, the current study finds that individuals with schizophrenia exhibit reduced
recruitment of MPFC for ToM, which is related to social functioning, and may be a contributing
mechanism through which social anhedonia affects social functioning. These findings reveal
proximal neurobiological determinants of social functioning, indicative of aberrant function of
the social brain, and suggest neural targets for remediation.

47

Paper 2: Neural disruption to theory of mind predicts daily social functioning in
individuals at familial high-risk for schizophrenia
David Dodell-Feder, Lynn E. DeLisi, Christine I. Hooker
Published in Social Cognitive and Affective Neuroscience, Volume 9, Issue 12, Pages 1914-1925
Abstract
Theory of mind (ToM) ability is foundational for successful social relationships, and
dependent on a neurocognitive system, which includes temporo-parietal junction and medial
prefrontal cortex. Schizophrenia is associated with ToM impairments, and initial studies
demonstrate similar, though more subtle deficits in unaffected first-degree relatives, indicating
that ToM deficits are a potential marker of risk for the disorder. Importantly, the social
consequences of ToM deficits could create an additional vulnerability factor for individuals at
familial high-risk (FHR). However, behavioral studies of ToM are inconsistent and virtually
nothing is known about the neural basis of ToM in FHR or the relationship between ToM and
social functioning. Here, FHR and nonFHR control participants underwent fMRI scanning while
reasoning about a story character’s thoughts, emotions, or physical appearance. Afterwards,
participants completed a 28-day online ‘daily-diary’ questionnaire in which they reported daily
social interactions and degree of ToM reasoning. FHR participants demonstrated less neural
activity in bilateral temporo-parietal junction when reasoning about thoughts and emotions.
Moreover, across all participants, the degree of neural activity during ToM reasoning predicted
several aspects of daily social behavior. Results suggest that vulnerability for schizophrenia is
associated with neurocognitive deficits in ToM and the degree of deficit is related to day-to-day
social functioning.
Introduction
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Social dysfunction is arguably one of the most important and least understood risk factors
for schizophrenia. Young people with a first-degree relative with schizophrenia (i.e., those at
familial high-risk [FHR]) have less social interest and activities, worse peer relationships, and
fewer friends than people without familial risk (Cornblatt et al., 1992; Dworkin et al., 1991;
Dworkin et al., 1993; Glatt et al., 2006; Hans et al., 2000; Johnstone, Ebmeier, Miller, Owens, &
Lawrie, 2005; P. Miller, Byrne, et al., 2002). These social problems are apparent in
childhood/pre-adolescence and prospectively predict schizophrenia diagnosis (Tarbox & PogueGeile, 2008). Pre-morbid social deficits might not only indicate underlying neurobiological
abnormalities associated with schizophrenia pathology, but might also contribute to illness
progression. Lack of social support exposes vulnerable individuals to the negative impact of
stressful life-events, and both interpersonal conflicts and social isolation precipitate and
exacerbate psychotic symptoms (Hoffman, 2007; Hooley, 2007; Horan et al., 2006). Together
the evidence suggests that, among FHR, a population already at elevated risk for psychosis
(Gottesman, 1991), social functioning could serve as a marker of vulnerability and a target for
preventive intervention. However, most social functioning assessments reflect the long-term
outcome of social interactions overtime, and little is known about the behavioral and neural
mechanisms that influence day-to-day social interactions and their contribution to functional
outcome in FHR. As a result, it is unclear what social phenomenon would best indicate
psychosis-risk and provide the greatest benefit if improved through preventive intervention.
Theory of mind (ToM), the ability to identify the mental states of others (i.e., beliefs,
intentions, emotions) and understand how those mental states motivate behavior, is foundational
for successful social interactions. ToM skills can be assessed with laboratory-based experiments,
such as the False-Belief task, that require predicting a person’s behavior based on their mental
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state (Wimmer & Perner, 1983). Such tasks require mental state reasoning (i.e., using mental
state information to predict future mental states or actions) which is a skill that engages different
cognitive and neural processes than mental state decoding (i.e., detecting mental states based on
currently available information, such as facial affect) (Sabbagh, 2004; Tager-Flusberg &
Sullivan, 2000). Mental state reasoning recruits a network of neural regions, including medial
prefrontal cortex (MPFC), temporo-parietal junction (TPJ) (including posterior superior temporal
sulcus (STS) and superior temporal gyrus), and precuneus (PC) (Mar, 2011; Van Overwalle,
2009). Individuals with schizophrenia exhibit marked behavioral impairment in ToM,
particularly mental state reasoning (Bora et al., 2009a; Sprong et al., 2007), and its concomitant
neural substrates, particularly TPJ and MPFC (Brune et al., 2008; Brunet et al., 2003; Das et al.,
2012; J. Lee et al., 2011). Among individuals with schizophrenia, behavioral performance on
ToM tasks significantly predicts functional outcome (Fett et al., 2011), and neural deficits in TPJ
and MPFC are related to both performance on ToM tasks and engagement in ToM to enhance
relationships in daily life (Hooker et al., 2011).
Behavioral impairment in ToM has also been observed in individuals at clinical high-risk
(Green, Bearden, et al., 2012; Kim et al., 2011; Thompson et al., 2012) and familial high-risk for
schizophrenia (Anselmetti et al., 2009; de Achaval et al., 2010; Janssen, Krabbendam, Jolles, &
van Os, 2003; Montag et al., 2012; Versmissen et al., 2008). Preliminary evidence also exists
that individuals at clinical high-risk exhibit neural abnormalities in the network supporting
mental state reasoning (Brune et al., 2011). Together, these data suggest that ToM may not only
be a potential endophenotype for schizophrenia-spectrum disorders (Bora et al., 2009b;
Gottesman & Gould, 2003), but also a potentially remediable social cognitive skill that
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influences social interactions and their cumulative effect on functional outcome (Kurtz &
Richardson, 2012).
Although ToM has been proposed as a vulnerability marker (Bora & Pantelis, 2013), the
current data in FHR and other HR populations is inconclusive. Several studies found no
behavioral ToM differences between FHR and nonFHR (Bora & Pantelis, 2013; Gibson et al.,
2010; Kelemen et al., 2004). Furthermore, no FHR studies have linked ToM processing to social
functioning, or neural measures to either ToM performance or social functioning. One problem is
that most behavioral ToM measures are not adequately challenging for adults without severe
mental illness, and, therefore, not sensitive enough to accurately characterize the range of
individual abilities or detect group differences when they exist (Dodell-Feder et al., 2013).
Additionally, FHR may be differentially impaired depending on the type of ToM task used. For
example, a recent meta-analysis (Bora & Pantelis, 2013) indicated that FHR are more likely to
exhibit impairment on mental state reasoning tasks than mental state decoding tasks (e.g., de
Achaval et al., 2010; Eack, Mermon, et al., 2010).
Presumably, ToM deficits in FHR stem from genetic influences on neural systems that
support ToM processing, so neural measures may be more sensitive than behavioral measures.
Nonetheless, focusing exclusively on group differences between FHR and nonFHR is
problematic. Only a small percentage of FHR individuals will develop psychosis (McGuffin,
Owen, & Gottesman, 2004) or exhibit deficits on endophenotypes (Keshavan et al., 2010), such
as ToM. FHR individuals may also develop unique compensatory strategies that conceal
behavioral deficits and/or obscure neuroimaging group effects. Consequently, although
meaningful abnormalities exist, the group averages for FHR and nonFHR may not be
significantly different.
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The only FHR study that investigated neural function during ToM reasoning (Marjoram
et al., 2006) found no neural activity differences between FHR and nonFHR controls. However,
compared to FHR with past or current psychotic symptoms, FHR without psychotic symptoms
had greater activity in dorsal MPFC as well as several regions not typically associated with ToM.
FHR without psychotic symptoms also activated most regions more than nonFHR controls,
suggesting that this subgroup of FHR recruited compensatory neural mechanisms (i.e., non-ToM
processes) and over-activated regions due to additional effort and/or inefficient neural
processing. These findings illustrate the variability of ToM-related neural dysfunction and the
difficulty identifying its source. Since FHR have neural abnormalities in multiple brain regions
associated with several cognitive domains, including language (Francis et al., 2012), working
memory (Whitfield-Gabrieli et al., 2009), and cognitive-control (Becker, Kerns, Macdonald, &
Carter, 2008), neural abnormalities during a ToM task could arise for a variety of reasons and
have different effects on behavior. To understand the potential value of ToM assessments, it is
essential to isolate neural activity specific to ToM processing (rather than activity reflecting a
secondary process) and measure how variation in ToM-related activity predicts variation in reallife social behaviors that are supported by ToM skills.
The current study used a multi-method approach that optimized assessment of individual
differences to investigate whether ToM-related neural activity prospectively predicts social
behavior over a 4-week period. While undergoing fMRI, young adult FHR and nonFHR control
participants performed a mental state reasoning task that involved reading short vignettes about
another person’s thoughts, emotions, or appearances, and used this information to judge the
likelihood of future behavior (Saxe & Powell, 2006). Behavioral responses were made
purposefully easy in order to avoid confounds which complicate data interpretation, such as
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between-group performance differences (Price & Friston, 1999). Appearance stories contained
information about people and thus allowed us to control for the presence of general social
information. ToM-related neural processing was isolated by measuring activity during thought
and emotion stories relative to appearance stories, yielding neural measures of cognitive ToM
(i.e., reasoning about beliefs) and affective ToM (i.e., reasoning about emotions). Comparing
emotion stories versus thought stories measured activity specific to affective ToM.
To obtain the best estimate of each individual’s ToM-related neural processing, we used
the False-Belief task, which robustly activates the ToM network, to localize exact neural
coordinates of ToM processing in each participant (Saxe & Kanwisher, 2003). Although brain
regions recruited for ToM are well-defined, the coordinates of peak activity within those regions
varies across individuals (Saxe, Brett, et al., 2006). Thus, the use of individually-tailored
regions-of-interest (ROIs) allowed us to test our hypotheses in regions that were functionally
defined as being selective for mental state information in each participant. We expected that
ToM-related activity in the specific region that the participant uses for ToM would best predict
that individual’s social behavior. After the scan, participants completed a 28-day structured
daily-diary questionnaire in which, every evening, they answered questions about the quantity
and quality of social encounters that day. Assessing social behavior the day it occurs is more
accurate and ecologically-valid than commonly used retrospective reports covering prior weeks
or months (Myin-Germeys et al., 2009). Furthermore, the repeated assessment, each day for 28days, provides a stable and reliable measure of each social phenomenon (Myin-Germeys et al.,
2009). Daily-diary questions assessed engagement in ToM skills, such as perspective-taking, and
other social behaviors that are, theoretically, influenced by ToM skills. We predicted: 1) FHR
would have less ToM-related neural activity than nonFHR in key regions of the ToM network,
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including bilateral TPJ and MPFC; 2) Across all participants, ToM-related neural activity will
predict daily engagement in ToM processing and enhanced social functioning.
Methods
Participants
Nineteen FHR and 18 nonFHR individuals participated for monetary compensation
(Table 4). FHR status was defined as between 15 and 32 years of age (age-range of greatest
psychosis-risk) with two or more affected relatives (at least one first-degree relative with
schizophrenia or schizoaffective disorder and a second relative with a psychotic disorder).
Requiring two affected relatives made it less likely that one ill relative was an environmental
phenocopy or had a de novo mutation, thus increasing the certainty of genetic liability. FHR
were recruited through community advertisements and National Alliance on Mental Illness
support meetings. NonFHR had no family history of psychotic disorder, psychiatric
hospitalization, or suicide.
The Diagnostic Interview for Genetic Studies (Nurnberger et al., 1994) and Family
Interview for Genetic Studies (Maxwell, 1996) were used to identify personal and family history
of psychopathology. Exclusion criteria for all participants included past/current DSM-IV Axis-I
psychotic disorder (schizophrenia, schizoaffective disorder, psychosis-NOS, substance-induced
psychosis, or bipolar/major depressive disorder with psychotic features); past/current treatment
with antipsychotics or mood stabilizers; IQ < 70, non-native English speaker, MRI
contraindicators. FHR is associated with elevated rates of multiple psychiatric disorders (C. J.
Chang et al., 2002; Erlenmeyer-Kimling et al., 1997; Kendler & Gardner, 1997; Keshavan,
Diwadkar, Montrose, Stanley, & Pettegrew, 2004); thus, to increase external validity of our
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Table 4
Participant Characteristics and Task Performance
NonFHR

FHR

Between-Group
Difference

n
18
19
Gender (male/female)
4/14
5/14
χ2(1, N=37)=.08, p=.77
Age
26.2 (4.0)
27.4 (3.9)
t(35)=.97, p=.34
Education (years)
16.3 (0.8)
16.1 (1.5)
t(35)=.71, p=.48
IQa
118.3 (11.4)
117.0 (9.8)
t(34)=.38, p=.71
b
BDI-II
1.9 (3.3)
5.5 (5.4)
t(32)=2.28, p=.03
STAI-Stateb
25.7 (5.6)
27.7 (7.3)
t(32)=.89, p=.38
b
STAI-Trait
29.1 (7.3)
34.3 (8.7)
t(32)=1.88, p=.07
Lifetime Axis I Diagnosis (number
2
9
of participants)
MDD
4
ADHD
1
Substance Abuse
2
Comorbid Diagnosesc
4
SIPSd
Positive
.12 (.33)
2.83 (2.53)
U=49.5, p<.001
Negative
.06 (.24)
1.78 (1.96)
U=64.0, p=.003
Disorganized
.35 (.61)
2.00 (1.57)
U=55.5, p=.001
General
.24 (.56)
1.67 (1.78)
U=76.0, p=.010
Person-Description Taska
Thought Accuracy (%)
90.2 (7.3)
87.6 (12.3)
t(34)=.76, p=.45
Emotion Accuracy (%)
96.5 (5.0)
93.5 (9.7)
t(34)=1.19, p=.25
Appearance Accuracy (%)
94.0 (10.2)
88.1 (13.9)
t(34)=1.44, p=.16
Thought RT (s)
2.9 (0.4)
3.2 (0.4)
t(34)=1.79, p=.08
Emotion RT (s)
2.5 (0.5)
2.7 (0.5)
t(34)=1.19, p=.24
Appearance RT (s)
2.9 (0.5)
3.0 (0.5)
t(34)=1.27, p=.22
False-Belief Task
False-Belief Accuracy (%)
90.1 (10.7)
88.5 (11.0)
t(35)=.47, p=.64
False-Photo Accuracy (%)
90.0 (12.8)
86.7 (13.1)
t(35)=.78, p=.44
False-Belief RT (s)
2.9 (0.5)
3.3 (0.6)
t(35)=2.55, p=.02
False-Photo RT (s)
3.0 (0.5)
3.1 (0.5)
t(35)=.92, p=.37
Note. When applicable, values represent means with standard deviations in parentheses. BDI-II =
Beck Depression Inventory, STAI = State-Trait Anxiety Inventory, MDD = Major Depressive
Disorder, ADHD = Attention Deficit Hyperactivity Disorder, SIPS = Structured Interview for
Prodromal Syndromes, RT = Reaction Time.
a
Data were not collected for 1 FHR participant.
b
Data were not collected for 2 FHR and 1 nonFHR participant.
c
Individuals were diagnosed with the following: MDD and anxiety (n=2), MDD and ADHD
(n=1), MDD, anxiety, ADHD, and substance abuse (n=1).
d
Data were not collected for 1 FHR and 1 nonFHR participant.
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sample, FHR and nonFHR participants were not excluded for past/current psychopathology other
than disorders listed above.
Mood state was assessed with the Beck Depression Inventory-II (BDI-II) (Beck, Steer, &
Brown, 1996) and State-Trait Anxiety Inventory (STAI) (Speilberger, 1983). Psychotic-like
symptoms and traits were measured with the Structured Interview for Prodromal Syndromes
(SIPS) (McGlashan et al., 2003). IQ was assessed with Wechsler Abbreviated Scale of
Intelligence (Wechsler, 1999). Participants gave written informed consent in accordance with
Harvard University Institutional Review Board.
FMRI Tasks
Person-Description. During scanning, participants read short stories1 describing either a
protagonist’s thoughts, emotions, or physical appearance (without reference to beliefs or
emotions), and then judged (Yes/No) whether a statement made sense in the context of the story
(Table 5) (Saxe & Powell, 2006). Stories were matched on low-level linguistic features including
number of words/sentences, word frequency, and Flesch reading-level (Flesch, 1948). Each trial
included the story (10 s), Yes/No judgment (5 s), and fixation-cross/rest-period (12 s). Ten
stories per condition were divided evenly across 5 functional runs.
False-Belief. After Person-Description, participants completed 2 runs of the False-Belief
task (Dodell-Feder et al., 2011) which required participants to read and make True/False
judgments on 10 False-Belief and 10 False-Photograph/Map stories (Table 5) (Saxe &
Kanwisher, 2003). False-Belief and False-Photograph stories both require the representation of
false content. In False-Belief stories, the false content is beliefs; in False-Photograph stories, the
false content is physical information. Each trial included the story (11 s), True/False question

1"The

experiment included an additional condition that was not analyzed."
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Table 5
Sample Stimuli From the Scanner Tasks
Task/Condition
Person Description Task
Thought

Emotion

Appearance

False-Belief Task
False-Belief

False-Photograph

Story

Judgment

Ethan knew that his sister’s
flight from San Francisco was
delayed ten hours. Only one
flight was delayed so much
that night, so when he got to
the airport, he knew that flight
was hers.
Jessica really misses her father
who had been sick in the
hospital. When she goes to
visit, the doctor informs her
that her dad had died the night
before. Jessica cries out in
disbelief.
Hank was a heavy-set man
with a gut that fell over his
belt. He was balding and
combed his blonde hair over
the top of his head. His face
was pleasant, with large
brown eyes.

Ethan’s sister is unlikely to
use that airline again.
(Yes/No)

The morning of the high
school dance, Barbara placed
her high heel shoes under the
dress and went shopping. That
afternoon, her sister borrowed
the shoes and later put them
under Barbara’s bed.
Old maps near the islands near
Titan are displayed in the
Maritime museum. Erosion
has since taken its toll, leaving
only the three largest islands.
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After calming down, Jessica
goes to see her dad's body.
(Yes/No)

Because of his large gut,
Hank's back was always
slightly bent forward.
(Yes/No)

Barbara gets ready assuming
her shoes are under the dress.
(True/False)

Near Titan today, there are
many islands. (True/False)

(6 s), and fixation-cross/rest-period (12 s). Each participant’s results from this task were used to
identify individually-defined ROIs.
For each task, stories were presented in a pseudo-randomized order; condition order was
counterbalanced across runs and participants with two predetermined sequences. Stimuli were
presented in white font on a black background with Matlab 7.6 using Psychophysics Toolbox
extensions (Brainard, 1997; Kleiner et al., 2007). Accuracy and reaction time (RT) data were
collected. Participants were instructed to perform as accurately as possible.
MRI Acquisition and Analysis
Data were collected on a 3 Tesla Siemens scanner at Harvard University using a 12channel head coil, and analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Anatomical
images were acquired using a T1-weighted multi-echo MPRAGE sequence (176 sagittal slices,
slice thickness = 1.0 mm). Functional data were collected with echo-planar images acquired in
the oblique-axial plane with whole-brain coverage (40 interleaved slices, 3 x 3 x 3 mm voxels,
TE = 30 ms, TR = 2560 ms, flip angle = 85○, FOV = 216 mm x 216 mm, matrix size = 72 x 72).
The first four volumes consisted of dummy scans discarded prior to analysis to ensure steadystate magnetization. Preprocessing included realignment to the mean functional image,
coregistration of the anatomical image to the mean functional image, normalization to MNI
template-space, resampling into 2 x 2 x 2 mm voxels, and smoothing with a 6 mm Gaussian
kernel.
Person-Description. For each subject, hemodynamic response was modeled at the onset
of each story (10 s duration) and convolved with the canonical hemodynamic response function.
Yes/No judgments and movement parameters were included as nuisance regressors. Data were
high-pass filtered (128 s). Contrast files were created for Thought > Appearance, Emotion >
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Appearance, Emotion > Thought, and each condition versus baseline (which consisted of a
central, white fixation-cross on black background).
We investigated recruitment of the ToM network within each group by conducting
separate one-sample t-tests within FHR and within nonFHR participants for Thought >
Appearance, Emotion > Appearance, and Emotion > Thought. Group*condition interactions
were investigated with 2 x 2 mixed-design ANOVAs using SPM8 full factorial models. Three
ANOVAs were conducted to identify group differences for Thought > Appearance, Emotion >
Appearance, and Emotion > Thought. Since the neural basis of ToM in FHR is a new field,
analyses of between-group differences were conducted at threshold of p < .001, k > 10,
uncorrected for multiple comparisons to achieve a better balance between Type I and Type II
error rates (Lieberman & Cunningham, 2009). Regions that survive a correction for multiple
comparisons at p < .001, corrected at the cluster-level to p < .05 using the CorrClustTh tool
(http://www-personal.umich.edu/~nichols/JG5/CorrClusTh.m) are indicated in Table 6 with
asterisks (*).
False-Belief. Each participant’s False-Belief>False-Photograph contrast, generated from
a first-level GLM, was used to identify three ROIs in the ToM network: RTPJ, LTPJ, and MPFC.
According to recent meta-analyses and review articles, these three regions are the most
consistently active in fMRI studies of ToM processing in healthy individuals (Mar, 2011; Van
Overwalle, 2009; Van Overwalle & Baetens, 2009). Identifying functional ROIs in these three
anatomical areas allowed us to characterize ToM-related processing in the specific regions that
each individual subject recruited while engaging in mental state reasoning. Because these regions
were defined as being selective for ToM, group differences in the response of these ROIs to the
Person-Description task should be associated with mental state reasoning, rather than a
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peripheral cognitive process that may be affected by familial-risk status (Poldrack, 2006; Saxe,
Brett, et al., 2006). Furthermore, the use of an independent task for functional localization
allowed us to investigate ToM-related neural activity in a dataset not biased by the selection
criteria (i.e., being functionally selective for mental state versus non-mental state information)
(Kriegeskorte, Simmons, Bellgowan, & Baker, 2009). MNI coordinates of the individuallydefined ROIs averaged across participants are as follows: RTPJ = [55 -53 25], LTPJ = [-54 -58
23], MPFC = [2 51 34].
ROIs were defined as all voxels within a 9 mm radius around the peak voxel identified at
p < .001, k > 10, uncorrected for multiple comparisons. If unidentifiable at p < .001, the
threshold was lowered iteratively (p < .005, .01, then .05) until the peak was visible (Bedny,
Caramazza, Pascual-Leone, & Saxe, 2012; Bedny, Pascual-Leone, Dodell-Feder, Fedorenko, &
Saxe, 2011). We used this procedure, as opposed to discarding data from participants who did
not activate a region at p < .001 (e.g., Saxe & Powell, 2006), in order to characterize the full
range of variation in these regions associated with mental state reasoning.
Contrast estimates of Person-Description conditions relative to the fixation-cross/restperiod (i.e., Thought > Baseline, Emotion > Baseline, and Appearance > Baseline) were
extracted from each participant’s individually-defined ROIs. Contrast values in each voxel that
defined the ROI were averaged together to derive a single value that represented neural activity
in that ROI. The difference between conditions was calculated (i.e., Thought-Appearance,
Emotion-Appearance, Emotion-Thought). These values were compared between groups with
independent-sample t-tests, which resulted in 9 comparisons (3 contrasts from 3 ROIs).
Statistical significance was set at p < .05 (two-tailed). We then used the adaptive BenjaminiHochberg correction (Benjamini & Hochberg, 2000), which controls the false-discovery rate, to
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evaluate whether group differences remained significant (p < .05) after correcting for multiple
comparisons (i.e., the 9 tests conducted). Neural activity difference for each contrast (i.e.
Thought – Appearance, etc.) was used to investigate the relationship between neural activity and
daily-diary ratings.
Daily-Diary
The online daily-diary was a questionnaire completed each evening (‘before bed’) for 28days after the scan. Individuals with < 17 diary-days were excluded. Each day, participants were
asked whether they had social interactions or interpersonal conflicts (yes/no), and rated (1-to-5
scale: 1 = not at all; 5 = extremely) the following aspects of ToM engagement and social
functioning: perspective-taking, empathy, perspective-taking and empathy during interpersonal
conflict, social motivation, and enjoyment of socializing. Diary questions are listed in Table 7.
Analysis of neural activity and daily-diary data. To investigate whether ToM-related
neural activity predicted daily ToM engagement and social behavior, we used hierarchical linear
models (HLMs), which are appropriate for hierarchically organized data. The structure of the
diary-data was such that diary-day was nested within participants and participants were nested
within groups. HLM allows the simultaneous assessment of variability at each level of the data,
both within- and between-participants. These analyses were performed in SAS using the MIXED
procedure.
Our hypothesis was that across all participants, ToM-related activity in individuallydefined ROIs would positively predict daily-diary reports of ToM engagement and social
functioning. Thus, data were analyzed at the within-participants level to generate estimates of
each participant’s average level of a diary variable and the relationship between neural activity
and a diary variable across each day of diary. To evaluate whether the relationship between
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neural activity for ToM and social functioning was qualitatively different between nonFHR and
FHR, we tested whether social functioning was predicted by the interaction of neural activity and
group status. Said otherwise, we examined whether the within-participant relationships between
neural activity and diary variable were a function of between-participant variables, namely group
membership and extent of ROI activity (i.e., high versus low neural activity).
Neural activity in the three individually-defined ROIs for Thought > Appearance,
Emotion > Appearance, and Emotion > Thought were entered (separately) as predictors for each
daily-diary variable. For interaction models, neural data were grand-mean centered. Significant
interactions were further explored with simple slopes analysis at the different levels of each
between-participant variable; that is, high/low levels of neural activity (+/- 1 SD from the mean)
within FHR and nonFHR (Aiken & West, 1991). This analysis allowed us to investigate whether
(1) differing levels of neural activity modulated social functioning within in each group, and (2)
group status modulated social functioning at high and low levels of neural activity.
The distribution of the data was inspected for normality and outliers (+/- 2.5 SD from the
mean) prior to analysis. Sharpio-Wilk tests confirmed that the daily diary constructs did not
significantly deviate from normality (all ps > .29) (Supplemental Material Table 4). Two
nonFHR neural values were identified as outliers and winsorized. Model residuals were visually
inspected for homoscedasticity and normally distributed errors. All residuals were normally
distributed.
Regression models were used to investigate the relationship between each neural
predictor (i.e., 3 contrasts from 3 ROIs) and each one of the five daily-diary social functioning
variables, resulting in a total of 45 tests. The data were analyzed in this way – instead of
combining all ROI data into a single regression model – because it is not clear from the extant
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literature how individual regions within the ToM-network, which may be supporting different
aspects of mental state attribution, relate to different aspects of social behavior. Analyzing the
relationship between individual ROIs and social behavior provides a more detailed account of
these associations, which we hope future work will build upon. Furthermore, a regression model
combining all ROI data would have resulted in substantial multicollinearity.
Regression results are considered statistically significant at p < .05 (two-tailed). We then
evaluated whether these results remained significant after correcting for the number of tests
conducted. Multiple test correction was implemented using the adaptive Benjamini-Hochberg
procedure (Benjamini & Hochberg, 2000), which we used to control the false-discovery rate at p
< .05 in two ways. First, we corrected for the number of diary variables predicted by each ROI,
resulting in a correction for 5 tests. Second, we corrected for the total number of HLMs
performed, resulting in a correction for 45 tests. Analyses that survive each correction are
indicated in Table 8 and Supplemental Materials Tables 6 and 7.
Results
Participant Characteristics and Behavioral Performance
There were no differences between FHR and nonFHR on demographic characteristics or
IQ (Table 4). FHR reported higher depression on the BDI-II. As is characteristic of this
population, FHR had more psychotic-like symptoms on the SIPS (Tarbox & Pogue-Geile, 2011).
On the Person-Description task, accuracy was high and there was no between-group difference.
On the False-Belief task, FHR were slower making True/False judgments on False-Belief stories.
FMRI Results
ROI analysis. Our main analyses focused on whether there existed group differences in a
priori regions of the ToM network, namely bilateral TPJ and MPFC. Towards that end, we
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investigated neural activity in regions that were individually-defined from the False-Belief task
for each contrast of the Person-Description task. FHR exhibited a significantly smaller
magnitude of difference than nonFHR for Thought > Appearance in RTPJ, t(35) = 2.29, p = .028,
d = .75, and LTPJ, t(35) = 2.42, p = .021, d = .80, but not MPFC, t(35) = .02, p = .985, d = .01
(Figure 4). Similarly, FHR showed a significantly smaller magnitude of difference for Emotion >
Appearance in RTPJ, t(35) = 2.42, p = .021, d = .80, and LTPJ, t(35) = 2.18, p = .036, d = .72,
but not MPFC, t(35) = 1.65, p = .114, d = .53. The differences in bilateral TPJ for Thought and
Emotion > Appearance survived correction for multiple comparisons. No group differences were
observed between-groups for Emotion > Thought in any ROI (all ps > .147).
Whole-brain analysis. One-sample t-tests confirmed that the Thought > Appearance and
Emotion>Appearance contrasts robustly recruited the ToM network, including RTPJ, LTPJ, and
MPFC within each group (Table 6, Figure 5). In nonFHR, the Emotion > Thought contrast
revealed significant activations in regions associated with emotion processing including MPFC,
right precentral gyrus, bilateral postcentral gyrus and left supramarginal gyrus. FHR did not
activate these regions for Emotion > Thought.
Group*Condition ANOVA results demonstrated reduced recruitment of the ToM
network in FHR at an uncorrected threshold (Table 6, Supplemental Material Figure 1).
Specifically, compared to nonFHR, FHR demonstrated reduced recruitment of RTPJ for Thought
> Appearance and Emotion > Appearance. FHR also showed reduced recruitment of ToM and
emotion processing regions, for Emotion > Thoughts in right VMPFC/OFC, right postcentral
gyrus, and right putamen. Regions that showed an interaction in the unexpected direction are
reported in Table 6. None of these differences remained significant when correcting for multiple
comparisons.
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Figure 4. Results of the region-of-interest (ROI) analyses comparing neural activity for Thought
> Appearance (top panel), Emotion > Appearance (middle panel), and Emotion > Thought
(bottom panel) between nonFHR (red bars) and FHR (blue bars). * p<.05
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Table 6
Whole-Brain Analysis Results from the Person-Description Task
Region
NonFHR
Thought>Appearance
L Anterior Superior Temporal Sulcus*
L Posterior Superior Temporal Sulcus*
R Anterior Superior Temporal Sulcus*
R Temporo-Parietal Junction*
L Temporo-Parietal Junction*
Precuneus*
R Parahippocampal Gyrus*
L Superior Frontal Gyrus*
L Middle Frontal Gyrus*
L Parahippocampal Gyrus*
R Middle Frontal Gyrus*
R Cerebellum
R Cerebellum
R Inferior Frontal Gyrus
R Superior Frontal Gyrus*
L Cerebellum*
L Cerebellum
L Inferior Frontal Gyrus
R Inferior Frontal Gyrus
R Middle Frontal Gyrus
R Dorsal Medial Prefrontal Cortex
L Dorsal Medial Prefrontal Cortex
R Superior Frontal Gyrus
L Thalamus
Emotion>Appearance
R Temporo-Parietal Junction*
R Anterior Superior Temporal Sulcus*
L Precuneus*
L Superior Anterior Temporal Sulcus*
L Temporo-Parietal Junction*
R Cingulate Gyrus*
R Ventral Medial Prefrontal Cortex*
R Cerebellum*
R Superior Frontal Gyrus
L Cerebellum*
L Middle Frontal Gyrus
R Superior Temporal Gyrus
R Cerebellum
R Middle Frontal Gyrus
L Superior Temporal Gyrus
L Inferior Frontal Gyrus
R Thalamus

BA

Cluster Size

MNI Coordinates
xyz

Peak Voxel t Value

21
21
21
40
39
30
6
6
30
44
38
6
48
45
9
32
32
10
-

1,370
3,442
2,034
2,400
161
152
367
190
193
45
80
25
220
138
43
54
76
60
59
35
34
11

-52 0 -26
-54 -30 -6
52 -2 -20
58 -48 28
-50 -54 24
-6 -52 44
24 -30 -18
-6 16 64
-38 2 54
-18 -38 -12
38 20 32
8 -50 -48
20 -74 -28
48 28 -10
10 16 64
-20 -76 -30
-6 -50 -44
-58 20 8
58 24 10
24 26 46
6 38 34
-4 46 24
22 60 16
-8 -10 2

12.07
7.99
10.80
10.44
9.70
9.38
8.01
6.95
6.23
6.11
5.99
5.70
5.62
5.56
5.50
5.29
5.25
5.12
4.81
4.71
4.52
4.47
4.33
4.32

42
21
21
22
23
32
8
9
38
44
38
45
-

4,401
2,764
1,313
2086
177
1725
117
59
208
47
66
52
18
36
64
59

60 -48 26
52 -2 -18
-8 -52 46
-48 -2 -20
-56 -54 26
4 -20 40
2 52 14
22 -72 -30
10 20 64
-20 -76 -36
-40 22 48
-38 20 -24
10 -52 -50
38 20 34
-48 14 -18
-50 22 2
20 -24 4

14.35
12.53
12.95
10.76
9.41
8.50
7.66
6.31
6.10
5.98
5.83
5.73
5.50
5.41
5.28
5.20
5.11
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Table 6 (Continued)
!
Region

!
!
BA

!
!
Cluster Size

L Cerebellum
R Thalamus
R Putamen
R Thalamus
R Rostral Anterior Cingulate Cortex
R Middle Frontal Gyrus
L Inferior Frontal Gyrus
L Ventral Medial Prefrontal Cortex
R Middle Frontal Gyrus
L Cerebellum
L Ventral Medial Prefrontal Cortex
Emotion>Thought
R Precentral Gyrus*
R Postcentral Gyrus
L Inferior Frontal Gyrus
R Dorsal Medial Prefrontal Cortex
L Postcentral Gyrus*
R Somatosensory Related Cortex
R Posterior Superior Temporal Sulcus
L Dorsal Medial Prefrontal Cortex*
L Supramarginal Gyrus*
R Superior Temporal Gyrus
L Insula
R Insula
L Rostral Anterior Cingulate Cortex
L Inferior Frontal Gyrus
L Middle Occipital Gyrus
R Postcentral Gyrus
R Orbital Frontal Cortex
R Posterior Middle Temporal Gyrus
R Cingulate Gyrus
L Middle Frontal Gyrus
Lingual Gyrus
L Precentral Gyrus

25
9
38
11
6
11

FHR
Thought>Appearance
L Temporo-Parietal Junction*
L Posterior Superior Temporal Sulcus*
L Anterior Superior Temporal Sulcus*
R Temporo-Parietal Junction*
R Posterior Superior Temporal Sulcus*
L Middle Frontal Gyrus*
R Middle Frontal Gyrus*
R Dorsal Medial Prefrontal Cortex*
L Ventral Medial Prefrontal Cortex*
R Ventral Medial Prefrontal Cortex*

!
!
Peak Voxel t Value

48
17
22
15
19
33
23
38
44
11
14

!
!
MNI Coordinates
xyz
-8 -54 -50
10 -18 14
20 6 2
8 -28 2
6 22 -12
24 26 46
-40 22 -14
-4 34 -4
40 6 42
-12 -42 -34
-2 46 -18

4
3
48
10
3
21
10
42
48
48
48
11
45
19
11
39
23
46
4

455
88
62
140
69
75
158
224
33
31
20
36
10
14
25
39
16
53
11
15
35

46 -12 38
48 -24 60
-52 2 10
8 60 20
-40 -24 46
68 -34 28
48 -48 6
-2 58 26
-60 -32 20
-36 4 -18
-40 4 2
34 -18 10
-4 38 -2
-40 24 14
-44 -74 4
18 -40 70
2 38 -24
44 -78 18
4 -12 38
-34 40 32
0 -78 -8
-42 -22 64

7.13
6.59
6.97
5.88
5.88
5.82
5.54
5.42
5.30
5.19
4.99
4.98
4.76
4.49
4.47
4.45
4.44
4.37
4.36
4.28
4.17
4.02

22
21
21
39
20
9
8
32
32

3131
2754
862
1159
294

-54 -54 28
-62 -22 -8
-52 6 -24
48 -52 26
52 -18 -10
-26 24 40
28 32 48
4 36 44
-10 48 18
14 48 12

9.36
7.52
6.74
8.93
6.17
7.70
7.14
6.59
5.80
6.36
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4.94
4.90
4.84
4.70
4.66
4.58
4.45
4.44
4.41
4.25
3.84

Table 6 (Continued)
!
Region

!
!
BA

!
!
Cluster Size

R Precuneus*
R Inferior Frontal Gyrus*
L Inferior Frontal Gyrus*
L Dorsal Medial Prefrontal Cortex
R Cerebellum
R Inferior Frontal Gyrus
R Middle Frontal Gyrus
L Parahippocampal Gyrus
Emotion>Appearance
L Temporo-Parietal Junction*
L Posterior Superior Temporal Sulcus*
R Temporo-Parietal Junction*
R Anterior Superior Temporal Sulcus*
L Precuneus*
L Ventral Medial Prefrontal Cortex*
L Middle Frontal Gyrus
L Inferior Frontal Gyrus*
L Cerebellum*
R Cerebellum*
Rostral Anterior Cingulate Cortex
R Superior Frontal Gyrus
L Middle Frontal Gyrus
L Superior Frontal Gyrus
R Thalamus
R Superior Frontal Gyrus
L Ventral Medial Prefrontal Cortex
Emotion>Thought
L Inferior Frontal Gyrus
L Cerebellum
R Cingulate Gyrus
R Sub-Gyral Temporal Lobe
L Ventral Medial Prefrontal Cortex
R Fusiform Gyrus
L Sub-Gyral Temporal Lobe

45
48
10
47
9
30

NonFHR>FHR
Thought>Appearance
R Temporo-Parietal Junction
R Temporo-Parietal Junction
R Superior Temporal Sulcus
L Precuneus
Emotion>Appearance
R Superior Temporal Sulcus
R Temporo-Parietal Junction
R Temporo-Parietal Junction
L Precuneus
L Inferior Temporal Gyrus

!
!
Peak Voxel t Value

1878
155
182
48
35
62
54
19

!
!
MNI Coordinates
xyz
10 -48 38
60 24 14
-54 22 10
-16 60 22
18 -74 -26
52 42 -10
44 20 50
-22 -38 -14

20
22
21
32
48
11
8
8
8
8
11

3148
3060
1646
544
124
182
220
188
15
36
36
43
20
18
12

-60 -58 24
-56 -20 -10
52 -50 24
50 10 -22
-10 -52 40
-10 50 16
-26 22 38
-58 20 10
-18 -82 -30
20 -74 -30
0 30 -6
6 20 62
-34 6 56
-8 32 60
8 -30 4
14 26 52
-8 46 -10

9.81
7.60
8.02
7.04
7.65
5.94
5.66
5.50
5.24
5.02
4.68
4.62
4.58
4.48
4.21
3.96
3.89

48
48
20
36

19
15
14
15
20
10
10

-28 32 10
-30 -54 -44
10 -24 28
34 -4 -14
-6 46 -6
44 -32 -18
-32 2 -26

4.55
4.49
4.43
4.35
4.29
4.04
3.93

48
39
20
-

54
18
24
11

50 -44 30
44 -56 18
60 -30 -10
-4 -54 42

4.17
3.39
4.02
3.48

20
48
39
20

24
23
10
14
11

58 -30 -10
50 -44 30
56 -58 26
-6 -54 42
-56 -22 -24

3.95
3.78
3.40
3.63
3.52
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6.27
5.60
5.19
4.88
4.60
4.52
4.35
4.07

Table 6 (Continued)
!
Region

!
!
BA

!
!
Cluster Size

!
!
MNI Coordinates
xyz

!
!
Peak Voxel t Value

3
48
11

121
19
25

48 -24 60
24 16 4
12 36 -20

4.16
3.92
3.61

11

16

-10 44 -16

4.39

45
2
2
45

56
12
11
13

-42 30 10
-56 -26 50
34 -44 66
48 30 10

4.10
3.65
3.52
3.49

41
20

22
26

-38 -44 30
-38 -28 -14

4.72
4.25

37

42

38 -36 -12

4.80

Emotion>Thought
R Postcentral Gyrus
R Putamen
R Ventral Medial Prefrontal
Cortex/Orbitofrontal Cortex
FHR>NonFHR
Thought>Appearance
L Ventral Medial Prefrontal
Cortex/Orbitofrontal Cortex
L Inferior Frontal Gyrus
L Postcentral Gyrus
R Postcentral Gyrus
R Inferior Frontal Gyrus
Emotion>Appearance
L Supramarginal Gyrus
L Inferior Temporal Lobe
Emotion>Thought
L Inferior Temporal Lobe

Note. Statistical threshold is p < .001, k = 10/80 mm, uncorrected for multiple comparisons. (-) in
the cluster size column indicates that the region is included in the larger cluster listed above.
Regions with an asterisk (*) survive correction for multiple comparisons at p < .001, corrected at
the cluster-level to p < .05. BA = Brodmann area, MNI = Montreal Neurological Institute, R =
Right, L = Left
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Figure 5. Whole-brain random-effects analysis (one sample t-test) of the Person-Description task
within nonFHR (red activations), FHR (blue activations), and their overlap (purple activations)
for the Thought > Appearance (left panel), Emotion > Appearance (middle panel), and Emotion
> Thought (right panel) contrasts. Maps are displayed at p < .001 corrected for multiple
comparisons to p < .05 at the cluster level. RTPJ = right temporo-parietal junction, LTPJ = left
temporo-parietal junction, MPFC = medial prefrontal cortex.
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Daily-Diary
Fifteen FHR and 17 nonFHR had complete daily-diary data (4 FHR declined
participation; 1 nonFHR completed <17 days). Number of diary-days did not differ betweengroups (M(SD): NonFHR = 25(3), FHR = 24(3), t(30) = 1.58, p = .12). Daily-diary averages are
reported in Table 7. Analyses examined three questions.
Does FHR status predict daily social behavior? Group status did not significantly
predict any of the daily-diary variables. There was a trend-level relationship showing that FHR
reported less enjoyment from socializing (p = .07). Otherwise, there was no indication that FHR,
as a group, had worse social functioning than nonFHR (Supplemental Material Table 5).
Does ToM-related neural activity predict daily social behavior? Neural activity for
each contrast in each ROI was investigated as a separate predictor of daily-diary ratings of social
behavior. Results are shown in Table 8, Figure 6, Supplemental Material Tables 6 and 7.
Thought > Appearance. Neural activity for Thought > Appearance in individuallydefined ROIs did not predict any of the daily-diary social functioning variables (Supplemental
Material Table 6).
Emotion > Appearance. As expected, ToM-related neural activity for Emotion >
Appearance was related to better social functioning. Specifically, greater RTPJ activity for
Emotion > Appearance predicted higher daily-diary ratings for enjoyment of socializing and
social motivation. Greater LTPJ activity predicted more enjoyment of socializing and more
perspective-taking and empathy during conflict. Greater MPFC activity also predicted more
enjoyment of socializing and more perspective-taking and empathy during conflict.
Results that survive correction for multiple comparisons by controlling the falsediscovery rate at p < .05 are indicated in Table 8.
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Table 7
Daily-Diary Variables, Individual Items, and Average Reports on Constructs from the Daily-Diary Online Questionnaire
Construct & Items

Alphaa
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Perspective Taking
I made an effort to understand another person’s experience or point of
view.
I tried to imagine what another person may be thinking or feeling.
I tried to see things from multiple different points of view.

.80

All
Subjects Mean
(SD)b
2.3 (.9)

NonFHR Mean
(SD)

FHR Mean
(SD)

2.2 (.9)

2.5 (.8)

Empathy
I had warm affectionate feelings for someone else.
I felt empathy or sympathy (e.g., tender and concerned feelings) for
someone else because of their difficult circumstances.
I felt compassion for someone else’s situation.

.69

2.7 (.9)

2.6 (.9)

2.8 (.9)

Social Motivation
I wanted to be with people and felt like reaching out to others.
I wanted to be alone. [reversed scored]

.62

3.6 (.8)

3.7 (.8)

3.5 (.9)

Enjoyment of Socializing
I socialized with other people and I enjoyed it.
I socialized with other people and I look forward to socializing again in the
near future.
I socialized with other people and I felt like other people liked me.

.86

3.8 (.8)

4.9 (.8)

3.6 (.8)

Perspective Taking & Empathy During Interpersonal Conflict
During the encounter I expressed empathy for the other person’s feelings.
During the encounter I tried to see things from the other person’s point of
view.

.65

2.3 (.8)

2.3 (.8)

2.4 (.8)

Table 7 (Continued)
Note. Descriptive information for the online daily-diary questionnaire, including daily-diary
variables, alpha coefficients for internal consistency, and average ratings. All questions were
rated on a 1-to-5 scale (1 = not at all; 5 = extremely)
a
Standardized alphas are reported.
b
17 nonFHR and 15 FHR completed the diary.
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Table 8
Results from the Hierarchical Linear Models Predicting Daily-Diary Ratings of Social
Functioning
Neural Activity Predicting (! ) Social Functioning
Emotion>Appearance
RTPJ ! Enjoyment of Socializing
LTPJ ! Enjoyment of Socializing
MPFC ! Enjoyment of Socializing
LTPJ ! Perspective Taking & Empathy During Interpersonal Conflict
MPFC ! Perspective Taking & Empathy During Interpersonal Conflict
RTPJ ! Social Motivation
Emotion>Thought
RTPJ ! Empathy
MPFC ! Empathy
RTPJ ! Perspective Taking
Interaction of Group and Neural Activity Predicting (! ) Social Functioning
Emotion>Thought
MPFC ! Social Motivation

b

F

p

.11
.11
.10
.04
.09
.10

4.04
5.13
4.20
3.99
4.58
4.27

.05
.03
.05
.05
.04
.05

.26
.13
.17

10.84
5.51
4.70

.003a
.03
.04

-.10

4.57

.04

Note. RTPJ = right temporo-parietal junction, LTPJ = left temporo-parietal junction, MPFC =
medial prefrontal cortex.
a
Corrected p < .05 controlling the false-discovery rate for 5 comparisons.
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Figure 6. Scatter plots illustrating the relationship between neural activity and social functioning.
Average ratings across 28-days for the daily-diary social functioning variables (Perspective
Taking in panel A; Empathy in panel B; Enjoyment of Socializing in panel C) are plotted on the
y-axis and contrast estimates from the ROIs are plotted on the x-axis. Possible scores on the
social functioning variables range from 1 (not at all) to 5 (extremely). Red circles represent
nonFHR; blue diamonds represent FHR.
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Emotion > Thought. Higher levels of activity for Emotion > Thought (i.e., affective ToM
versus cognitive ToM) in RTPJ and MPFC was related to more daily empathy. Additionally,
greater RTPJ activity predicted more daily perspective-taking.
Is the relationship between neural activity and social functioning different for FHR
and nonFHR?
Thought > Appearance. The interaction of group and neural activity from Thought >
Appearance did not predict any social variables (Supplemental Material Table 7).
Emotion > Appearance. The interaction of group and neural activity from Emotion >
Appearance did not predict any social variables (Supplemental Material Table 7).
Emotion > Thought. The interaction of group and MPFC activity for Emotion>Thought
was significantly related to social motivation. The interaction was further examined using simple
slopes analyses (Aiken and West, 1991). Results showed that MPFC activity was moderately
related to social motivation for FHR (b = .12, t = 1.87, p = .07); FHR participants with more
MPFC activity had more social motivation. However, MPFC activity did not significantly predict
social motivation for nonFHR participants (b = .08, t = 1.16, p = .25). Among people with low
MPFC activity, FHR participants had significantly less social motivation than nonFHR (b = .25, t
= 2.07, p = .05). Among people with high MPFC activity, there was no difference in social
motivation between FHR and non FHR (b = .12, t = .96, p = .35).
Because FHR reported higher BDI-II scores, analyses were conducted a second-time
controlling for depression; these results are reported in Supplemental Material Tables 8 and 9.
Briefly, results from the ROI analyses were unchanged with one exception: controlling for
depression revealed that FHR had lower activity than nonFHR in MPFC for Emotion >
Appearance (p = .02) and Emotion > Thought (p = .057). We did not observe these differences
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when depression was not used as a covariate. In the daily-diary analysis, the relationship between
MPFC and LTPJ (Emotion > Appearance) and perspective-taking and empathy during conflict
was no longer significant. All other findings were unchanged suggesting that, by and large,
group differences and the relationship between neural activity for ToM and daily social
functioning are independent of mood.
Discussion
The current study found that being at familial high-risk for schizophrenia is associated
with disruption to the neural network for ToM and that recruitment of this network for affective
ToM (i.e., reasoning about emotions) is associated with real-world social behavior. Analysis of
neural activity in individually-defined ROIs demonstrated that FHR had reduced recruitment of
the ToM network, most notably, bilateral TPJ when processing thoughts and emotions compared
to physical appearances. Across all participants, neural activity during affective ToM
prospectively predicted social behavior over the following 28-days, including daily ratings of
perspective-taking, empathy, social motivation, enjoyment of socializing, and using ToM skills
during interpersonal conflict. None of these social behaviors were predicted by FHR group
status. The linear relationship between ToM-related activity and social functioning across all
participants, with FHR in the lower-end of the distribution, was the most consistent finding;
however, social motivation was predicted by the interaction of group and neural activity with a
pattern indicating that low ToM-related neural activity had a more detrimental effect on social
motivation for FHR than nonFHR participants.
These results suggest that the genetic vulnerability for schizophrenia manifests as
disruption to brain regions recruited for ToM and that disruption to this neural circuit is a
measurable contributing factor to the social problems characteristic of FHR and shown to predict
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psychosis (Tarbox & Pogue-Geile, 2008). The findings provide foundational evidence that ToM
has potential as a marker of psychosis-risk and functional outcome. Despite prior evidence that
social deficits, particularly in FHR, robustly predict schizophrenia-spectrum disorders (Tarbox &
Pogue-Geile, 2008), it has been unclear how to implement this information in early identification
and prevention efforts. Most measures of social deficits assess broad indicators of functioning,
which are influenced by multiple factors and easily biased by retrospective reports. Our results
demonstrate that ToM is a proximal, quantifiable neurocognitive process that varies
dimensionally and predicts meaningful aspects of social behavior. Considered alongside ToM
dysfunction in schizophrenia (Hooker et al., 2011), autism (Chung et al., 2013), and other
disorders (Bora et al., 2009b), the findings indicate that, eventually, identifying the dimensional
boundaries of normal and abnormal ToM-related neural function could inform the assessment
and treatment of social deficits among healthy, disordered, and at-risk populations.
In this study, the fMRI lab-based neural measure of affective ToM processing predicted
real-life ToM processing, including the daily use of ToM skills, such as perspective-taking to
understand others’ points-of-view, as well as the emotions generated after using those skills,
such as compassion for another’s distress. Neural activity in all three ROIs during the affective
ToM condition predicted real-life ToM processing as measured in the daily-diary. RTPJ and
MPFC showed the strongest relationships. Across all participants, RTPJ activity for affective
ToM versus cognitive ToM was related to daily perspective-taking and empathy; MPFC activity
for this contrast also predicted daily empathy, and MPFC activity for affective ToM versus
appearance predicted the use of perspective-taking and expression of empathy during
interpersonal conflict. These data indicate that our lab-based assessment of affective ToM
accurately estimated the use of ToM processing to enhance relationships in real-life. The
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findings also suggest that affective ToM, which predicted perspective-taking, empathy (and
nearly all other social behaviors we measured), facilitates social relationships more than
cognitive ToM.
These findings add to a growing literature, primarily with healthy adults, showing that
greater RTPJ and MPFC activity during affective ToM is related to more perspective-taking
(Hooker et al., 2008), empathic accuracy (Zaki, Weber, Bolger, & Ochsner, 2009), and
empathic/prosocial behavior in daily-life (Masten, Morelli, & Eisenberger, 2011; Rameson,
Morelli, & Lieberman, 2012). Similarly, among individuals with schizophrenia, those with more
gray matter volume (GMV) in MPFC self-reported more perspective-taking, were clinician-rated
as having better perspective-taking skills and more empathy in their interpersonal relationships,
and performed better on an affective ToM task (Hooker et al., 2011).
Our other daily-diary measures were developed with the idea that good ToM skills create
more rewarding social interactions, and thus more motivation to socialize. Results are consistent
with this idea. Greater RTPJ, LTPJ, and MPFC activity during affective ToM predicted more
enjoyment from socializing, including feeling liked by others and looking forward to socializing
again. Greater RTPJ activity during affective ToM also predicted more motivation to socialize,
regardless of social opportunities. These findings do not speak to the temporal sequence of social
events, so additional research is needed to identify whether successful ToM processing leads to
greater social reward and motivation. Nonetheless, our findings are consistent with prior research
showing that individuals with greater GMV in right posterior superior temporal sulcus/TPJ and
MPFC have larger social networks (Kanai, Bahrami, Roylance, & Rees, 2012; P. A. Lewis,
Rezaie, Brown, Roberts, & Dunbar, 2011) and report less loneliness (Kanai, Bahrami, Duchaine,
et al., 2012).
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Though we found the brain-behavior relationships to be largely the same for FHR and
nonFHR, the relationship between MPFC activity and social motivation differed between groups.
Specifically, MPFC activity influenced motivation to socialize more for FHR than nonFHR, and
FHR with low MPFC activity had less motivation than nonFHR with low MPFC activity. This
suggests that FHR with low MPFC activity may be especially vulnerable to social withdrawal
and isolation; a contributing risk factor for schizophrenia (Tarbox & Pogue-Geile, 2008).
However, only one such interaction was found, which did not survive correction for multiple
comparisons. Thus, this relationship should be interpreted cautiously, since most results showed
a direct relationship between activity and social functioning.
Although the functional ROI approach probably enhanced our ability to reveal
relationships between ToM neural processing and social behavior, it also has limitations. The
False-Belief task engages cognitive ToM processes, so emotion regions, engaged during
affective ToM or mental state decoding tasks, were not identified as ROIs and thus not
investigated in our analyses. Similarly, regions specific to schizophrenia pathology could
influence social behavior but would not be identified by a ToM localizer. Notably, whole-brain
analyses revealed group differences in two regions that have been implicated in both emotion
processing and schizophrenia pathology, although at uncorrected thresholds. Right postcentral
gyrus exhibited less differentiation between emotions and thoughts in FHR compared to
nonFHR. Somatosensory deficits and inferior parietal abnormalities are implicated in
schizophrenia pathology (B. P. Chang & Lenzenweger, 2005; Torrey, 2007). Recruitment of
right postcentral gyrus has been consistently implicated in aspects of emotion processing
(Adolphs, 2002; Adolphs, Damasio, Tranel, Cooper, & Damasio, 2000; Pitcher, Garrido, Walsh,
& Duchaine, 2008) and increased recruitment of this region post-cognitive training is associated
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with improved emotion recognition in schizophrenia (Hooker et al., 2012). In addition, we found
an unexpected interaction in the inferior frontal gyrus (IFG). NonFHR demonstrated greater
activation to the appearance versus thought condition while FHR did not differentiate between
the two. Since IFG is recruited during mental state decoding with emotional faces (Sabatinelli et
al., 2011), this interaction may reflect FHR failing to engage regions associated with decoding,
which is consistent with other work showing abnormalities in IFG during mental state decoding
in individuals with schizophrenia (de Achaval et al., 2012; Mier et al., 2010; Russell et al., 2000)
and FHR (de Achaval et al., 2012). With that said, these group differences in the whole-brain
analysis were not significant after correction for multiple comparisons and so should be
interpreted cautiously.
Lastly, our aim in using the daily-diary was to provide a detailed analysis of how neural
activity is related to a range of social behaviors. While the benefit is a nuanced picture of brainbehavior relationships, a limitation is the numerous tests conducted on a relatively small sample.
When results for each neural predictor were corrected for the five tests used to examine all diary
variables, the relationship between RTPJ and empathy remained significant, but the others did
not, and none of the brain-behavior relationships remained significant when accounting for all
tests performed. Additionally, while the daily-diary assessment is more ecologically-valid than
most social functioning measures, it is a self-report measure subject to self-perception biases.
Future research may benefit from having friends or family report on the participant’s behavior in
way that addresses both frequency (e.g., how often the participant engaged in a social interaction
or an empathic exchange) and performance (e.g., how well the participant performed in the
social interaction or how accurate their attempts at empathy and validation were). Lastly, there
was a higher prevalence of psychopathology in the FHR group. This has the potential to
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complicate interpretation of the group differences as a function of familial risk versus manifest
psychopathology. With that said, given the shared variance between the familial risk state and
psychopathology, the exclusion of these individuals would have substantially undermined the
external validity of this study. Furthermore, the analyses covarying out the effect of depression
minimally changed the results of the ROI and daily-diary findings.
The relatively short time-frame of the study prohibits conclusions about causal
relationships between neural deficits and social behavior. Nonetheless, the findings are
consistent with proposals of an ongoing dynamic exchange between neural function and social
experience (Hoffman, 2007; Subramaniam et al., 2012). Theoretically, neural dysfunction in
ToM, associated with FHR, could precipitate a cascade of events, including diminished interest
and enjoyment of social relationships, ultimately, leading to social withdrawal. Absence of social
contact could, in turn, cause deleterious neuroplastic reorganization in the ToM network, which
further compromises social capacity and potentiates vulnerability to illness progression
(Hoffman, 2007). Research on the neural basis of ToM in individuals at risk for psychosis is in
its infancy and more information is needed to understand brain-behavior dynamics over time.
However, research in schizophrenia indicates that regions associated with ToM, such as MPFC,
demonstrate neuroplastic response to social cognitive interventions (Eack, Hogarty, et al., 2010;
Hooker et al., 2012), which predicts social functioning improvement (K.-H. Lee et al., 2006;
Subramaniam et al., 2012). These findings suggest that, for psychosis-risk and perhaps other
populations, behavioral interventions that engage ToM processing might promote neuroplastic
changes that improve ToM-related neural function, enhance social competence, and, ultimately,
yield more fulfilling social relationships.
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Paper 3: Theory-of-mind-related neural activity for one’s romantic partner predicts
partner well-being
David Dodell-Feder, Steven Felix, Matthew G. Yung, Christine I. Hooker
In Press at Social Cognitive and Affective Neuroscience.
Abstract
Healthy social relationships are linked to myriad positive physical and mental health
outcomes, raising the question of how to enhance relationship formation and quality. Behavioral
data suggest that theory of mind (ToM) may be one such process. ToM is supported by a
network of brain regions including the temporo-parietal junction (TPJ), medial prefrontal cortex,
and precuneus (PC). However, little research has investigated how the ToM network supports
healthy social relationships. Here, we investigate whether recruitment of the ToM network when
thinking about the mental states of one’s romantic partner predicts the partner’s well-being. We
find that selectivity in LTPJ and PC for beliefs versus physical attributes of one’s partner is
positively associated with partner well-being the day of and day after a meaningful encounter.
Furthermore, LTPJ and PC selectivity moderated how the partner’s perception of being
understood during the encounter affected their later well-being. Finally, we find the association
between ToM-related neural selectivity and well-being robust to other factors related to the
relationship and the encounter. Together, these data suggest that selective engagement of the
neural network supporting ToM may be a key ingredient for the development and maintenance
of healthy romantic relationships.
Introduction
Human beings are exceptionally social animals. We thrive in social relationships and
wither in isolation. Specifically, the extent of social connection, or lack thereof, is associated
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with mortality (Holt-Lunstad et al., 2010; House et al., 1988), physical illness (S. Cohen et al.,
1997; Uchino, 2006; Umberson et al., 2010), psychiatric illness (Coyne & Downey, 1991;
Kessler et al., 1985; Matheson et al., 2013), subjective well-being (VanderWeele et al., 2012),
and neurobiological, cognitive, and immunological function (Cacioppo & Cacioppo, 2014;
Cacioppo et al., 2015; Eisenberger & Cole, 2012). These associations are particularly robust in
the context of romantic relationships (Loving & Slatcher, 2013), which for many adults are the
central and most enduring social relationship. Clearly, relationships are linked to a variety of
important outcomes, raising the question of how to enhance relationship formation, maintenance,
and quality.
One process that influences relationship quality is theory of mind (ToM), the process by
which we attribute and reason about the mental states of others. Whether in the service of
expressing empathy for a romantic partner (S. Cohen et al., 2012; Cramer & Jowett, 2010; Davis
& Oathout, 1987; Franzoi, Davis, & Young, 1985; Long, 1993; Long & Andrews, 1990),
negotiating with others at the bargaining table (Galinsky et al., 2008), or in other social contexts
(Goldstein et al., 2014), ToM is associated with positive relationship outcomes, including
increasing liking of and prosocial behavior towards the individual engaging in ToM.
ToM relies on a network of brain regions including temporo-parietal junction (TPJ),
medial prefrontal cortex (MPFC), and precuneus (PC) (Mar, 2011; Saxe & Kanwisher, 2003;
Schurz et al., 2014; Van Overwalle, 2009) – often referred to as the ToM network. However,
there is little data showing that engagement of this network predicts anything about social
relationships in real life, leaving the route from brain to behavior largely unmapped. Previous
research has shown that the structure and function of the ToM network, in healthy and
schizophrenia samples across the lifespan, is associated with ToM performance on laboratory
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assessments (Dodell-Feder, Tully, Lincoln, & Hooker, 2014; Gweon et al., 2012; Hooker et al.,
2011; Rice & Redcay, 2014), as well as self-reported and observer reported tendency to engage
in perspective-taking and empathy (Dodell-Feder, Tully, et al., 2014; Hooker et al., 2008;
Hooker, Verosky, Germine, Knight, & D'Esposito, 2010). Experience sampling methods, such as
daily diary questionnaires, are a particularly useful way of getting at these relations as they
provide a more ecologically valid and nuanced assessment of ToM engagement in daily life. For
example, in Dodell-Feder, DeLisi, and Hooker (2014), participants completed an fMRI ToM task
and then reported on their social behavior in a daily diary questionnaire every evening for 28
days. Results showed that neural selectivity for mental state information in bilateral TPJ and
MPFC during the fMRI task predicted daily reports of ToM engagement, social motivation, and
enjoyment of socializing. Other studies using experience sampling methods have revealed
similar brain-behavior relationships, for example, between empathy-related activity in MPFC
and prosocial behavior (Masten et al., 2011; Rameson et al., 2012), and neural activity in dorsal
(D)MPFC when viewing social scenes and time spent around other people (Powers, Chavez, &
Heatherton, 2015).
Though these preliminary studies suggest that engaging the ToM network to understand
others supports social behavior and relationships, many questions remained unanswered. For
example, though engagement of the network may support perspective-taking, empathy, and
prosociality, it is unclear how this may affect social partners, and in what ways it might support
healthy relationships. Though studies have shown that an individual’s neural response tracks
with their own behavior (Dodell-Feder, DeLisi, et al., 2014; Masten et al., 2011; Rameson et al.,
2012), few if any studies have examined how an individual’s neural response affects another
individual’s behavior or social experience, and whether this has any impact on more global and
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consequential outcomes such as well-being. Furthermore, almost nothing is known about how
engagement of the ToM network supports romantic relationships in particular. If recruitment of
the ToM network is linked to positive relationship outcomes, it would suggest that selective
engagement of ToM network during social interaction would be one way of improving the
quality of relationships, allowing couples to better reap the physical and mental health benefits of
having a romantic partner.
Elucidating the neural mechanisms subserving ToM in the context of relationships may
be beneficial for several other reasons. Though several behavioral studies have shown that a
partner’s perception of ToM engagement (e.g., perceived empathic understanding or perspectivetaking) by the participant is related to relationship satisfaction (S. Cohen et al., 2012; Cramer &
Jowett, 2010; Long & Andrews, 1990), it remains a challenge to tease apart putative ToMrelated behavior from the underlying processes engaged by the participant. More specifically,
partners may perceive a variety of behaviors as indicative of ToM (e.g., head nodding), when in
only some instances these behaviors reflect actual engagement of brain regions that support ToM
(e.g., head nodding while considering one’s partner’s perspective versus head nodding while
thinking about what to eat for dessert). Only when individuals actually engage ToM-related
regions would we expect an appropriately supportive and empathic response that translates to
better outcomes for partners. Furthermore, the partner’s perception of ToM engagement by the
individual may be unduly influenced by many non-ToM-related intrapersonal factors such as the
partner’s neuroticism, self-esteem, and security in one’s relationship. Beyond how social partners
perceive ToM engagement, attempts to measure actual ToM ability are often hindered by
behavioral measures that heavily tap non-social cognitive processes (e.g., working memory)
concomitant with mental state reasoning, and/or exhibit a lack of sensitivity to individual
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differences (see Dodell-Feder et al., 2013; Rice & Redcay, 2014 for discussions). Thus, neural
measures may provide a clearer window into the processes that are actually engaged during
meaningful encounters with one’s partner.
Here, we investigate how recruitment of the ToM network supports romantic
relationships. More specifically, we ask whether the participant’s selective engagement of the
ToM network for mental versus physical information, as measured by a laboratory-based fMRI
task, is related to their partner’s well-being – a construct that has significant implications for
physical and mental health (Boehm & Kubzansky, 2012; Diener & Chan, 2011). We test this
question by looking at the relationship between ToM-related neural activity and partner wellbeing after a meaningful interpersonal encounter. To address this question, individuals in
romantic relationships underwent fMRI while judging statements regarding the beliefs, affective
states, or physical attributes of their romantic partner, a close friend, or themselves. This design
allowed us to investigate recruitment of the network using personalized stimuli that are more
likely to capture ToM processes as they occur in vivo with their romantic partner. Using a 3week daily diary questionnaire, romantic partners reported on their well-being, and how much
they perceived the participant to understand their thoughts and emotions during a meaningful
encounter (henceforth, “perceived understanding”). Measuring these constructs every day for 21
days provides an ecologically valid, reliable, and stable measure of each phenomenon that is less
subject to memory biases, and amenable to characterizing dynamic temporal associations
between the processes of interest (Bolger, Davis, & Rafaeli, 2003; Myin-Germeys et al., 2009).
We specifically looked at well-being in the context of meaningful encounters (e.g., a conflict or
discussion of personally-relevant issues) because this is, in theory, when ToM would be most
important and have the most impact on the partner. Both individuals from a dyad participated in
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the fMRI and diary portion of the study serving as both a participant (i.e., contributing fMRI
data) and partner (i.e., contributing daily diary data).
Based on neuroimaging data demonstrating positive associations between selectivity for
mental state information in the ToM network and adaptive social processes (e.g., perspectivetaking, empathy, prosociality) (Dodell-Feder, DeLisi, et al., 2014; Gweon et al., 2012; Hooker et
al., 2010; Masten et al., 2011; Rameson et al., 2012), and behavioral data demonstrating a
relation between ToM (i.e., the perception of being understood) and positive relationship
outcomes among romantic couples (S. Cohen et al., 2012; Cramer & Jowett, 2010; Long &
Andrews, 1990), we predicted that selectivity for mental states versus physical attributes of one’s
partner would be positively associated with the partner’s well-being after a meaningful
encounter. In addition, as an exploratory analysis, we investigated the relation between perceived
understanding, ToM-related neural selectivity, and well-being.
Methods
Participants
Fifteen couples (N = 30 individuals; 15 female; Age M = 24.9 years, SD = 4.3, range =
18-35) in committed romantic relationships (M relationship length = 40.9 months, SD = 34.3,
range = 6-113) for at least 3 months participated in the study. All participants were right-handed,
English speaking, and had normal or corrected-to-normal vision. Exclusion criteria included
head trauma, IQ < 70, use of psychotropic medication, neurological disorder, or current Axis I
DSM-IV disorder as assessed with the MINI International Neuropsychiatric Interview (Sheehan
et al., 1998). Of the 17 couples (N = 34) that came to the lab to participate, two couples (n = 4)
were excluded for a current Axis I disorder, and one individual was excluded just prior to the
scan due to an MRI contraindicator.
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Of the 29 participants that contributed fMRI data, 6 were excluded for not completing at
least 14 of the 21 days of the diary, and the participant whose partner had an MRI contraindicator
withdrew from the study. The final sample with fMRI and daily diary data included 22
participants (11 female; Age M = 24.6 years, SD = 4.2, range = 18-35) with an average
relationship length of 29.8 months (SD = 19.4, range = 10-71).
Participants were compensated financially for their time. Harvard University’s
Institutional Review Board approved this study.
Relationship Satisfaction
Participants completed the Relationship Assessment Scale (RAS; α = .73) (Hendrick,
1988), a 7-item self-report measure of relationship satisfaction in which participants answer
questions using a 1 (low satisfaction) to 5 (high satisfaction) scale (e.g., “In general, how
satisfied are you with your relationship?”). Mean RAS score was 32.1 (SD = 2.9, range = 26-35)
indicating high relationship satisfaction in our sample.
fMRI Task
In the scanner, participants judged how much they agreed with a series of statements that
described either the beliefs, affective states, or physical characteristics of one of three targets:
romantic partner, close friend (identified by the participant prior to scanning) or self (see
Supplemental Material Paper 3 fMRI Methods for a complete list of stimuli). Physical statements
served as the control condition as they involved people, but did not contain mental states (i.e.,
beliefs or emotions). fMRI data from the self condition were not analyzed for the purposes of
this experiment and will not be discussed further. Versions of this task have been used previously
to isolate ToM-related activity for the self, close others, and distant others (Jenkins, Macrae, &
Mitchell, 2008; Mitchell, Macrae, & Banaji, 2006). One other study using this task has
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demonstrated that selectivity for mental state information is associated with social impairment in
autism (Lombardo, Chakrabarti, Bullmore, Consortium, & Baron-Cohen, 2011).
During each trial, participants saw the name of the target to be rated, a statement, and the
response scale (1 = not at all, 4 = definitely) concurrently on the screen during which they made
their response. Statements were presented in a block design where participants rated one target
on one attribute type in each block (e.g., Partner Belief). Belief, affective, and physical
statements were matched on number of words and Flesch reading ease level (Flesch, 1948).
Participants rated a total 35 statements per condition, which were randomly presented in each
block. Blocks were presented in one of two pseudo-randomized orders.
One block per condition was presented in each of 7 functional runs. Each 22.5 s block
consisted of five statements, which appeared on the screen for 4 s each and was separated by a .5
s ITI. Blocks were followed by 12 s of fixation on a center cross.
Stimuli were presented in white text on a black background with Matlab 7.6 using
Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997).
fMRI task performance. We derived an accuracy score by evaluating the
correspondence between the participant’s and their partner’s ratings during the task. Specifically,
we calculated the absolute mean difference between the participant’s rating and partner’s rating
of the same statements such that scores closer to 0 represent greater accuracy, with possible
scores ranging from 0 to 3. This was performed separately for the Belief and Affective
statements.
fMRI Data Acquisition and Analysis
Data were acquired on a 3T Siemens Tim Trio scanner with a 12-channel head coil at
Harvard University’s Center for Brain Science. An anatomical image was acquired using a T1-
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weighted multi-echo MPRAGE sequence (176 sagittal slices, 1 x 1 x 1 mm voxels). Functional
data were collected with echo-planar images (126 volumes per run) in the axial plane with
whole-brain coverage (40 slices, 3 x 3 x 3 mm voxels, TE/TR/flip angle = 30 ms/2560 ms/85°).
Data were preprocessed and analyzed with SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) in
the following steps: realignment of the functional data to the mean functional image,
coregistration of the anatomical image to the mean functional image, normalization to MNItemplate space, and smoothing with a 6 mm FWHM Gaussian kernel.
Individual participant effects were estimated using a general linear model. Effects were
estimated for each condition (i.e., Partner Belief, Partner Affective, Partner Physical, Friend
Belief, Friend Affective, Friend Physical). The six motion parameters estimated during
realignment and session mean were included as covariates of no interest. Hemodynamic response
was modeled at the onset of each condition for the block duration and convolved with the
canonical hemodynamic response function. Data were high-pass filtered at 128 s. Contrasts were
created within each participant for Partner Belief > Partner Physical, Partner Affective > Partner
Physical, Friend Belief > Friend Physical, and Friend Affective > Friend Physical.
Individual participant contrasts were submitted to second level group analyses where
each participant was treated as a random effect. To isolate ToM-related neural activity for one’s
partner, we conducted whole-brain one-sample t-tests for Partner Belief > Partner Physical and
Partner Affective > Partner Physical. To isolate ToM-related neural activity for one’s close
friend, we conducted the same analysis for Friend Belief > Friend Physical and Friend Affective
> Friend Physical. Finally, we evaluated whether selectivity for mental states differed for Partner
versus Friend by conducting a paired-samples t-test for [Partner Belief > Partner Physical] <>
[Friend Belief > Friend Physical]. These contrasts were thresholded at p < .001 and FWE-
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corrected at the cluster-level to p < .05 using the CorrClusTh tool (http://wwwpersonal.umich.edu/~nichols/JG5/CorrClusTh.m). Beta values were extracted from significant
clusters in TPJ, MPFC, and PC that were revealed in these contrasts, representing ToM-related
neural activity for either partner or close friend, and used in all subsequent analyses. fMRI data
from all participants with fMRI data (N = 29) were used to identify TPJ, MPFC, and PC in order
to get the best localization of brain regions recruited during Partner and Friend-related ToM. All
other analyses used data from the 22 participants who had complete fMRI and daily diary data.
Daily Diary
Following the scan, participants completed an online daily diary between 5 P.M. and 3
A.M. for 21 days. Questions assessed well-being as the primary outcome variable (Table 9). In
accordance with previous research on well-being (e.g., Reis, Sheldon, Gable, Roscoe, & Ryan,
2000), this construct was designed to tap aspects of autonomy (e.g., “I felt in control of my life”),
competency (e.g., “I was confident in my abilities”), esteem (e.g., “I felt good about myself
today”), general life satisfaction (e.g., “I felt content with my life today”), clarity/certainty in
one’s life (e.g., “Today I felt like I had a clear sense of who I am and what I want in my life”),
and social satisfaction and support (e.g., “I felt supported,” “I felt accepted”). We were
specifically interested in well-being after meaningful encounters with partners in which ToM
skills would be most important and most likely to have an effect on partner well-being. Thus,
participants were also asked whether they had a meaningful encounter with their partner that day
(i.e., “Did you have a meaningful or emotional interaction, disagreement, or conflict with your
partner today?”). If so, participants were asked to provide information regarding the nature of the
encounter, specifically the extent to which the participant would describe the encounter as a
conflict or disagreement, and the extent to which the participant felt distressed about the topic of
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Table 9
Daily Diary Items
Construct
Well-Being

Item

M (SD) [range]
3.83 (.66) [1.88-5]

α
.95

3.24 (1.21) [1-5]

.94
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I felt supported
I felt valued
I felt loved
I felt accepted
I felt positive or hopeful about the future
I felt a sense of meaning and purpose in my life today
I felt content with my life today
I felt as though I could achieve/complete whatever I needed or wanted to
I felt as though I had the ability to solve my own problems
I was confident in my abilities
I trusted my own judgment today
I felt like I had a good understanding of life today
I knew what to expect from life today
I felt good about myself today
I felt in control of my life
I felt as if I were free to do what I wanted/need to today
Today, I felt like I had a clear sense of who I am and what I want in life
Perceived
Understanding
Was your partner able to see things from your eyes or from your point of
view?
Did he/she share in your emotional experience?
Did he/she understand your feelings, experiences, or perspective on an
intellectual level?
Did he/she understand your feelings, experiences, or perspective on an
emotional level?
Note. All questions were answered on a 1-5 scale.

the encounter (Supplemental Material Paper 3 Diary Methods). Finally, as a measure of
perceived understanding, participants were asked to report how much they thought their partner
understood their thoughts and feelings during the encounter (e.g., “Was your partner able to see
things from your eyes or from your point of view?”). If a participant experienced more than one
meaningful encounter with their partner that day, they were asked to report on the “most
important or memorable interaction.” All items were rated on a 5-point scale from 1 (not at all)
to 5 (extremely).
Analysis of fMRI and Daily Diary Data
Diary data had a hierarchical structure such that diary day was nested within participant
and participant was nested within couple. To account for this structure and the non-independence
between observations within participant, and participants within couple, we analyzed the fMRI
and daily diary data with multilevel models (Hox, 2002) using the nlme package (Pinheiro,
Bates, DebRoy, Sarkar, & Team, 2014) in R (R Core Team, 2013).
We tested the hypothesis that ToM-related neural selectivity for one’s partner would
predict partner well-being the day of a meaningful encounter and the day after a meaningful
encounter. Separate multilevel models were conducted that included neural selectivity in a single
region-of-interest (ROI) identified from the whole-brain analysis for either partner (e.g., Partner
Belief > Partner Physical) or friend (e.g., Friend Belief > Friend Physical) as the predictor
variable. As the outcome variable, we used well-being the day of the encounter (i.e., “same-day”
well-being), and in separate models, well-being the day after the encounter (i.e., “next-day” wellbeing). We examined next-day well-being for several reasons. First, it allowed us to test whether
the effect of neural activity on well-being had a lasting influence that extended into subsequent
days. Second, because perceived understanding is confounded with same-day well-being (i.e.,
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well-being may influence perceived understanding rather than the reverse), it allowed us to
evaluate the effect of perceived understanding on subsequent well-being. To reduce the number
of tests performed, in all subsequent models, we used only data from ROIs demonstrating a
significant simple relation with well-being.
We then evaluated the associations between perceived understanding, ToM-related neural
selectivity, and well-being. First, we tested whether similar to behavioral findings, perceived
understanding predicted well-being. Second, we tested whether ToM-related selectivity was
associated with perceived understanding. Lastly, as an exploratory analysis, we examined
whether the interaction of ToM-related selectivity and perceived understanding predicted nextday well-being. Said otherwise, we tested whether engagement of the ToM network would
influence whether the partner’s perception of being understood impacted their subsequent wellbeing. This was tested with separate multilevel models that included as the predictors (1)
selectivity in a single ROI, (2) perceived understanding during the encounter, and (3) the
interaction between these terms. We used next-day well-being in order to evaluate the effect of
perceived understanding, and its interaction with ToM-related selectivity, on subsequent wellbeing. When a statistical interaction was present, simple slopes analysis was performed at highand low-levels of ToM-related neural selectivity (±1 SD of the mean) (Aiken & West, 1991).
We conducted two sets of follow-up analyses. First, we evaluated whether the simple
relation between ToM-related neural selectivity for partner and well-being was influenced by
factors related to the relationship or nature of the encounter. This was tested with separate
models that included as the predictors (1) selectivity in a single ROI, (2) a single variable
previously shown to impact relationship outcomes or ToM in relationships – gender (S. Cohen et
al., 2012), relationship length (Thomas & Fletcher, 2003), conflict/disagreement during the
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encounter (Gable, Gonzaga, & Strachman, 2006), or topic stress – and (3) the interaction
between these terms (e.g., ROI selectivity*relationship length). Second, we evaluated whether
ToM-related neural selectivity for partner explained variance in well-being above and beyond the
effect of perceived understanding, and in a separate model, general relationship satisfaction
(RAS score). Next-day well-being was used in these models.
Variance inflation factors were inspected for all models with multiple predictors, and
were in the acceptable range (1.00-1.50) indicating that multicollinearity was not a problem
(Myers, 1990). Predictor variables were grand-mean centered in models that included an
interaction term.
Results
fMRI Task – Behavioral Results
Analysis of behavioral ratings during the fMRI task showed that the difference between
how participant’s rated their partner and how their partner rated themselves was minimal (Belief
Statements: M = .65, SD = .12, range = .37-.92; Affective Statements: M = .71, SD = .17, range =
.43-.97). These data indicate high participant accuracy in inferring the beliefs and emotions of
their partner.
fMRI Results
Consistent with prior reports on the neural bases of ToM, Partner Belief > Partner
Physical revealed clusters of activation in bilateral TPJ, PC, and ventral (V)MPFC (Table 10;
Figure 7). No clusters identified from Partner Affective > Partner Physical survived correction
for multiple comparisons. Similarly, Friend Belief > Friend Physical revealed clusters of activity
in bilateral TPJ and PC, in addition to DMPFC, left posterior superior temporal sulcus, and right
cerebellum (Supplemental Material Paper 3 fMRI Results). For Friend Affective > Friend
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Table 10
fMRI Results for Partner Belief>Partner Physical
Region

R/L MNI Coordinates
(x y z)
0 41 -20

t value (peak
voxel)
6.99

Ventral Medial Prefrontal
Cortex/Orbital Frontal Cortex
Temporo-Parietal Junction
L
-45 -58 28
5.35
Precuneus
R
3 -55 31
5.33
Temporo-Parietal Junction
R
48 -55 28
4.62
Note. Voxel-level p < .001 FWE-corrected at the cluster-level to p < .05
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Cluster size
(voxels)
52
146
140
55

Figure 7. fMRI results for Partner Belief>Partner Physical. Voxel-level p<.001, FWE-corrected
at the cluster-level to p<.05. R=right, L=left.
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Physical, a cluster in PC emerged. Given that the Affective > Physical contrast for Partner and
Friend failed to recruit the expected ROIs we dropped these data from the diary analysis.
No differences were observed when comparing belief selectivity for Partner versus
Friend (i.e., [Partner Belief > Partner Physical] <> [Friend Belief > Friend Physical]).
Behavioral Data from the Daily Diary
Diary compliance was high and all but one participant completed 20-21 days of the diary
(days completed: M = 20.5, SD = .9, range = 17-21). Participants reported a total of 86
meaningful encounters with their partners across the 21 days (M encounters per participant = 4,
SD = 3, range = 1-10). Cronbach’s alpha indicated excellent internal consistency for the wellbeing and perceived understanding constructs (Table 9). On average, participants engaged with
their partners about minimally distressing topics (M = 2.0, SD = 1.0). During the encounter,
participants reported little conflict (M = 2.1, SD = 1.4), and a moderate amount of perceived
understanding from their partners (M = 3.2, SD = 1.2).
Analysis of fMRI and Daily Diary Data
Does ToM-related neural selectivity predict partner well-being the day of and the
day after a meaningful encounter? Selectivity for belief versus physical information for one’s
partner in LTPJ was positively associated with partner well-being the day of a meaningful
encounter (b = .21, SE = .08, p = .02) and the day after a meaningful encounter (b = .24, SE =
.08, p = .02) (Figure 8). Similarly, PC selectivity for belief versus physical information for one’s
partner predicted partner well-being at a trend level on the same-day of the encounter (b = .16,
SE = .08, p = .06) and significantly the day after the encounter (b = .23, SE = .08, p = .02). These
effects were not observed for the Friend condition: Selectivity in LTPJ and PC when evaluating
beliefs (versus physical information) about one’s friend did not predict the partner’s same-day or
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Figure 8. Coefficients and 95% confidence intervals from the multilevel models testing the
simple relation between ToM-related selectivity for Partner/Friend, and same-day/next-day wellbeing.
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next-day well-being (ps > .58; Figure 8). Finally, Partner-related selectivity for belief
information in RTPJ and VMPFC was not associated with same-day or next-day well-being (ps
> .13; Figure 8).
What is the relation between perceived understanding, ToM-related neural
selectivity, and well-being? Behavioral studies have revealed that among romantic partners,
increased perceived understanding is associated with positive outcomes, such as relationship
satisfaction (S. Cohen et al., 2012; Cramer & Jowett, 2010; Long & Andrews, 1990). We found
that, similar to these other findings, perceived understanding was positively associated with
same-day well-being (b = .22, SE = .04, p < .001) and next-day well-being at a trend level (b =
.10, SE = .06, p = .08).
One possibility is that ToM-related selectivity is associated with behaviors that affect
how much the partner perceives the participant to understand them, which might explain why
both factors are associated with well-being. We tested this idea with an additional model using
ToM-related neural selectivity as the predictor variable and perceived understanding as the
outcome variable. LTPJ selectivity did not predict perceived understanding (b = .22, SE = .17, p
= .23); PC selectivity predicted perceived understanding at only a trend level (b = .33, SE = .16,
p = .07). Thus, it seems as though ToM-related selectivity does not necessarily track with how
much the partner perceives understanding from the participant.
Another possibility is that perceived understanding is most strongly associated with wellbeing under certain conditions. For example, given the positive association between ToM-related
selectivity and adaptive social behaviors, it is possible that perceived understanding maximally
contributes to well-being when participants exhibit high neural selectivity for belief information.
Thus, we conducted an exploratory analysis in which we tested whether well-being the day after
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an encounter was predicted by the interaction of LTPJ/PC selectivity and perceived
understanding. Said otherwise, we tested whether the relation between perceived understanding
and well-being depended on the selectivity of these brain regions. Consistent with this notion, we
found that next-day well-being was predicted by the interaction of LTPJ and perceived
understanding (interaction term b = .15, SE = .05, p = .006). Simple slopes analysis revealed a
positive relation between perceived understanding during the encounter and next day well-being
in the case of high LTPJ selectivity (b = .24, SE = .07, p = .001) (Figure 9), and a non-significant
negative relationship between perceived understanding during the encounter and next day wellbeing in the case of low LTPJ selectivity (b = -.05, SE = .07, p = .47).
A similar interaction was found between partner-related ToM selectivity in PC and nextday well-being (interaction term b = .10, SE = .05, p = .05), such that perceived understanding
was positively associated with next-day well-being only in the case of high PC selectivity (b =
.20, SE = .08, p = .02), but not low PC selectivity (b = -.06, SE = .09, p = .51) (Figure 9).
Follow-Up Analyses
Given the complexity of interpersonal relationships, there are many factors outside of
ToM-related neural selectivity that may impact a partner’s well-being or alter the associations
demonstrated above. Indeed, other research has demonstrated that factors including gender (S.
Cohen et al., 2012), relationship length (Thomas & Fletcher, 2003), and emotional valence of the
encounter (Gable et al., 2006) are important in this regard. Thus, we conducted follow-up
analyses to examine whether the relationship between ToM-related neural activity and wellbeing was influenced by these other factors. This was tested with models that separately
evaluated whether same-day/next-day well-being was predicted by the interaction of neural
selectivity in LTPJ/PC and gender, conflict/disagreement during the encounter, topic distress, or
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Figure 9. Interaction effects of neural selectivity and perceived understanding in predicting wellbeing. Simple slopes analysis demonstrated the statistical interaction between how much the
partner perceived being understood by the participant and participant’s level of
LTPJ(left)/PC(right) selectivity in predicting the partner’s day-after-encounter well-being. In the
case of high neural selectivity for beliefs, we find a significant positive relationship between the
partner’s perception of being understood by the participant and the partner’s subsequent wellbeing. No relationship between the partner’s perception of being understood by the participant
and the partner’s subsequent well-being was observed in the case of low neural selectivity for
beliefs. Dark blue figure = participant; light blue figure = partner.
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relationship length. Results showed that the associations between partner-related ToM activity in
LTPJ/PC and same-day/next-day well-being did not differ by gender (interaction term ps > .35)
nor was it influenced by relationship length (interaction term ps > .41), conflict/disagreement
during the encounter (interaction term ps > .07), or topic distress (interaction term ps > .16).
We also investigated whether ToM-related neural selectivity accounted for variance in
well-being above and beyond behavioral variables known to influence relationship quality and/or
well-being: perceived understanding and general relationship satisfaction. This was tested in
separate models that included as the predictors LTPJ or PC selectivity and perceived
understanding or RAS score, and next-day well-being as the outcome variable. These models
allowed us to investigate the unique effects of one variable (e.g., ToM-related selectivity) net of
the effect of the other variable (e.g., perceived understanding). In the model that included LTPJ
selectivity and perceived understanding, only LTPJ was significantly associated was well-being
(b = .22, SE = .08, p = .02); perceived understanding was not (b = .09, SE = .05, p = .11). In the
model that included LTPJ selectivity and relationship satisfaction, LTPJ selectivity was
significantly associated with well-being (b = .21, SE = .08, p = .03); relationship satisfaction was
associated with well-being at only a trend level (b = .07, SE = .03, p = .06). Similarly, in the
model that included PC selectivity and perceived understanding, only PC selectivity was
associated with well-being (b = .20, SE = .08, p = .03); perceived understanding was not (b = .07,
SE = .06, p = .20). In the model that included PC selectivity and general relationship satisfaction,
both factors significantly accounted for variance in well-being (PC: b = .21, SE = .08, p = .02,
relationship satisfaction: b = .08, SE = .03, p = .04). Thus, ToM-related neural selectivity in
LTPJ and PC appear to account for variance in well-being even after controlling for the effects of
perceived understanding and relationship satisfaction.
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Finally, we conducted an additional analysis to evaluate how partner-related ToM activity
in LTPJ and PC may translate to increased partner well-being. Although ToM-related selectivity
does not appear to be related to perceived understanding, one possibility is that selectivity in
these regions tracks with objective understanding of the partner’s mental states, which in turn
may influence partner well-being. We tested this idea by evaluating whether selectivity for one’s
partner in LTPJ and PC was associated with belief accuracy on the scanner task. We found that
neither LTPJ nor PC selectivity was associated with accuracy in inferring partner beliefs during
the fMRI task (LTPJ: r = .27, p = .23; PC: r = .04, p = .84).
Discussion
We find that the extent of neural selectivity for belief versus physical information in
LTPJ and PC when thinking about one’s partner positively predicted the partner’s well-being the
day of and day after a meaningful encounter. These associations were revealed only when using
relationship-specific personalized stimuli (i.e., Partner statements, but not Friend statements) in
which the elicited neural response was consistent with the real-life behavioral context in which
that neural response might occur. Follow-up analyses revealed that the relation between ToMrelated activity and partner well-being did not differ by gender, nor was it affected by
relationship length or by the nature of the encounter (i.e., topic distress, conflict/disagreement).
Furthermore, LTPJ and PC selectivity accounted for variance in partner well-being above and
beyond the effect of other factors including the extent to which the partner felt understood during
the encounter and general relationship satisfaction.
In addition, the association between the perception of being understood by the partner
and their well-being the day after an encounter depended on the extent of the participant’s LTPJ
and PC selectivity. Specifically, we observed a positive association between partner-perceived
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understanding and partner well-being only in the case of high neural selectivity. That is, greater
perception of being understood by the partner was associated with greater reports of their
subsequent well-being only when participants demonstrate greater recruitment of LTPJ and PC
for their partner’s belief versus physical attributes. No relation was observed between perceived
understanding and subsequent well-being in the case of low neural selectivity.
Taken together, we interpret these findings to mean that individuals who exhibit greater
selective engagement of LTPJ and PC when thinking about their partner’s beliefs versus physical
attributes are able to enact more adaptive interpersonal processes or strategies in the context of
meaningful interpersonal interactions that would benefit from ToM-related processes. These
processes may include perspective-taking, empathy, and acting altruistically – abilities which
have previously been shown to correlate with neural selectivity in ToM-related regions (DodellFeder, DeLisi, et al., 2014; Dodell-Feder, Tully, et al., 2014; Hooker et al., 2008, 2010; Masten
et al., 2011; Rameson et al., 2012; Waytz, Zaki, & Mitchell, 2012) – and other important
processes for social functioning that may include validation and demonstrations of social
support. This in turn may contribute to increased feelings of being understood, and subsequent
social connection and reward – an association demonstrated in prior neuroimaging work
(Morelli, Torre, & Eisenberger, 2014) – which carries concomitant effects for well-being on the
part of the recipient.
Interestingly, despite how much the partner perceives the participant to understand their
thoughts and feelings in the moment, our findings suggest that only individuals who exhibit high
selective engagement of LTPJ and PC for belief information during the scanner task, and
possibly during meaningful encounters, may deploy strategies that have positive, measurable,
and longer-lasting consequences for their partner. Individuals who fail to recruit these regions or
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do so less selectively are presumably using a different strategy during meaningful encounters
with their partner that may not involve perspective-taking, empathy or other processes that are
associated with activity in the ToM network. And, even though the partner may perceive
understanding from the participant in the moment, whatever strategy or interpersonal process
being used fails to carry more enduring positive benefits for the partner. This would suggest that
a key ingredient to interactions that have positive outcomes for one’s partner involves the
selective engagement of the ToM network for belief information.
Nevertheless, our findings do not directly speak to how partner-related ToM activity in
LTPJ or PC translates to social behavior and positive partner outcomes. Based on prior
neuroimaging work (e.g., Dodell-Feder, DeLisi, et al., 2014), we have speculated above that
individuals who selectively engage these regions during interpersonal encounters are more likely
or able to engage in accurate mental state attribution, and use that information to enact adaptive
social behavior (e.g., empathy, validation, social support). This notion should be considered
within the context of several limitations. For one, these data are correlational preventing us from
making strong claims about the effect of selectivity of the ToM network on positive relationship
outcomes. Additionally, there exists a potential discrepancy between neural processes and
behavioral performance in the scanner versus in vivo social interaction. Said otherwise, our
scanner measures of ToM-related processes (neural and behavioral) may be a poor proxy for how
or whether these processes occur during actual meaningful encounters such as those reported in
the daily diary. Though we have shown that the relation between LTPJ/PC and well-being does
not appear to influenced by variables related to the encounter (e.g., topic distress,
conflict/disagreement) or relationship (e.g., satisfaction, length), other factors not measured here,
related to the encounter or the participants, may alter how or whether these brain regions are
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recruited during encounters. In a similar vein, even if the neural processes isolated here did
approximate what occurs during actual social encounters, with the current data, we cannot say
with certainty what processes or behaviors (e.g., perspective-taking, prosocial acts) accompany
ToM-related selectivity. We addressed one possibility for how selectivity for partner-related
belief versus physical states may translate to improved well-being, namely through increased
belief accuracy as measured on the scanner task. However, we failed to find a relation between
LTPJ or PC selectivity and belief accuracy. As discussed, it is possible that behavioral
performance on the fMRI task is a poor proxy for accuracy in inferring one’s partner’s mental
states in the context of in vivo social interaction. Our measure also assumes that the partner is
highly insightful and can accurately report on his/her belief states, which may not be the case.
Another possibility is that our neural measure may instead reflect the tendency to spontaneously
process belief information, as opposed to the accuracy of the inference. Indeed, prior fMRI
research has also implicated LTPJ and PC in the spontaneous consideration of mental states
across a variety of paradigms including those involving passive viewing of ambiguous
animations (Schurz et al., 2014) and moral judgment (Bzdok et al., 2012).
It also remains unclear as to why only LTPJ and PC, but not other ToM-related regions,
showed a relation with well-being. Though recent meta-analytic data implicate LTPJ and PC as
part of a core network of regions, including RTPJ and MPFC, that are reliably activated during
ToM across tasks and stimulus presentation modality (Schurz et al., 2014), findings from prior
neuroimaging work has suggested specialization of function among these regions (Perner,
Aichhorn, Kronbichler, Staffen, & Ladurner, 2006; Saxe & Powell, 2006; Schurz, Aichhorn,
Martin, & Perner, 2013; Van Overwalle, 2009). As argued and demonstrated by others, ToM is
complex construct, reliant upon multiple component and complimentary cognitive processes that
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are implemented in different brain regions and subnetworks (Schaafsma, Pfaff, Spunt, &
Adolphs, 2014; Spunt & Adolphs, 2014). The mapping of LTPJ, PC, and other regions that
underlie ToM to the specific cognitive processes and social behaviors they support however,
remains to be elucidated.
We note that strong conclusions about the differences in the predictive power of Partnerversus Friend-related ToM, and LTPJ/PC versus other regions in the network however, cannot be
made. We did not observe any neural differences between Partner- and Friend-related ToM in
the whole-brain analyses suggesting that a similar network is recruited when thinking about the
mental states of two very close others. Other research suggests that aspects of the ToM network
including LTPJ and MPFC are indeed sensitive to the target, for example, the target’s
closeness/perceived similarity to the participant (Mitchell et al., 2005; Mitchell et al., 2006; Saxe
& Wexler, 2005), social relevance (Krienen, Tu, & Buckner, 2010), or the participant’s
idiosyncratic knowledge of a target (Welborn & Lieberman, 2015). The high degree of closeness,
relevance, and knowledge that participant’s theoretically had of their romantic partners and close
friends may account for the lack of neural differences. However, this finding does not preclude
the existence of important neural differences among the ROIs in how they process belief
information about romantic partners versus close friends, and more sensitive analyses such as
multi-voxel pattern analyses, may reveal such differences. Examination of the large and
overlapping confidence intervals on the estimates of the relation between brain and well-being
also suggests that the effect of different ROIs on partner well-being may not be significantly
different. The same is true for Partner- versus Friend-related ToM. We would hypothesize that a
similar relation between ToM-related activity and well-being would exist for close friends had
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we measured the friend’s well-being; however, additional data would be needed to evaluate this
idea.
The findings of the current study may carry implications for clinical science. Many forms
of psychopathology, namely schizophrenia and autism spectrum disorders, are associated with
marked deficits in social ability (Chung et al., 2013; Savla et al., 2013), including the ability to
form and maintain social relationships (APA, 2013). Taken with other findings (Dodell-Feder,
DeLisi, et al., 2014; Dodell-Feder, Tully, et al., 2014; Hooker et al., 2011; Lombardo et al.,
2011), the link between selective engagement of aspects of the ToM network and positive
partner outcomes demonstrated here, suggests that the pathophysiology of social dysfunction
may be linked, in part, with disruption to the ToM network. If so, the ToM network would
represent a neurobiological target for intervention.
Taken together, the current findings highlight the importance of the neurocognitive
system supporting ToM in relation to positive outcomes in romantic relationships. Overall, these
findings suggest that individuals who engage aspects of the neural network supporting ToM may
enact more adaptive social behavior that have measurable real-world consequences for their
partner, underscoring the positive benefits of interacting with individuals who engage in ToM.
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Discussion and Conclusion
Summary of Findings
This dissertation presents an investigation of the relation between ToM and social
functioning in health and psychopathology using neural and behavioral methods. Papers 1 and 2
addressed whether the network of brain regions subserving ToM is disrupted in individuals with
schizophrenia and individuals at familial risk for schizophrenia, respectively, and whether these
disruptions impact social functioning. Data from Paper 1 indicate that individuals with
schizophrenia exhibit less neural selectivity for belief information compared to healthy controls
in MPFC. Furthermore, across all participants, neural activity in MPFC as well as other regions,
including RTPJ, was positively associated with performance on measures of social cognition and
social functioning. Data from Paper 2 indicate that FHR individuals also exhibit disruption to
brain regions associated with ToM, namely RTPJ and LTPJ. Similar to the findings of Paper 1,
neural selectivity during the ToM task in RTPJ, LTPJ, and MPFC predicted daily ToM
engagement and aspects of social functioning that theoretically should be related to ToM ability,
including empathy, enjoyment of socializing, and social motivation. Paper 3 addressed how
engagement of the ToM network impacts social relationships, and specifically what the
consequences of ToM engagement are for one’s romantic partner. The data indicate that ToMrelated neural activity in LTPJ and PC for one’s romantic partner predicted the partner’s wellbeing, both on a daily basis and the day after a meaningful encounter when ToM skills may be
most important and most likely to affect one’s partner. This relation was robust to other factors
that may impact partner well-being. Furthermore, ToM-related activity in LTPJ and PC
accounted for variance in the partner’s well-being above and beyond the effect of other factors,
including the partner’s perception of the participant’s ToM engagement during the interaction
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and general relationship satisfaction. Interestingly, these data also suggest that the effect of
perceived understanding on subsequent well-being may be influenced by ToM-related neural
selectivity in participants. Specifically, we found a positive relation between perceived
understanding and well-being only in the case of high neural selectivity for partner beliefs versus
physical attributes; no relation between perceived and well-being was observed in the case of
low neural selectivity.
Implications
Together, the findings are consistent with the notion that the neurocognitive system
supporting ToM is one important factor underlying social functioning in health,
psychopathology, and at risk states. As such, this work may carry important implications
regarding the pathophysiological processes connecting social dysfunction to illness onset and
exacerbation, endophenotypes, and treatment.
Pathophysiological processes in schizophrenia. In line with neurodevelopmental
accounts of schizophrenia (Weinberger, 1987) and “two-hit” models of psychopathology
(Keshavan, 1999; Maynard, Sikich, Lieberman, & LaMantia, 2001; Picci & Scherf, 2015), based
on the current findings, I propose that early perturbations in brain development arising from
inherited and/or acquired factors may involve disruption to the ToM network, among other
networks that are impaired in schizophrenia. This “first hit” may make individuals vulnerable to
a “second hit” later in development, when the ToM network, which has failed to appropriately
develop, cannot perform the necessary operations to accommodate the increasingly complex and
demanding social milieu. This in turn may lead to communicative failures, social stress, and
conflict, which in line with the findings of Paper 3, lead to less rewarding and enjoyable social
relationships for social partners. As a consequence, individuals with ToM impairment may
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develop less social motivation and fewer social relationships resulting in decreased social
support and increased social isolation. Together, these cascading processes may translate into
increased frequency of and vulnerability to the type of social stress that has been associated with
illness onset and exacerbation (Hooley, 2007; Horan et al., 2006; King, 2000).
This model proposes that the initial disturbance that contributes to later social
dysfunction, begins with disruption to the neural bases of ToM, and that this disruption
contributes to the social difficulties characteristic of schizophrenia and FHR individuals. In line
with this idea, data from Papers 1 and 2 demonstrate that neural selectivity in aspects of the ToM
network consistently predicted indices of ToM-engagement and social functioning as measured
with self-report, clinician-interview, and performance-based tasks, in the lab and in the real
world. This association fits within the extant ToM literature in that greater efforts and/or ability
to infer the mental states of partners may lead to greater enjoyment of socializing and motivation
to socialize (Fink et al., 2015; Morelli et al., 2014; Slaughter et al., 2015; Todd et al., 2011), and
behaviors such as empathic and prosocial acts (Caputi et al., 2012; Eggum et al., 2011; Waytz et
al., 2012) that have positive benefits for social partners, such as increased well-being, and for the
individual engaging in ToM, such as being viewed more favorably (Goldstein et al., 2014).
It is important to note however, that many of the associations described above have not
been shown empirically, rendering this account speculative. For example, it remains unclear how
the initial disruption to the ToM network may occur and what it looks like. Though the FHR data
indicate the possibility that disruption to the ToM network may be genetically-mediated,
environmental effects from living with an affected relative cannot, and given the extant
literature, should not, be ruled out. Notably, in Paper 2, we tested a sample of individuals at
familial risk as opposed to genetic risk. Although we attempted to ensure genetic liability by
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recruiting a sample with at least two affected relatives, we did not directly test for genetic risk
leaving open the possibility that group differences may be attributable to non-genetic
environmental effects. As reviewed, developmental studies have shown that children’s ToM
ability is predicted by the parent’s ToM ability (Sabbagh & Seamans, 2008) and tendency to use
mental state language during everyday conversation (Peterson & Slaughter, 2003; Ruffman et al.,
2006). It would be reasonable to infer then that the ToM skills of a child with a parent with
schizophrenia – who likely experiences ToM impairment themselves – may receive less
exposure to discussions of mental states, impacting their ToM development. On what the
disruption looks like, it is possible that the ToM network fails to become selective for mental
state information over the course of development. This idea is in line with studies showing that
typical development of the ToM network is characterized by increased selectivity for mental
state versus non-mental state social and physical information, which supports the development of
ToM skills (Gweon et al., 2012). The findings of Papers 1 and 2 further support the importance
of neural selectivity in the ToM network for social cognition and functioning. Of course, neural
disruption may manifest in a variety of other ways besides altered selectivity, including altered
connectivity between regions of the network (as could be revealed through functional/effective
connectivity and/or psycho-physiological interaction analyses) or altered neural representations
of mental state information (as could be revealed through multi-voxel pattern analysis).
Furthermore, findings from the current dissertation do preclude the possibility that the
initial disruption involves alterations to a different social process other than ToM. Many studies
have shown that the development of schizophrenia-spectrum disorders is predicted by social
anhedonia (Kwapil, 1998) and childhood social withdrawal (Matheson et al., 2013; Tarbox &
Pogue-Geile, 2008). Though tempting to conclude that ToM impairment leads to other social

114

phenomena associated with the illness, including social anhedonia and social withdrawal, the
reverse may occur. For example, consistent in part with the findings of Paper 1, social anhedonia
and social withdrawal could lead to reduced opportunities to engage the ToM network leading to
aberrant neuroplastic processes that may involve reduced neural selectivity and subsequent social
dysfunction. In line with this notion, the pathophysiological processes involved in social
dysfunction and illness onset likely involve a dynamic interplay between brain and behavior.
Several lines of research, including cognitive training studies that have demonstrated neural
effects of behavioral training (Anguera et al., 2013; Buschkuehl, Jaeggi, & Jonides, 2012;
Draganski & May, 2008; Lovden, Wenger, Martensson, Lindenberger, & Backman, 2013), and
others connecting neural circuitry abnormalities to the social environment (Akdeniz et al., 2014;
Baskak et al., 2015; Krabbendam et al., 2014; Lederbogen et al., 2011) suggest that neural
function and structure is influenced by experience. Whether the initial disturbance that leads to
later social dysfunction begin with ToM or another social process, it is likely that the causal
pathway between the social brain and social behavior operates in both directions.
ToM impairment as a potential endophenotype. The existence of ToM impairments in
FHR at the behavioral and neural level, and the impairment’s apparent state-independence, have
led some researchers to hypothesize ToM impairment as a candidate endophenotype. As defined
by researchers in the field, endophenotypes are quantifiable characteristics of an individual that
lie closer to the action of risk genes than do categorical diagnostic entities (Bearden, Jasinska, &
Freimer, 2009; Cannon & Keller, 2006; Gottesman & Gould, 2003; Lenzenweger, 2013; G. A.
Miller & Rockstroh, 2013), and form the causal link between genotype and disorder phenotype
(Cannon & Keller, 2006; Lenzenweger, 2013). Since endophenotypes lie somewhere between
the genotype and disorder phenotype, in theory, they have a simpler genetic architecture than
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diagnostic entities (Gottesman & Gould, 2003). As such, the appeal of endophenotypes is that
they may better reflect the genetic origins and mechanisms connecting biology to discrete
processes implicated in psychopathology. Gottesman and colleagues (Chan & Gottesman, 2008;
Gottesman & Gould, 2003) have proposed six criteria for an endophenotype: (1) The
endophenotype is associated with the illness, (2) the endophenotype is heritable, (3) the
endophenotype is state-independent, (4) the endophenotype and illness co-segregate in families,
(5) the endophenotype is found in unaffected family members at higher rate than in the general
population, and (6) the endophenotype can be measured reliably and exhibits diagnostic
specificity.
ToM impairment meets much of the criteria laid out by Gottesman and colleagues in that
the impairment is associated with the illness, appears to be largely state-independent, cosegregates with the illness in families, and is more prevalent in unaffected family members than
the general population. It is less clear however, whether ToM impairments satisfy the remaining
criteria. On heritability, given that we tested individuals at familial as opposed to genetic risk for
schizophrenia in Paper 2, we cannot state with certainty that ToM disruption in this study can be
attributed to genetic factors. With that said, other studies have linked variation in candidate risk
genes for schizophrenia with ToM performance. For example, polymorphisms of the dopamine
D4 receptor gene is associated with ToM performance in children (Lackner, Sabbagh, Hallinan,
Liu, & Holden, 2012), and the single nucleotide polymorphism rs1344706 in the gene ZNF804A
is associated with functional activity and connectivity within the ToM network (Mohnke et al.,
2014; Walter et al., 2011). On reliability, although many of the more widely used behavioral
measures of ToM exhibit adequate test-rest and between-site consistency (Pinkham, Penn,
Green, & Harvey, 2015), little is known about the psychometric properties of ToM neuroimaging
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paradigms. On specificity, as discussed below, ToM impairment is observed in many diagnostic
groups. Additionally, genetic risk variants associated with schizophrenia, including rs1344706,
are often associated with a broader psychosis phenotype including bipolar disorder (O'Donovan
et al., 2008).
Perhaps more important than evaluating whether ToM impairment satisfies the criteria
for an endophenotype would be evaluating the nature of the causal pathway between the different
levels of analysis (genes, neural systems, behavioral traits) in the expression of a schizophrenia
(G. A. Miller & Rockstroh, 2013). For example, how do genetic variation, environmental input,
and their interaction impact the ToM network and other neural systems that are disrupted in
schizophrenia? Further, how does their disruption contribute to the expression of the disorder?
Future work should address these questions.
Prevention and treatment. A natural extension of this work is its application to
intervention. For one, the FHR data suggest that ToM impairment may constitute a marker of
risk for social dysfunction and schizophrenia. To the extent that ToM impairment and social
withdrawal, among other factors associated with later social dysfunction, can be identified earlier
and more easily than gross difficulties in social behavior, these may serve as effective signposts
for identifying those at risk. On treatment, the findings of the current dissertation suggest that
improved social functioning may result from improved functioning of the ToM network. A now
large body of research has demonstrated that neural circuits underlying diverse aspects of
cognition can be positively altered through targeted behavioral training (Merzenich, Van Vleet,
& Nahum, 2014). This approach, which capitalizes on the brain’s inherent capacity for learningor experience-induced neuroplasticity (Pascual-Leone, Amedi, Fregni, & Merabet, 2005), is
appealing in that it may be more mechanistic than other approaches in that it attempts to target
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the underlying pathophysiological mechanism (i.e., the impaired neural system) as opposed to
training compensatory skills and strategies (Dodell-Feder, Tully, & Hooker, 2015; Merzenich et
al., 2014). Preliminary data from neuroplasticity-based interventions are promising. In two
studies, Hooker and colleagues (2012, 2013) found that compared to placebo computer games,
combined cognitive plus social-cognitive computerized training for individuals with
schizophrenia led to neural changes that were associated improved performance on behavioral
measures of social cognition. Using a similar intervention and design, Subramaniam et al. (2012)
observed functional changes in MPFC that were associated with improved social functioning 6
months after the end of training. To date, no studies have examined whether social cognitive or
ToM training alone leads to positive changes in the ToM network and concomitant
improvements in social functioning. However, at least one randomized controlled trial is
currently underway (Rose et al., 2015).
Of course, given the findings of Paper 3, enhancing ToM may be beneficial to romantic
couples as well, among other social relationships. Here too, however, it is unknown whether
interventions targeting the neural bases of ToM will result to improved social relationships,
though I would suspect that such training would be useful regardless of diagnostic or risk status.
Limitations and Outstanding Questions
The current findings suggest that schizophrenia and the familial risk state may involve
different loci of abnormalities within the ToM network (i.e., MPFC in schizophrenia and TPJ in
FHR). Given the similar nature of ToM and social deficits in these groups, I would have
predicted similar neural findings implicating the same regions. Though this difference could
reasonably be attributed to the different tasks used, supplementary analysis of the FHR data
using the same task (i.e., the false-belief task), same ROIs, and same analysis method as in Paper
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1, still produced different results, with FHR exhibiting reduced neural selectivity for false-belief
versus false-photo in LTPJ, and at a trend level in ventral MPFC (Supplemental Material
Ancillary Paper 2 fMRI Analysis). This is in contrast to individuals with schizophrenia who
exhibited reduced neural selectivity in MPFC alone. It is possible that primary dysfunction in
MPFC may be a function of illness onset, while dysfunction in TPJ, and largely preserved neural
function in MPFC, may reflect some sort of compensatory mechanism in FHR. Future work will
need to evaluate this idea.
In a similar vein, it is unclear as to why different ROIs within the ToM network predicted
aspects of social functioning across the different studies. Though I did not evaluate whether these
brain-behavioral relationships were significantly different from one another, based on the limited
extant literature, I would have predicted neural activity across the ROIs would similarly predict
the measures of social functioning included across the studies. As mentioned, the specific neural
processes and representations that each ROI supports during mental state attribution remain
unknown. However, additional research on this topic may provide greater insight into the nature
of ToM abnormalities in schizophrenia and FHR.
It is important to note that only one neural metric was used throughout the studies:
univariate ROI selectivity. It is increasingly recognized that bilateral TPJ and MPFC constitutes
a core network supporting ToM (Schurz et al., 2014). Thus, measures that better assess
functioning of the network as a whole, in conjunction with approaches that assess individual
ROIs within the network, may prove more sensitive to disruption and provide better predictors of
daily ToM engagement and social behavior. Such measures may also reveal greater similarity
among regions in their ability to capture variance in social functioning.
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Though the current findings suggest that neural function of the ToM network is one
important factor for social cognition and social functioning, much of the variance in these
outcomes remains unexplained. Indeed, as described, how we behave in the social world is
multiply determined. In future research, models of social functioning and its disruption should
incorporate these other factors. For example, other work has demonstrated a link between social
functioning and the cognitive control of emotion (Tully, Lincoln, & Hooker, 2014), as well as
defeatist beliefs and negative social interaction appraisals (Granholm, Ben-Zeev, Fulford, &
Swendsen, 2013; Grant & Beck, 2009; Horan et al., 2010), among a host of other factors. It
would be fascinating to investigate whether these factors interact with the engagement of the
ToM network or moderate ToM and social functioning associations (e.g., disrupted ToM may
contribute to defeatist beliefs and negative social interaction appraisals; impaired emotion
regulation may make it difficult to engage in perspective-taking).
Finally, ToM deficits are associated with forms of psychopathology other than
schizophrenia. For example, research has shown that individuals diagnosed with autism spectrum
disorder (Chung et al., 2013), bipolar disorder (Bora, Bartholomeusz, & Pantelis, 2015), major
depressive disorder (Bora & Berk, 2015), and social anxiety disorder (Hezel & McNally, 2014),
exhibit impairments on ToM tasks, although less severe than that of individuals with
schizophrenia. Thus, ToM impairment may represent a transdiagnostic mechanism of social
dysfunction that may similarly precipitate or exacerbate other forms of mental illness. With that
said, the nature of ToM impairment may differ among these groups. For example, individuals
with autism spectrum disorders have been shown to pass explicit ToM tasks, such as the falsebelief task, but fail implicit measures of ToM (Moran et al., 2011; Senju, Southgate, White, &
Frith, 2009). Additionally, a well-powered neuroimaging study found no differences between
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individuals with autism spectrum disorders and healthy controls on the false-belief task (Dufour
et al., 2013). It is possible that ToM deficits in this group were compensated for with preserved
non-social cognitive ability, thereby masking group differences on these tasks. However, in
Paper 1, differences between individuals with schizophrenia and healthy controls were observed
on the neural and behavioral measures of ToM/social cognition, even though the schizophrenia
group did not differ on most non-social cognitive measures. Future work may reveal distinct
disruptions in schizophrenia versus other groups, which ultimately will speak to how social
dysfunction may be impaired, and how to most effectively intervene on these impairments across
different groups.
It is also unclear if ToM impairments are trait-related in these other groups, as it seems to
be with schizophrenia, and whether ToM impairments contribute to risk for multiple disorders.
ToM impairment may not be a highly specific predictor of schizophrenia. For example, ToM
impairments have been found in the first-degree relatives of individuals with autism spectrum
disorders (Dorris, Espie, Knott, & Salt, 2004) and bipolar disorder (Reynolds, Van Rheenen, &
Rossell, 2014). Other research has shown that ToM impairment, along with non-social cognitive
impairment, predicts conversion to psychosis in an at risk sample (Kim et al., 2011) and relapse
in people previously diagnosed with depression (K. Yamada, Inoue, & Kanba, 2015). It would be
useful to investigate whether ToM impairments similarly contribute to the onset of other
disorders in at risk samples, and the strength of the relationship between ToM impairment and
schizophrenia-spectrum outcomes versus other disorders.
Conclusion
The process by which we decipher and construct the hidden mental lives of others is
foundational for adaptive social behavior and healthy social relationships. Its impairment,
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through disruption to the underlying neural network, is associated with worse social functioning
in psychopathology, risk states, and health. Towards the enhancement of social relationships and
prevention of social difficulties, training the neural network supporting ToM may represent an
important locus for intervention. Of primary importance for the field will be elucidating how the
dynamic relations between neural function and behavior, as well as ToM and other social
processes (e.g., social anhedonia and withdrawal) interact and unfold over the course of
development. Future research should also aim to more precisely characterize how disruption to
the ToM network occurs in psychopathology, the ways in which it manifests (e.g., as
impairments in connectivity, deficits in implicit versus explicit mental state processing, etc.), and
how it supports and disrupts social behavior. The use of neural measures that characterize the full
range of operations (i.e., from neural selectivity to connectivity) and behavioral measures that are
more ecologically valid and less vulnerable to reporting biases (e.g., through active and passive
forms of experience-sampling) will be useful in this regard.
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Supplemental Material Table 1
Brain regions demonstrating greater activity in HC versus SZ for FB > FP, controlling for age
Region

BA

Volume in Voxels

MNI coordinates
xyz
9 65 19
0 56 19
-9 35 -14

T Value

R Medial Prefrontal Cortex
10
46
4.28
Medial Prefrontal Cortex
10
4.20
L Ventral Medial Prefrontal
11
10
3.85
Cortex
Note. Analysis was performed with whole-brain ANCOVA. Statistical threshold is p < .001, k =
10/270mm, uncorrected for multiple comparisons. Dash (-) in the volume column indicates that
the region is included in the cluster above. BA = broadmann area, MNI = Montreal Neurological
Institute, HC = healthy control group, SZ = schizophrenia group, R = right, L = left.
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Supplemental Material Table 2
ROI analysis controlling for age
Region
Between-Group Difference
MPFC
F(1, 35)=8.79, p=.005, η2p=.20
VMPFC
F(1, 35)=0.71, p=.406, η2p=.02
RTPJ
F(1, 35)=1.11, p=.299, η2p=.03
LTPJ
F(1, 35)=0.71, p=.405, η2p=.02
Note. Analysis was performed with ANCOVAs. MPFC = medial prefrontal cortex, VMPFC =
ventral medial prefrontal cortex, RTPJ = right temporo-parietal junction, LTPJ = left temporoparietal junction.
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Supplemental Material Table 3
Partial correlations controlling for age and IQ between neural activity in the ToM ROIs and the social variables
MPFC
All
†

VMPFC

RTPJ

LTPJ

HC

SZ

All

HC

SZ

All

HC

SZ

All

HC

SZ

.65**

.14

.18

.43†

-.09

.26

.37

.21

.11

.22

.02
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IRI-PT

.32

IRI-EC

.27

.36

.39

.21

.19

.18

-.21

-.25

-.20

-.22

-.25

-.21

MSCEITME
SAS

.39*

.03

.16

.11

.21

-.30

.31†

-.19

.58*

.18

.05

.21

-.56**

-.50*

-.34

-.14

-.41

-.10

-.35*

-.40

-.27

-.23†

-.11

-.33

.32*

.24

-.03

.03

.01

-.10

.13

-.13

.12

.13

-.05

.15

GFS

Note. MPFC = medial prefrontal cortex, VMPFC = ventral medial prefrontal cortex, RTPJ = right temporo-parietal junction, LTPJ =
left temporo-parietal junction, All = All participants, HC = healthy control group, SZ = schizophrenia group, IRI-PT = Interpersonal
Reactivity Index – Perspective Taking, IRI-EC = Interpersonal Reactivity Index – Empathic Concern, MSCEIT-ME = Managing
Emotions branch of the MSCEIT, SAS = Social Adjustment Scale – Self-Report, GFS = Global Functioning Social Scale.
** p<.01
* p<.05
†
p<.10

Supplemental Material Table 4
Daily Diary Construct
Perspective Taking
Empathy
Social Motivation
Enjoyment of Socializing
Perspective Taking & Empathy During Interpersonal
Conflict
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Skew Kurtosis Shapiro-Wilk
Test
.12
-.36
W=.97, p=.46
-.06
-.65
W=.99, p=.96
-.02
-.88
W=.98, p=.79
.15
-.84
W=.98, p=.71
.34
.33
W=.96, p=.29

Supplemental Material Figure 1. Whole-Brain Analysis: Group*Condition Interaction Effects.
Full factorial ANOVAs demonstrating group by condition interactions where nonFHR show
greater activity than FHR for Thought > Appearance (left panel), Emotion > Appearance (middle
panel), and Emotion > Thought (right panel) from the Person-Description task. Below each map
are plots of the parameter estimates extracted from the cluster showing the group*condition
interaction effect. Red bars represent nonFHR; blue bars represent FHR. Error bars depict
standard errors of the mean. Maps are thresholded at p < .001, k > 10, uncorrected for multiple
comparisons. RTPJ = right temporo-parietal junction, VMPFC/OFC = ventromedial prefrontal
cortex/orbitofrontal prefrontal cortex.
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Supplemental Material Table 5
Results from the Hierarchical Linear Models Predicting Daily Social Functioning by Group.
Diary Construct
Perspective Taking
Empathy
Social Motivation
Enjoyment of Socializing
Perspective Taking & Empathy During Interpersonal Conflict
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b
-.12
-.09
.08
.17
-.02

F
1.32
.59
.88
3.47
.04

p
.26
.45
.35
.07
.85

Supplemental Material Table 6
Results from the Hierarchical Linear Models Testing the Relationship Between Neural Activity and Daily Social Functioning Across
All Participants
Perspective Taking

Perspective Taking
& Empathy During
Interpersonal
Conflict
b
F
p

b

F

p

RTPJ
LTPJ
MPFC

-.01
.04
.01

.02
.60
.06

.90
.44
.81

.02
.03
.05

.18
.41
1.07

RTPJ
LTPJ
MPFC

.08
.08
.07

1.90
1.89
1.36

.18
.18
.25

.05
.09
.09

.74
3.99
4.58

Empathy

Enjoyment of
Socializing

Social Motivation

b

F

p

b

F

p

b

F

p

.68
.53
.31

-.04
.02
-.03

.48
.11
.22

.49
.74
.64

.07
.06
.03

2.18
1.63
.30

.15
.21
.59

.06
.05
.02

1.56
1.46
.20

.22
.24
.66

.40
.05
.04

.08
.08
.12

1.75
1.53
3.97

.20
.23
.06

.11
.11
.10

4.04
5.13
4.20

.05
.03
.05

.10
.09
.06

4.27
3.79
1.38

.05
.06
.25

Thought >
Appearance
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Emotion >
Appearance

Emotion >
Thought

RTPJ .17 4.70 .04
.04
.23
.63
.26 10.84 .003a .03
.16
.69
.05
.63
.44
LTPJ .05
.41
.52
.08 1.42 .24
.09
1.12
.27
.07
.88
.36
.04
.44
.51
MPFC .04
.44
.51
.04
.78
.38
.13
5.51
.03
-.07 1.82 .19
.03
.50
.48
Note. Values in bold denote statistical significance at p ≤ .05, uncorrected for multiple comparisons. RTPJ = right temporo-parietal
junction, LTPJ = left temporo-pareital junction, MPFC = medial prefrontal cortex.
a
Corrected p < .05 controlling the false-discovery rate for 5 comparisons.

Supplemental Material Table 7
Results from the Hierarchical Linear Models Testing Predicting Social Functioning from the Interaction of Neural Activity and Group
Perspective Taking

b

F

p

-.07
-.06
-.05

1.19
1.10
.51

.28
.30
.48

Perspective Taking
& Empathy During
Interpersonal
Conflict
b
F
p

Empathy

Enjoyment of
Socializing

Social Motivation

b

F

p

b

F

p

b

F

p

-.07
-.07
-.02

.94
1.17
.08

.34
.29
.78

-.03
-.04
-.05

.35
.56
.76

.56
.46
.39

.03
-.01
.03

.34
.01
.20

.56
.91
.66

Thought >
Appearance
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RTPJ
LTPJ
MPFC

-.04
-.02
-.03

.56
.08
.33

.46
.77
.57

Emotion >
Appearance
RTPJ -.02
.12
.73
-.02
.11
.75
-.04
.30
.59
.01
.02
.90
.05
.92
LTPJ -.03
.30
.59
-.01
.09
.77
-.03
.14
.71
.03
.30
.59
.05
1.00
MPFC -.04
.51
.48
.00
.00
1.00 -.02
.11
.74
-.06 1.09
.30
-.07 1.68
Emotion > Thought
RTPJ .06
.62
.44
.03
.14
.71
.07
.74
.40
.05
.42
.52
-.01
.01
LTPJ -.01
.01
.93
-.06
.53
.47
.00
.00
.97
.06
.62
.44
.04
.30
MPFC -.06
.92
.35
-.03
.32
.58
-.05
.67
.42
-.05
.82
.37
-.10 4.57
Note. Values in bold denote statistical significance at p ≤ .05, uncorrected for multiple comparisons. RTPJ = right temporo-parietal
junction, LTPJ = left temporo-pareital junction, MPFC = medial prefrontal cortex.

.34
.32
.21
.94
.59
.04

Supplemental Material Table 8
ROI Analyses Controlling for BDI-II
Region
ANCOVA Results
Thought > Appearance
R Temporo-Parietal Junction
F(1, 31) = 4.48, p = .04, η2p = .13
L Temporo-Parietal Junction
F(1, 31) = 5.32, p = .03, η2p = .15
Emotion > Appearance
R Temporo-Parietal Junction
F(1, 31) = 5.23, p = .03, η2p = .15
L Temporo-Parietal Junction
F(1, 31) = 5.82, p = .02, η2p = .16
Medial Prefrontal Cortex
F(1, 31) = 6.26, p = .02, η2p = .17
Emotion > Thought
Medial Prefrontal Cortex
F(1, 31) = 3.91, p = .057, η2p = .11
Note. 2 FHR and 1 nonFHR did not complete the BDI-II (FHR n = 17, nonFHR n = 17).
BDI-II = Beck Depression Inventory.
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Supplemental Material Table 9
Daily-Diary Analyses Controlling for BDI-II

Neural Activity Predicting (!) Social Functioning
Emotion > Appearance
RTPJ ! Enjoyment of Socializing
LTPJ ! Enjoyment of Socializing
MPFC ! Enjoyment of Socializing
LTPJ ! Perspective Taking & Empathy During Interpersonal Conflict
MPFC ! Perspective Taking & Empathy During Interpersonal Conflict
RTPJ ! Social Motivation
Emotion > Thought
RTPJ ! Empathy
MPFC ! Empathy
RTPJ ! Perspective Taking

b

F

p

.11
.13
.15
.05
.05
.11

4.50
7.03
7.32
1.53
1.45
5.33

.03
.008
.007
.22
.23
.02

.24
.13
.15

9.20
5.37
3.62

.003
.02
.057

Interaction of Group and Neural Activity Predicting (!) Social
Functioning
Emotion > Thought
MPFC ! Social Motivation
-.13 8.71 .003
Note. 2 FHR and 1 nonFHR did not complete the BDI-II (FHR n = 17, nonFHR n = 17). BDI-II
= Beck Depression Inventory. RTPJ = right temporo-parietal junction, LTPJ = left temporoparietal junction, MPFC = medial prefrontal cortex.
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Supplemental Material Paper 3 fMRI Methods
fMRI Task Stimuli
Belief
think it's important to have many friends
think it's important to embrace new ideas
think overcoming challenges builds character
think people should know that they're appreciated
value mental over physical well-being
believe that there is a God
think that public displays of affection are important
believe that trust sets the foundation for relationships
think it's important to plan ahead
think that relationships outweigh material possessions
think it's important to be different from others
believe that it's okay to sacrifice one's dreams
value hard work over natural talent
think it's important to be on time
think it's acceptable to curse in public
think it's acceptable to be hungover at work
believe reason outweighs emotions
think that loyalty is key to relationships
believe that one can never be truly happy
believe in 'love at first sight'
think that problems usually resolve themselves
think it's acceptable to break a promise
believe dedication outweighs passion
think that sex is key to a relationship
think that actions are the best way to show affection
believe that science outweighs faith
value social skills over logical intelligence
believe in compromising rather than arguing
believe that wealth is the key to happiness
value accomplishment over leisure
believe that long-term goals are unimportant
believe that physical appearance outweighs character
believe that trying new things is important in life
think it's important to spend time with family
think it's better to be tactful than truthful
think that science can explain everything
believe that everything happens for a reason
think that sex and intimacy are the same
think it's worse to be poor than alone
value time alone from others
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Affective
feel anxious when plans unexpectedly change
feel excited when unexpected things happen
feel shy when introduced to a new person
feel self-assured in the face of adversity
feel embarrassed when kissed in public
feel surprised by the unexpected
feel excited by the thrill of taking risks
feel comfortable interacting with new people
feel loved when kissed on the lips
feel modest when complimented by others
feel self-conscious when at the center of attention
feel cared for when being hugged
feel sad when listening to people's problems
feel upset when people tell racist jokes
feel competitive when playing a game with others
feel bored by daily routines
feel vulnerable in difficult situations
feel comfortable talking about politics with others
feel annoyed by people who mispronounce words
feel distrust when interacting with new people
feel open to people with different opinions
feel worked up by inconsiderate people
feel lonely in a crowd of new people
feel disappointed when falling short of success
feel stressed when working up an important deadline
feel intimidated during intellectual conversations
feel anxious when not in control of things
feel comforted when holding hands with a loved one
feel determined when taking on a challenge
feel attractive at a party with friends
feel worried about not having control of situations
feel hurt by other people's criticism
feel angry after losing a game against friends
feel guilty after getting away with something bad
feel rejected when made fun of by others
feel comfortable discussing feelings and emotions with others
feel socially awkward when interacting with new people
feel incompetent when working with others
feel confident when meeting new people
feel calm and relaxed when spending time with a friend
Physical
have particularly long eyelashes
have a particularly long and narrow torso
have a particularly slender waist
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have especially small and narrow eyes
have wrinkles developing on the forehead
have dark circles under the eyes
have wrinkles around the eyes when smiling
have a tattoo somewhere on the body
have feet with particularly high arches
have a lot of hair on the tops of the fingers
have very long and skinny legs
have very dark or tan-colored skin
have lots of hair on the arms and legs
have lots of freckles on the face
have a clean and clear facial complexion
have veins that are visible beneath the skin
have very toned abdominal and back muscles
have noticeably healthy teeth and gums
have a particularly high hair line
have a tall and lanky body shape
have a noticeable tan line on the arms and legs
have calluses on the bottoms of the feet
have visibly rough and weathered hands
have very strong and defined arm muscles
have very strong and defined leg muscles
have very light-colored hair
have acne or blemishes on the skin
have a very pronounced and defined jaw line
have very thick and bushy eyebrows
have very long and untrimmed fingernails
have very strong and broad shoulders
have large quadricep and calf muscles
have a particularly narrow and pointy nose
have extremely large bicep muscles
have more than two body piercings
have very little or no facial hair
have a little bit of dirt underneath the fingernails
have particularly large knuckles
have particularly dark-colored eyes
have a very long and narrow-shaped face
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Supplemental Material Paper 3 Diary Methods
If participants responded “yes” to “Did you have a meaningful or emotional interaction,
disagreement, or conflict with your partner today?”, they were asked the following questions:
-

To what extent did you feel the following emotions towards the topic:
o angry/frustrated/annoyed
o sad
o confused/lost
o embarrassed/guilty/ashamed
o scared/worried/anxious

-

To what extent would you describe the interaction as a conflict or disagreement?

Questions were answered on a 1 (not at all) to 5 (extremely) scale. Emotion ratings for the first
question were averaged together to form the “distress” composite (α = .79).
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Supplemental Material Paper 3 fMRI Results
fMRI Results for Friend Belief > Friend Physical
Region
Precuneus
Dorsal Medial Prefrontal
Cortex
Temporo-Parietal Junction
Cerebellum
Posterior Superior Temporal
Sulcus
Temporo-Parietal Junction

R/L MNI Coordinates (x
y z)
L
-9 52 31
L
-9 59 28

t value (peak
voxel)
6.95
6.85

Cluster size
(voxels)
344
246

L
R
L

-54 -64 28
27 -82 -38
-63 -40 1

6.35
5.83
5.17

140
128
76

R

51 -55 25

4.59

59
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Supplemental Material Paper 2 Ancillary fMRI Analysis
fMRI Results Using the Same Analysis From Paper 1 With FHR Data From Paper 2

False-Belief > False-Photo

contrast estimate

1.6
1.4
1.2
1
0.8

NonFHR

0.6

FHR

0.4
0.2
0
MPFC

Region
MPFC
VMPFC
RTPJ
LTPJ

VMPFC

RTPJ

LTPJ

Between-Group Difference
t(35)=1.01, p=.32
t(35)=1.74, p=.09
t(35)=83, p=.41
t(35)=2.20, p=.04
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Effect Size d [95% CI]
.33 [-.34, 1]
.57 [-.11, 1.25]
.27 [-.4, .94]
.72 [.03, 1.41]

