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Abstract: Much of human interaction is predicated upon our innate capacity to infer the
thoughts, beliefs, emotions, and perspectives of others, in short, to possess a “theory of mind”
(ToM). While the term has evolved considerably since its inception, ToM encompasses our
unique ability to apprehend the mental states of others, enabling us to anticipate and predict
subsequent behavior. From a developmental perspective, ToM has been a topic of keen research
interest, with numerous studies seeking to explicate the origins of this fundamental capacity and
its disruption in developmental disorders such as autism. The study of ToM at the opposite end
of the lifespan, however, is paradoxically new born, emerging as a topic of interest in its own
right comparatively recently. Here, we consider the unique insights afforded by studying ToM
capacity in neurodegenerative disorders. Arguing from a novel, transdiagnostic perspective, we
consider how ToM vulnerability reflects the progressive degradation of neural circuits special-
ized for an array of higher-order cognitive processes. This mechanistic approach enables us to
consider the common and unique neurocognitive mechanisms that underpin ToM dysfunction
across neurodegenerative disorders and for the first time examine its relation to behavioral
disturbances across social, intimate, legal, and criminal settings. As such, we aim to provide a
comprehensive overview of ToM research in neurodegeneration, the resultant challenges for
family members, clinicians, and the legal profession, and future directions worthy of exploration.
Keywords: prefrontal cortex, social cognition, mentalizing, executive function, dementia,
empathy

Introduction

The term “theory of mind” (ToM) was first coined in 1978 to refer to an individual’s
capacity to attribute mental states to oneself and others.! Since then, over 1,450 studies
have been published on this topic, exploring the cognitive and neural mechanisms
that support this capacity and its disruption in clinical populations (Figure 1). The
definition has since been updated to incorporate a broader range of abilities, including
understanding and inferring the thoughts, feelings, beliefs, and intentions of ourselves
(ie, first-person ToM) and others (ie, third-person ToM).? Intuitively, the conceptu-
alization of ToM overlaps with the related construct of empathy, which involves the
basic recognition and understanding of another person’s affective state, in addition
to the sharing of this emotional experience.® The precise manner in which these two
processes are related, however, remains a matter of debate.>* One argument holds that
ToM is a “domain-specific” ability, distinct from other cognitive functions,’ providing
the foundational mechanism upon which other complex social processes, such as
empathy,® are built. By contrast, the “domain-general” theory proposes that ToM

submit your manuscript

Dove

http:

Ly@mo

Neuropsychiatric Disease and Treatment 2019:15 557-573 557
© 2019 Strikvierda-Brown et al.This work is published and licensed by Dove Medical Prss Limited. The full terms of his license are availabl at https://www.dovepress.com/terms.php
o NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/NDT.S158996
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:muireann.irish@sydney.edu.au

Neuropsychiatric Disease and Treatment downloaded from https://www.dovepress.com/ by 129.78.56.164 on 12-Mar-2019

For personal use only.

Strikwerda-Brown et al

Dove

1,500
1,400
1,300
1,200
1,100
1,000
900
800
70
60
500
40
30
20
10

o o

Cumulative number of studies
o O O

o

0 By I e e i w7 ----...llIIIIIIIIII||‘||“

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Year

Figure | The exponential increase in number of published articles on theory of mind since its inception.
Notes: Asterisk (¥) refers to the first appearance of the term “theory of mind”, coined by Premack and Woodruff in 1978." In total, a PubMed search returned 1,454 studies
containing the term “theory of mind” in the title as on November 23, 2018. PubMed search was limited to empirical studies and review papers, published in English, on and

after 1978.

involves the understanding of representations in general,
invoking various component cognitive processes, some of
which are shared with empathy® and other social functions.”
Accordingly, affective ToM (ie, feelings and emotions) is
separable from its cognitive counterpart (ie, thoughts, beliefs,
and intentions).®

As shall be demonstrated, this fractionation between
cognitive and affective ToM has proven particularly useful
in characterizing the nature of social cognitive dysfunction
in neurodegeneration,’ as well as in differentiating between
dementia syndromes.!® Nonetheless, parcellating dynamic
and multifaceted social interactions into exclusive categories
remains challenging,!! as cognitive and affective ToM are
themselves multifaceted constructs, which are not always
uniformly affected in neurodegeneration.'>!* Moreover,
according to the domain-general account, multiple cogni-
tive abilities support ToM capacity, including executive
function,'*!> memory,' language,'” and visuospatial skills,'®
a pertinent issue to consider in the context of neurodegen-
erative disorders characterized by widespread cognitive
impairment. Here, we provide an update on ToM research
in neurodegeneration, considering how large-scale brain
network dysfunction, and resultant cognitive impairment,
impacts cognitive and affective expressions of ToM. In doing
so, we aim to explicate the common and divergent neuro-
cognitive mechanisms that subtend ToM dysfunction across

neurodegenerative disorders and adjudicate between domain-
specific vs domain-general accounts of ToM impairments in
these syndromes.

Why study ToM in neurodegenerative

disorders?

Functional neuroimaging studies in healthy individuals,
complemented by lesion evidence from clinical populations,
have accelerated our understanding of the neural circuitry
supporting ToM performance. In the last decade, however,
we have witnessed a shift from understanding the roles of
localized brain regions to considering interactions between
large-scale neural networks that support complex cognitive
endeavors such as ToM (Figure 2). The study of neurode-
generative disorders offers compelling insights into the neu-
rocognitive architecture of ToM, as these syndromes target
large-scale brain networks implicated in ToM and many of
its associated processes (Figure 3)." Moreover, neurodegen-
erative disorders frequently present with co-occurring social
cognitive, memory, and executive impairments, offering an
opportunity to explore the intersection between ToM and
cognitive function more broadly. In this review, we focus
on the most common neurodegenerative syndromes that
present with early impairments in social cognition, as well
as emerging evidence of ToM dysfunction in syndromes
not traditionally classified as disorders of social cognition.
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Figure 2 A distributed brain network supporting ToM reasoning, highlighting the corresponding putative general cognitive function and ToM-specific roles of each region.
Note: Lighter shades indicate medially located regions, whereas darker shades indicate laterally located regions.

Abbreviations: ACC, anterior cingulate cortex; ATL, anterior temporal lobe; fIN,

TPJ, temporoparietal junction; ToM, theory of mind.

Behavioral-variant of
frontotemporal dementia (bvFTD)

BVFTD represents the prototypical disorder of social cogni-
tion. Characterized by insidious changes in personality and
behavior, patients with bvFTD display flagrant violation of
social norms, lack of social comportment, and apparent loss
of empathy for others.?’ The considerable parallels in social
cognitive difficulties between bvFTD and developmental
disorders, such as autism, provided an early clue that ToM
might be altered in this dementia syndrome (John R Hodges,
personal communication). From a neuroanatomical perspec-
tive, this observation prior to the advent of modern day
neuroimaging techniques was particularly astute, given the
now well-established vulnerability of large-scale networks
specialized for socioemotional processing in bvFTD.?!

The emergence of prominent ToM impairments as
manifested in socially disruptive and inappropriate behaviors
typically heralds the onset of bvFTD.*? Family members
frequently report the affected individual to lack warmth,
have an apparent disregard for others, and to display increas-
ingly rigid and egocentric behavior. Collectively, these
disturbances are posited to reflect a core, syndrome-specific
difficulty in ToM,* which in turn profoundly increases

frontoinsular; mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex;

carer burden.’! The observation of significant cognitive and
affective ToM disruption irrespective of modality of testing
(ie, verbal or nonverbal) points to a primary ToM impair-
ment in bvFTD. The evidence to date corroborates this
position, with bvFTD patients presenting marked deficits
across the broad spectrum of ToM tasks including first-order
(ie, understanding others’ false beliefs about the world)*
and second-order false belief (ie, understanding others’ false
beliefs about a third party’s mental state),’>**-*5 detection of
social faux pas,’**! intention and emotion attribution on short
video vignettes,* and decoding emotion from visual cues
(Reading the Mind in the Eyes Task; RMET).*

Mechanisms of ToM disruption in bvFTD

Arriving at a precise understanding of the cognitive origins
of ToM disruption in bvFTD has proven challenging, in
part due to the widespread nature of cognitive impairment
in this syndrome. As such, ToM impairments may arise
simply as a consequence of global cognitive and executive
dysfunction, rather than a primary socioemotional impair-
ment per se. By this view, bvFTD patients would be pre-
dicted to perform poorly on ToM tasks that demand greater
executive resources. Paradoxically, however, bvFTD patients
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Figure 3 Schematic displaying differential vulnerability of key nodes of the ToM network across neurodegenerative disorders.
Note: Colored regions depict a site of pathological disruption rather than the overall magnitude of atrophy in each syndrome.
Abbreviations: ACC, anterior cingulate cortex; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; ATL, anterior temporal lobe; bvFTD, behavioral variant
of frontotemporal dementia; fIN, frontoinsular; HD, Huntington’s disease; mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex; PD, Parkinson’s disease;

SD, semantic dementia; TP), temporoparietal junction; ToM, theory of mind.

demonstrate deficits on even simple first-order false belief
tasks®? as well as nonverbal ToM tasks with limited cognitive
and executive loading,'® suggesting a fundamental, domain-
specific impairment. Crucially, ToM impairments in bvEFTD
emerge statistically independent of overall cognitive and
executive status when data-driven clustering and prediction
models are employed,'*” suggesting that social cognitive
deficits are dissociable from general cognitive decline in
this syndrome. The observation of significant difficulties on
ToM, but not on related control tasks,?® reinforces the pres-
ence of a core ToM impairment, independent of co-occurring
executive, memory, language, and other general cognitive
deficits in this syndrome.'*?537

Could ToM impairments arise simply as a function of
widespread socioemotional dysfunction characteristic of
the bvFTD syndrome? A recent meta-analysis suggests that
ToM and emotion processing impairments are present to a
commensurate degree.” It is possible that the deterioration
of affective ToM abilities co-occurs with a general decline
in emotion processing in bvFTD,?** reflecting the shared
neural structures implicated in these abilities. Importantly,

however, the presence of early deficits on cognitive, as well
as affective, ToM tasks in bvFTD suggests that emotion
processing is unlikely to entirely account for disrupted ToM
in this syndrome. Other mechanisms, such as an inability to
integrate social and contextual cues, likely also contribute
to ToM dysfunction in bvFTD.* Furthermore, it remains
unclear whether the ToM impairment in bvFTD reflects a
general incapacity to inhibit one’s own mental perspective™
or adopt any perspective beyond the “here and now”,*#
resonating with recent reports of egocentric, rigid behavior,
and environmental dependency in this syndrome.*** As such,
while ToM impairments in bvFTD appear to manifest inde-
pendent of memory and executive functions, the precise
contribution of socioemotional processes remains to be fully
elucidated.

Neuroanatomy of ToM impairments

in bvFTD

A common assumption is that ToM dysfunction in bvFTD
reflects early atrophy to the medial prefrontal cortex
(mPFC), one of the core regions of the ToM brain network
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(Figure 2).2* Indeed, the magnitude of visually rated mPFC
atrophy in bvFTD patients directly correlates with objec-
tive impairments in false belief and faux-pas judgments.*
Reduced gray matter intensity of mPFC and neighboring
prefrontal regions has been linked to performance impair-
ments on the ToM component of the Frith—Happé anima-
tion task.'® Similarly, a reduction in coherent, resting state
mPFC activity has been found to correlate with poorer
performance on emotion attribution tasks employing short
story vignettes.*® Finally, modulative neurostimulation via
transcranial direct current stimulation over the mPFC has
been demonstrated to improve accuracy on cognitive ToM
(measured using intention attribution) tasks in bvFTD,%
suggesting a causal role for this region in ToM performance.

Neurodegenerative disorders, however, rarely target
discrete regions in isolation,*” and progressive neural deg-
radation in bvFTD reveals the importance of regions beyond
the mPFC in modulating ToM performance. Emerging
evidence suggests that in parallel with early atrophy of the
mPFC, anterior cingulate cortices/frontoinsular (ACC/fIN)
regions are particularly vulnerable to functional disruption
and volumetric reduction in this syndrome.*® The impor-
tance of ACC/fIN regions in the context of ToM impair-
ments in bvFTD deserves particular attention (Figure 3).
A prominent hypothesis contends that accumulation of
pathology around the ACC/fIN regions in bvFTD directly
targets a specific population of neurons called von Economo
neurons (VENs). VENs are an evolutionarily specialized set
of cortical neurons suggested to play a critical role in ToM
capacity, possibly through supporting the selection of quick
and intuitive responses during uncertain social situations.*’
Furthermore, the ACC/fIN cortices, along with the mPFC,
are implicated in regulating and selecting context-specific
emotional responses,® and their degradation, in part, may
contribute to co-occurring emotion dysregulation and ToM
impairments in bvFTD. Finally, the ACC/fIN regions
anchor the Salience Network of the brain, proposed to tag
incoming salient information for further processing, thereby
guiding appropriate behavioral and social responses.”!
Degeneration of ACC/fIN regions reduces VEN counts,>
disrupts Salience Network functioning, and is directly
implicated in ToM dysfunction in bvFTD.!¢ Atrophy of
the ACC/fIN cortices in bvFTD is associated with compro-
mised cognitive ToM on the Frith—Happé animations'® and
affective ToM difficulties on emotion attribution tasks.*
Furthermore, lower emotion attribution scores on affective
ToM tasks in bvFTD parametrically relate to reduced con-
nectivity between ACC/fIN, PFC, and temporal cortices, as
demonstrated using resting-state functional connectivity,*

suggesting that alterations in ACC/fIN circuitry disrupt
ToM performance in bvFTD.

Looking beyond the prefrontal cortex

We next consider how damage to regions beyond the pre-
frontal cortex gives rise to ToM dysfunction in bvFTD.
With disease progression, atrophy encroaches into the
anterior and medial temporal lobes most noticeably on the
right-hand side,* including the hippocampus and amyg-
dala,*® parietal cortices including temporoparietal junction
(TPJ), precuneus,” and posterior cingulate cortices (PCC)*
as well as subcortical regions including the thalamus and
caudate nuclei.®® Importantly, atrophy to regions beyond
the prefrontal cortex is associated with ToM dysfunction in
bvFTD. For example, impairments on emotion attribution
and faux-pas tasks in bvFTD have been shown to correlate
with lateral temporal cortex integrity, including the right
anterior temporal lobes (ATLs)**® and superior temporal
cortices,*'¢! as well as medial and lateral parietal regions
such as the TPJ, precuneus,** and PCC.°' Emergent evidence
has further implicated cerebellar degeneration in modulating
aspects of cognitive dysfunction® as well as ToM difficulties
on the Frith—Happé animations task.'® Longitudinal studies
tracking how the evolution of ToM dysfunction in bvFTD
relates to encroachment of pathology in temporoparietal
cortices and the cerebellum are clearly warranted.

Alzheimer’s disease (AD)

At first glance, it seems somewhat counterintuitive to discuss
AD in the context of ToM impairment, given its conception
primarily as an amnestic disorder. Clinically, AD patients are
noted to retain their warmth, affability, and social graces,*%
with social cognitive impairments typically manifesting in
later stages of the disease course.®® As a result, AD patients
were historically included in ToM studies as disease control
groups rather than syndromes of interest. With mounting
evidence of episodic memory impairments in bvFTD,7¢
ToM performance was further suggested to hold high diag-
nostic utility in the discrimination of bvFTD from AD.® The
emerging picture, however, is less clear, with mixed reports
of moderate impairments on social cognitive tasks in AD,
modulated largely by the cognitive demands of the task itself.

Mechanisms of ToM disruption in AD

Two competing hypotheses have been advanced in relation to
ToM disturbances in AD. One position holds that AD patients
display a fundamental, domain-specific ToM impairment,
in light of evidence for a degraded capacity to accurately
infer and attribute beliefs, intentionality, and emotional
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states to characters on some studies of cognitive (eg, false
belief tasks’") and affective (eg, RMET) ToM. Other
findings reveal significant impairments in AD in inferring
mental exchanges of interlocutors from simple conversa-
tional exchanges in vignettes’ as well as in real life.” The
observation that impairment in attributing physical causality
to characters in first-order false belief tasks is independent
of comprehension abilities and executive performance™
has been interpreted as reflecting fundamental cognitive
and affective ToM impairments in AD even on tasks with
relatively low cognitive demand.

On the other hand, a more prominent view holds that
ToM impairments in AD reflect a global decline in cogni-
tive processes including episodic and working memory and
executive function.?*™ In support of this position, general
cognitive, executive, and memory performances in AD
have been shown to predict subsequent ToM capacity.'*7
For example, Ramanan et al** found that between 50% and
70% of cognitive ToM performance in AD (as measured
by the faux-pas test) could be explained by patients’ overall
attention and executive performance. Similarly, Synn et al'
found significant associations between ToM performance on
the Frith—Happé animations and episodic memory retrieval
impairments in AD. Moreover, AD performance on ToM
tasks with low cognitive demands, such as first-order false
belief, is relatively spared in the majority of studies,??347>76
whereas its more cognitively demanding counterpart
(second-order false belief) is impaired.’ Interestingly, AD
patients are impaired even on control items of second-order
false belief tasks’ that rely on working memory and com-
prehension abilities, further suggesting that ToM deficits
in the syndrome arise due to the cognitive complexity of
the tasks.

Although the aforementioned studies suggest that a
decline in executive and memory functions influences ToM
performance in AD, the precise nature of their contributions
remains unclear. These processes may support the integra-
tion and maintenance of relevant information on ToM tasks,
as well as facilitating the inference of mental states in the
presence or absence of situational cues.”””® With disease
progression, increasing executive, visuospatial, and general
cognitive dysfunction likely impact ToM performance,
especially on tasks that tax visuospatial abilities or lack
explicit situational cues.!®” In this regard, the study by Synn
et al'® is notable in demonstrating comparable difficulties
on the ToM and “random movement” conditions of the
Frith—Happé animations task, suggesting that ambiguity of
stimuli and increasingly abstract task demands contribute to

ToM impairments in AD.'® By contrast, with the provision
of situational and social contexts, ToM deficits in AD are
mitigated,” presumably due to attenuation of the execu-
tive and mnemonic task demands. In summary, the bulk of
evidence points to a domain-general impairment in ToM,
attributable to a primary decline in memory, executive, and
general cognitive abilities.

Neuroanatomy of ToM impairments in AD
Efforts to clarify the neuroanatomical signature of ToM
disruption in AD have been limited as social cognitive
impairments emerge relatively late in the disease course.®
Moreover, the diffuse gray and white matter neural damage
at these later stages limits our capacity to attribute emergent
impairments exclusively to the degeneration of the ToM
network. Two recent studies, however, warrant discussion.
First, Le Bouc et al** found ToM performance impairments
on a false belief task in a combined cohort of AD and bvFTD
patients to correlate with hypometabolism of the left TPJ/
inferior parietal cortex; however, the admixture of bvFTD
patients in this analysis precludes any interpretation of these
results as specific to AD. Second, Synn et al'® revealed sig-
nificant associations between impaired overall performance
on the Frith—Happé animations task and reduced gray matter
integrity of the right hippocampus and bilateral cerebellum
in AD. In addition to their key role in the ToM network, the
TPJ, hippocampus, and cerebellum have also been impli-
cated in general cognitive processes such as memory and
executive function (Figure 2). As such, whether the involve-
ment of these regions in ToM impairments in AD reflects a
domain-specific or domain-general process remains unclear.
For example, the TPJ and neighboring parietal regions play
a well-established role in supporting the representation of
mental states,® but are also involved in the integration of
information pertinent to successful semantic® and episodic
memory retrieval.®? Although typically discussed in relation
to episodic memory dysfunction in AD,% the hippocampus
may facilitate ToM by allowing us to draw upon past expe-
riences to anticipate social intentions and reactions®* and
supporting cognitive flexibility by updating our knowledge
of social structure through acquired information.®* Finally,
cerebellar involvement has been reported during ToM tasks
requiring high levels of abstraction, such as thinking about
other’s traits,® yet it is also implicated in executive control
and working memory capacity.®® As such, further research
delineating the precise role of these regions in ToM will
enable us to adjudicate between domain-specific and domain-
general accounts of ToM disruption in AD.
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Amyotrophic lateral sclerosis (ALS)
ALS is a neurodegenerative disease involving the degrada-
tion of motor neurons in the brainstem, spinal cord, and
motor cortex, manifesting in a progressive loss of motor
function. Until recently, ALS was considered primarily a
motor disease, although cognitive and behavioral changes are
now accepted as common features of the condition. While
a proportion of ALS patients will also be diagnosed with
frontotemporal dementia (FTD), up to 50% of the individuals
without dementia®” develop impairments in executive func-
tioning, language, memory, and behavior, leading to the
conceptualization of ALS and FTD as lying on a disease
continuum.®® Accumulating evidence reveals ToM deficits in
ALS, not unlike those found in bvFTD, leading to inclusion of
deficits in “social cognition” in the revised diagnostic criteria
for the ALS-FTD spectrum disorder.® The neuroanatomical
profiles of ALS and FTD, however, are not identical, with
ALS spreading from its origin in the brain stem or spinal cord
into motor cortex and subsequently frontotemporal, anterior
cingulate, and basal ganglia regions.” The cognitive and
neurobiological processes underlying impaired ToM in ALS
are thus unlikely to precisely mirror those implicated in FTD.
ToM impairments have been uncovered across the
majority of tasks in ALS. This incorporates basic affective
ToM tasks, involving the attribution of emotions to char-
acters based on vignettes (emotional attribution tasks)®'-?
or facial expressions (RMET).”* Performance on more
complex measures of cognitive and affective ToM is also
compromised, including false belief tasks,'*** understand-
ing thoughts and feelings of cartoon characters (Happé
cartoons),”* detecting faux pas,’ and attributing intentions
to characters in stories®*?’ (but see Ref. 98). Findings are less
consistent for making social inferences from dynamic videos
(The Awareness of Social Inference Test; TASIT)****'% and
judging others’ preferences based on eye-gaze (Judgment of
Preference task),'>19-19 with intact performance revealed
by some, but not other, studies. On balance, though, ToM
impairments appear relatively pervasive in ALS.

Mechanisms of ToM disruption in ALS

Unsurprisingly, the cognitive mechanisms underlying ToM
impairments in ALS vary according to the task in question.
The so-called “pure” affective tasks (eg, RMET, emotion
attribution) typically do not correlate with executive function
in ALS,’'92% indicating that degraded affective ToM in ALS
arises independently from executive dysfunction. Similarly,
executive function is not associated with performance on
more complex ToM tasks combining affective and cognitive

components, such as faux pas® and intention attribution,”
further suggesting a domain-specific impairment of ToM in
ALS. By contrast, executive functions have been consistently
implicated in performance on false belief"* and the Happé
cartoons® in ALS. This suggests that these latter tasks
impose greater executive demands and as such may be less
sensitive in detecting “pure” ToM impairment independent
of other cognitive confounds. Studies examining the contri-
bution of cognitive processes beyond executive function are
limited; however, preliminary findings hint at a role for verbal
memory and nonabstract reasoning in emotional attribution®!
and semantic naming in Judgment of Preference.!

Neuroanatomy of ToM impairments in ALS
The neural substrates of ToM disruption in ALS appear to be
task dependent. Emotion attribution performance is linked to
gray matter intensity decrease in the ACC/fIN regions,” as
well as reduced resting state functional connectivity between
PCC and mPFC and between left supramarginal gyrus and
right frontoparietal regions.'® As such, impairments in
affective ToM in ALS may result from disruption to a dis-
tributed frontotemporo—parietal network. A separate network,
however, has been implicated in the more complex process
of detecting false beliefs. Poor performance on this task in
ALS is associated with reduced PET glucose consumption
in bilateral dorsomedial and dorsolateral prefrontal cortex
and supplementary motor area,'> potentially reflecting the
executive demands of the test. In addition, in a task-based
fMRI study, poor Judgment of Preference performance in
ALS was related to reduced activation in the right precentral
gyrus extending into the inferior frontal gyrus.'® Intrigu-
ingly, the same study revealed that reduced ToM in ALS
was associated with increased brain activity in the right
postcentral gyrus.'® Increased brain activity on PET imaging
has also been documented in relation to the false belief task
in ALS, with hypermetabolism in the left fusiform gyrus
correlating with reduced performance.” Together, these
findings potentially reflect compensatory activity in the face
of widespread degeneration of the ToM network.

Huntington’s disease (HD)

HD is a dominantly inherited neurodegenerative disease
affecting motor, psychiatric, and cognitive functioning.
Although formal diagnosis of HD is based on the presence
of an extrapyramidal movement disorder, the advent of
genetic testing has permitted assessment of symptoms in
premanifest individuals harboring the CAG-repeat expansion
in the Huntingtin gene, with mounting evidence to suggest
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that cognitive and psychiatric deficits can actually predate
motor symptom onset.'” HD pathology primarily infiltrates
subcortical regions including the striatum, putamen, and
caudate, and related frontostriatal networks, though also
affects amygdala, insula, and thalamus, with extension into
wider cortical areas with disease progression.!® Given this
neuroanatomical signature, it is unsurprising that deficits in
ToM are a cardinal feature of the manifest disease.'””

Mechanisms of ToM disruption in HD

In patients with manifest HD, cognitive and affective ToM
impairments have been documented across the majority
of studies, irrespective of task employed. This includes
basic affective tasks of decoding emotions from visual cues
(RMET), %819 attributing emotions to story characters,'”® as
well as low demand cognitive tasks such as ascribing mental
states to animated shapes (Frith—-Happé animations)''® and
spatial perspective taking.''' More complex measures encom-
passing both cognitive and affective elements are also impaired
in HD, including faux pas detection,''"!'? making social infer-
ences (TASIT),! %13 understanding the thoughts and feelings
of cartoon characters (Happé cartoons),?® and attributing inten-
tions to others.!'*!> Unlike other neurodegenerative disorders,
ToM performance is closely linked to executive function in
HD, with consistent correlations between ToM impairments
and executive function emerging across all the aforementioned
studies. More intriguingly, deficits in intention attribution
were ameliorated when cognitive flexibility impairments were
controlled for.'"* Taken together, these findings suggest that the
pervasive ToM impairments in HD are largely attributable to
executive dysfunction, and as such, domain-general in nature.
One anomaly is the Judgment of Preference task, which does
not correlate with executive function in HD.?*!1¢ Performance
on this measure is not consistently impaired in HD,? suggest-
ing that it may capture slightly different aspects of ToM vs
other tasks. Deficits in ToM have also been documented prior
to motor symptom onset in premanifest HD (ie, individuals
carrying the CAG-repeat expansion in the Huntingtin gene),
specifically on tests of faux pas detection''” and mental state
attribution (Frith—Happé task).'"” Other tasks, including Judg-
ment of Preference''® and RMET,!'® while intact at the whole-
group level in premanifest HD, are positively associated with
time to symptom onset, suggesting that alterations in ToM
ability may be an early feature of the disease.

Neuroanatomy of ToM impairments in HD
To date, no neuroimaging studies to our knowledge have
directly related ToM performance in manifest HD to
underlying brain changes. Based on the progression of

pathology, ToM impairments in manifest HD are speculated
to reflect widespread cortical atrophy of frontoparietal regions
supporting higher-level cognition; a proposal that meshes
well with the executive contribution to these deficits. Evi-
dence from premanifest cases, however, suggests that altera-
tions in functional brain networks likely play a mediating role.
For example, in premanifest HD, reduced task-based func-
tional connectivity between the left amygdala and the right
fusiform face area during viewing of facial expressions was
correlated with poorer attribution of emotions on a separate
measure of RMET.!"® By contrast, a task-based fMRI study
of cognitive ToM, involving the attribution of intentions and
beliefs to cartoon characters, failed to discriminate between
premanifest and control cases on the behavioral level, with no
significant differences in fMRI activation patterns emerging
during task performance.'”” As such, early impairments in
affective ToM in HD may arise due to dysfunction to regions
supporting emotional processing, such as the amygdala, with
more extensive ToM deficits developing across the course of
the disease, as a result of progressive neurodegeneration into
frontoparietal cortices.!”” The genetic nature of this condition
offers a unique opportunity to test this hypothesis, by iden-
tifying individuals in advance of marked cognitive decline
and tracking longitudinal structural and functional network
changes that may give rise to ToM disruption.

Parkinson’s disease (PD)

PD is a progressive extrapyramidal movement disorder,
involving the degeneration of dopaminergic neurons in
substantia nigra, striatum, thalamus, and subthalamic nuclei,
which secondarily affects frontostriatal loops. Although
traditionally conceptualized as a motor disorder, nonmotor
symptoms are common, with the majority (80%) of PD
patients developing mild cognitive impairment followed by
frank dementia.'? The characteristic cognitive complaints in
PD include executive, visuospatial, memory, and processing
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speed impairments,'*! with mounting evidence of significant

social cognitive dysfunction.'?

Mechanisms of ToM disruption in PD

Impairments in ToM are well established in PD, evident across
the majority of tests employed including basic affective tasks
of ascribing emotions to faces on the RMET (eg, reference
123—125 but see reference 18), determining the affective state
of cartoon characters in stories (emotion attribution task),'?
as well as low cognitive demand tasks such as Judgment of
Preference,'>'* and more complex cognitive and affective
measures of false belief'**!3! (but see reference 125), faux
pas detection,'®132133 understanding of nonliteral utterances
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(Advanced Test of Theory of Mind),'?%!** attribution of inten-
tions to characters in comic strips,'?* and other story-based
tasks.!® It has been suggested that ToM impairments in PD
may be at least partly attributable to executive dysfunction.
Significant associations between executive function and
ToM performance in PD have been demonstrated on com-
plex measures combining cognitive and affective elements,
such as faux pas detection,!*>1* Advanced Test of Theory of
Mind,'2¢134 intention attribution,'** and other story tasks.'*’
Mixed findings, however, have been reported on less cogni-
tively demanding tasks, such as Judgment of Preference!?”12
and RMET, 2124128138 with ToM correlating with executive
function only at later disease stages.'**'?7-13 Collectively, this
suggests the presence of an independent, domain-specific
ToM deficit in early stages of PD, with executive dysfunction
playing a modulating role in more complex tasks and with
disease progression. The modality of testing also warrants
consideration given prominent visuospatial impairments in
PD. Although a recent meta-analysis found no evidence for a
disproportionate impairment on visual vs verbal ToM tasks,'?
impaired RMET performance has been associated with poor
visuospatial function'* and reduced nonverbal reasoning'*’ in
PD. Determining the precise role of visuospatial dysfunction
in ToM impairment in PD is required, particularly given the
heavy visual demands of many commonly used measures.

Neuroanatomy of ToM impairments in PD
The prefrontal cortex has long been implicated in ToM dys-
function in PD, given secondary disruption to frontostriatal
loops as a consequence of dopaminergic degeneration.'*!
Indeed, recent studies point to a distributed frontoparietal
network mediating ToM impairments in PD, suggesting
that these deficits reflect damage beyond dopaminergic
pathways.'® Specifically, understanding nonliteral utterances
on the Advanced Test of Theory of Mind is associated with
reduced gray matter volume in lateral frontal and parietal
regions and reduced white matter connectivity in tracts adja-
cent to frontal and parietal regions (eg, superior longitudinal
fasciculus).!® Interestingly, correlations with these gray
and frontal white matter areas are negated when executive
function performance is controlled for, with integrity of
the superior longitudinal fasciculus adjacent to the parietal
lobe remaining significant. These findings further imply a
domain-specific ToM impairment in PD, associated with the
disruption of frontoparietal tracts.

Other neurodegenerative disorders
Comparatively less attention has been paid to ToM impair-
ments in the primary progressive aphasias (eg, semantic

dementia [SD], progressive nonfluent aphasia [PNFA], and
logopenic aphasia [LPA]), Parkinson-related syndromes
(eg, dementia with Lewy Bodies [DLB], progressive supra-
nuclear palsy [PSP], and corticobasal syndrome [CBS]),
and vascular dementia (VD). Emerging evidence, however,
suggests significant ToM deficits across the majority of
these syndromes, reflecting disruption of key nodes of the
canonical ToM network. While current consensus criteria
emphasize aphasia as the most prominent clinical feature,'*?
mounting evidence of social cognitive dysfunction in pri-
mary progressive aphasia suggests that the cognitive profile
extends beyond the domain of language. For example, ToM
impairments have been characterized in SD on cartoon
tasks designed to circumvent the semantic deficits of this
syndrome.®*!%3 Importantly, a recent study revealed that
impaired ToM capacity in SD persisted despite controlling for
overall semantic comprehension, reflecting atrophy in right
anterior temporal cortices, as well as the bilateral amygdala
and temporal poles, left orbitofrontal, and insular cortices.®
Similarly, ToM impairments on RMET in PNFA have been
shown to relate to atrophy in the insula, temporal pole, and
amygdala,'* bilaterally. These studies add to a growing
body of evidence implicating the right temporal lobe in the
origin of social cognitive dysfunction in neurodegenerative
disorders.'*>!4¢ While ToM has not been directly examined in
LPA, early atrophy to the TPJ, along with reports of empathy
loss,'*” converges to suggest that ToM is likely to be affected.

With regard to Parkinson-related syndromes, deficits on
false belief,'*® faux pas,'**1* and RMET"#!% tasks have been
uncovered in DLB. Interestingly, only RMET performance
was correlated with executive function, supported on the
neural level by an association with bilateral superior and
middle frontal gyri atrophy in DLB.!* By contrast, poor
performance on the faux-pas test in DLB correlated with
atrophy to key nodes of the ToM network, including mPFC,
TPJ, precuneus, and insula,'® suggesting that this test may
capture core aspects of ToM impairment in this syndrome.
In PSP, impairments in social inference-making have been
documented on the TASIT, reflecting atrophy in mPFC.!*
Finally, RMET impairments in a single case of CBS have
been posited to reflect mPFC hypometabolism.!! The
status of ToM capacity in VD remains unclear, with intact
comprehension of insincere speech (TASIT),?” but impaired
RMET, faux pas, and false belief performance in a single case
study.'*® These equivocal findings likely reflect the diffuse
neuroanatomical predilection of this disease, which can target
subcortical and/or cortical regions.

Research on ToM remains in its infancy in these disorders,
yet the findings to date converge to suggest transdiagnostic
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alterations in ToM capacity in neurodegeneration. Future
work uncovering the nature and extent of these impairments
in the lesser researched syndromes is essential not only to
validate this hypothesis but also to assist in identifying
and managing these diagnostically challenging syndromes
and providing feedback to clinicians and carers about the
expected deficits. The careful study of ToM disruption in
these syndromes will further refine our understanding of the
neurocognitive architecture of ToM more broadly.

Summary:Toward a refined
understanding of ToM impairment

in neurodegeneration

Taken together, the evidence suggests that ToM impairments,
and their respective neurocognitive mechanisms, vary in a
syndrome-specific manner. Domain-specific impairments in
ToM are present in bvFTD, ALS, and PD, reflecting patho-
logical insult targeting, but not exclusive to, multiple nodes
of the ToM network (Figure 3). These deficits, however,
are exacerbated with encroachment of disease pathology
into brain regions supporting ancillary cognitive processes
implicated in ToM, such as executive function. By contrast,
the bulk of the behavioral evidence in AD points to domain-
general ToM impairments, attributable to disruption of brain
regions supporting memory and executive processes. Finally,
ToM impairments in manifest HD patients are strongly
related to executive dysfunction, suggesting a domain-
general impairment. Findings of amygdala involvement in
ToM dysfunction in premanifest HD, however, raise the
possibility of a domain-specific impairment of affective
ToM in the earliest stages of the disease. Determining how
this variability across syndromes manifests on the behavioral
level is essential to arrive at a comprehensive understand-
ing of ToM and its expression in everyday functioning. For
example, it may be that neurodegenerative disorders with
domain-specific ToM impairments (eg, bvFTD, ALS, PD,
and HD) display significantly greater disruption to real-world
social functioning than those with domain-general deficits
(eg, AD), an issue we tackle in the next section.

Understanding the real-world
impact of ToM disturbances in
neurodegeneration

The literature reviewed thus far highlights ToM disrup-
tion as a potential transdiagnostic feature across neurode-
generative disorders, mediated by common and divergent
neurocognitive mechanisms. The majority of these studies,
however, have employed laboratory-based measures of ToM,

which arguably lack many of the contextual and situational
cues that inform social behavior in the real world. While more
recently developed tasks involving dynamic videos of social
interactions, such as the TASIT," offer improved ecological
validity, the participant nevertheless remains an observer,
rather than an active agent in the social milieu. As such, it
is unclear to what extent ToM performance in the laboratory
reflects real-world social functioning in its many permutations
and settings. A more thorough picture of ToM deficits, and its
resultant impact on interpersonal function, may be gleaned
from carer observations and reports of patients’ behavior in
daily life. This approach reveals syndrome-specific patterns
of social functioning that do not always neatly map onto
ToM performance as assessed formally on experimental
tasks. For example, although significant impairments on
ToM tasks have been documented in AD, such patients are
widely reported to uphold appropriate social functioning, at
least in the mild-to-moderate stages of the disease. In par-
ticular, social graces, interpersonal warmth, and the ability
to form and maintain interpersonal relationships remain
intact in AD,%% as does empathic concern and behavior.'*?
In fact, social-emotional sensitivity may be enhanced with
AD onset, attributable to increased functional connectivity
between the ACC/fIN and striatum.> We suggest that this
discrepancy between compromised task performance and
intact real-world behavior in AD reflects the often ambiguous
and contextually devoid nature of ToM tasks. For example,
many of the tasks in which significant ToM impairments in
AD have been documented rely upon interpretation of decon-
textualized stimuli, such as cartoons or photographs. Social
function, however, hinges upon multifaceted interpersonal
and contextual cues enabling us to interpret and understand
other’s mental states (see also Ref. 79). Individuals with AD
may find abstract tasks of ToM function overly cognitively
demanding,'¢ yet if assessed within familiar and contextually
rich social settings may display appropriate behavior. Our
brief survey of the literature highlights the need for a new
breed of ToM tasks to better capture this dimension of social
cognitive functioning in AD.

Despite limited translation of laboratory-based ToM
studies to daily functioning in AD, emerging evidence
suggests that ToM impairments closely mirror real-world
social dysfunction in other neurodegenerative disorders.
This is exemplified by bvFTD, where carer reports of severe
behavioral disruption in everyday life corroborate the stark
ToM impairments displayed by patients on formal testing.
For example, bvFTD patients are reported to display an array
of inappropriate social behaviors such as loss of empathy,'*?
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reduced tact, and failure to acknowledge the presence of
others.'> Furthermore, ToM deficits on formal measures are
strongly correlated with carer ratings of behavioral distur-
bance in bvFTD,?? suggesting that performance on laboratory
measures accurately captures functionally relevant impair-
ments in this syndrome. We note further parallels between
ToM impairments and carer reports of behavioral dysfunction
in SD. Although typically viewed as a language disorder,
patients with SD can present with a similar profile of social
behavioral disturbances to bvFTD,"* although to a milder
degree. Such disturbances include reduced empathy!*>!%
and increased egocentric behavior manifesting in a failure
to consider other’s viewpoints.'*® In line with their ToM
impairments, reductions in empathy are also reported by
carers across the primary progressive aphasias, namely LPA
and PNFA." Difficulties adopting or considering the mental
state of others in daily life in neurodegenerative disorders
result in profound carer stress and negatively impact the
patient—carer relationship,'*’ underscoring the importance of
studying real-world manifestations of ToM in these patients.
Emerging evidence also suggests an association between
ToM deficits and real-world social functioning in PD, ALS,
and HD. In PD, carer-reported reductions in empathy occur
in parallel with impairments on ToM tasks.!?” Furthermore,
ToM impairments in PD are associated with disturbances in
social behaviour'?” and increased apathy.'?® This relation-
ship between ToM and apathy has also been uncovered in
ALS,""1192 which may reflect reduced motivation for social
engagement in the face of difficulties adopting other’s per-
spectives. The directionality of this relationship, however, is
yet to be explored. In addition, carer reports reveal altered
empathy and impaired social functioning in a subset of ALS
patients,’®!>® although whether this subset overlaps with those
demonstrating ToM deficits remains to be determined. While
the direct link between ToM and social functioning has not
been explored in HD, alterations in social behavior such as
empathy are characteristic of the disease,”” suggesting that
impairments on ToM measures in HD extend to real-world
dysfunction. By contrast, carers of PSP and CBS report intact
empathy in these patients,'* and no study, to our knowledge,
has explored empathic behavior in DLB or VD. Further exami-
nation of the potential relationship between ToM impairment
and social functioning across each condition is critical to
establish the ecological validity of formal ToM measures.

ToM and moral reasoning
Alterations in moral behavior, or transgressions from societal
values about how its members should behave, have been

documented in neurodegenerative disorders. Specifically,
patients with bvFTD and PD have been shown to make
abnormal responses to moral dilemmas, which involve a
choice between two morally conflicting actions'*'% (but
see Ref. 161). Such difficult moral decisions are proposed
to require ToM, as the thoughts and feelings of other people
in the scenario are often considered when choosing how to
respond.” The overlap between ToM and moral reasoning is
supported at the neural level, with mPFC, ACC/fIN, and PCC
implicated across both processes.' !¢ Altered moral reason-
ing in bvFTD correlates with impaired performance on cogni-
tive, but not affective, ToM tasks,'®> and morality and ToM
can also be simultaneously affected in these patients.'*® No
such relationship between ToM and moral reasoning, how-
ever, is apparent in PD.!%%16! Furthermore, despite impaired
ToM performance in AD, moral reasoning appears intact in
this syndrome.'>® As such, the evidence to date suggests that
ToM dysfunction may contribute to altered moral behavior
in some neurodegenerative disorders (ie, bvFTD), potentially
attributable to atrophy in regions such as the mPFC; however,
the extent to which this relationship is present across other
syndromes requires further exploration.

ToM and criminality

Taken to the extreme, impairments in moral reasoning can
translate into real-world transgressions, such as criminal
behavior. Crimes such as theft, violence, hypersexuality,
traffic violations, and even homicide have been reported
in neurodegeneration.'”’ In fact, for some individuals, law-
breaking represents the first-noticed symptom of the disease.
Estimates of criminality range from 37% to 54% in bvFTD
and 4.5% to 12% in AD, as well as 20%-40% in HD.!¢7.168
Despite commonalities in the neural substrates of these pro-
cesses (eg, mPFC, PCC, TPJ),'® no study, to our knowledge,
has explored the relationship between ToM dysfunction
and criminal behavior in neurodegeneration. The nature
of crimes committed in each syndrome, however, suggests
potential syndrome-specific associations between ToM and
criminality. In bvFTD, for example, crimes are often of an
antisocial disinhibited nature, such as harassing strangers,
sexual advances, theft from other’s purses, and urinating in
public.'®” Similarly, in HD, antisocial behaviors of violence
and reckless driving represent the most frequently com-
mitted crimes.'™ The socially disruptive nature of criminal
behavior in bvFTD and HD may reflect an inability to
consider or comprehend how behavior affects others, medi-
ated, in part, by impaired ToM. In AD, however, criminal
behavior is less likely to be of a violent or aggressive nature
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(eg, traffic violations, theft) and potentially attributable to
general cognitive dysfunction, such as forgetting to pay for
items, or failure to notice a stop sign, rather than a genuine
ToM impairment. Given the significant burden criminal-
ity places on patients, families, care facilities, and society
more broadly,'®” improved understanding of how ToM
contributes to this behavior across specific syndromes is
urgently required.

ToM and gullibility

Patients with neurodegenerative disorders are particularly
vulnerable to financial exploitation and abuse, often falling
victim to scams or being easily misled.'”"'7? Avoiding this
kind of deception requires complex social processes,!”
including the advanced ToM function of correctly interpret-
ing the speaker’s intention as insincere.'” The intersecting
network of brain regions implicated across ToM, lie com-
prehension,'” and exploitation risk,'”® namely mPFC, TPJ,
ATL, and cerebellum, suggests a common neural substrate
mediating ToM and the avoidance of deception. bvFTD
patients are widely known to fall victim to scams, make
irrational financial decisions, and engage in excessive
gambling. Their concomitant difficulty in interpreting the
sincerity of speech, related to their broader ToM deficits,”
combined with an inability to incorporate social contextual
information to guide economic decisions,!”” may explain
the high levels of gullibility displayed by bvFTD patients in
daily life.'”#17 Misinterpretation of insincere speech is also
found in AD™ 18 (but see Ref. 27), along with an increas-
ing tendency to believe things that are untrue.'” Financial
exploitation in AD, however, likely reflects episodic memory
dysfunction and overall cognitive decline.'” Collectively,
these findings suggest that ToM underlies gullibility in some
neurodegenerative syndromes, although further research
directly testing this hypothesis is required.

Concluding remarks: beyond

the clinic

Translating converging findings of ToM disruption from
the cognitive neuroscience literature into socially relevant
behaviors such as empathy, morality, criminality, and gull-
ibility is essential to understand the real-world implications
of these impairments and their underlying neurocognitive
mechanisms to inform targeted interventions. In turn, this
enhanced understanding will better equip carers, clinicians,
and the legal system to cope with aberrant socioemotional
behavior, particularly when viewed in light of underlying

neuropathology. Moreover, the study of neurodegenerative
syndromes in which ToM difficulties do not manifest in
disruptive behaviors may offer compelling insights regard-
ing potential protective factors for behavioral change. These
findings have important implications for legal responsibility
in neurodegeneration. In summary, our review highlights how
extensive neural network degeneration can impair under-
standing of the effect of one’s behaviors on other people,
as well as detection of other’s intentions, raising important
questions regarding culpability for criminal activity and
accountability for financial loss in neurodegenerative dis-
orders. Moving forward, increased awareness and further
rigorous investigation of these issues are required to ensure
appropriate ethical treatment, care, and quality of life for
individuals living with neurodegenerative disorders and
their families.
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