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Are There Theory of Mind Regions in the Brain?
A Review of the Neuroimaging Literature
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Abstract: There have been many functional imaging studies of the brain basis of theory of mind (ToM)
skills, but the findings are heterogeneous and implicate anatomical regions as far apart as orbitofrontal
cortex and the inferior parietal lobe. The functional imaging studies are reviewed to determine whether
the diverse findings are due to methodological factors. The studies are considered according to the par-
adigm employed (e.g., stories vs. cartoons and explicit vs. implicit ToM instructions), the mental
state(s) investigated, and the language demands of the tasks. Methodological variability does not seem
to account for the variation in findings, although this conclusion may partly reflect the relatively small
number of studies. Alternatively, several distinct brain regions may be activated during ToM reason-
ing, forming an integrated functional “network.” The imaging findings suggest that there are several
“core” regions in the network—including parts of the prefrontal cortex and superior temporal sulcus—
while several more “peripheral” regions may contribute to ToM reasoning in a manner contingent on

relatively minor aspects of the ToM task. Hum Brain Mapp 30:2313-2335, 2009.
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INTRODUCTION

Theory of Mind (ToM)—the ability to think about men-
tal states, such as thoughts and beliefs, in oneself and
others [Premack and Woodruff, 1978]—underlies social
interaction and allows people to make sense of the behav-
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ior of others. ToM is a complex cognitive function that
requires integration of information from many sources.
Two theories attempt to explain the psychological proc-
esses underlying ToM. The Theory Theory (TT) postulates
that a set of causal laws relating external states, internal
states, and behaviors are used to construct theories about
the mental states of others [Gallese and Goldman, 1998].
The Simulation Theory (ST) suggests that the mental states
of others are simulated using the same mental mechanisms
involved in experiencing each state oneself [Gallese and
Goldman, 1998; Ramnani and Miall, 2004; Williams et al.,
2001]. Furthermore, it has been proposed that the simula-
tion of mental states [Gallese and Goldman, 1998] may be
supported by mirror neurons, which were first identified
in non-human primates [di Pellegrino et al., 1992; Rizzo-
latti et al., 1996]. The theory and simulation theories of
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ToM need not be mutually exclusive: it is plausible that
the more cognitively demanding theory theory may be
adopted when simulation is inappropriate.

As with many cognitive functions, it is likely that ToM
may also have a localized neurobiological basis. On the ba-
sis of data from single neuron recordings in non-human
primates, Brothers [1990] argued that the orbitofrontal cor-
tex (OFC), the superior temporal sulcus (STS), and the
amygdala were dedicated—although not exclusively so—
to primate social cognition, forming a “social brain.” Broth-
ers also suggested that the role of inferotemporal cortical
regions, including the temporal pole, and the cingulate
gyrus should be investigated. Brothers defined social cog-
nition as “the processing of any information which culmi-
nates in the accurate perception of the dispositions and
intentions of other individuals.” This definition is more
straightforward and all-encompassing than the traditional
definition of ToM; moreover, it is limited to the perception
of “dispositions and intentions,” as only these perceptions
are common to both human and non-human primates.
Furthermore, Brothers explicitly incorporated the detection
of eye gaze and affective facial expressions in her defini-
tion. In this review, social cognition is defined as the abil-
ity to understand people’s behavior through the use of
cues such as facial expression, eye gaze, body postures—
including gesture—and social linguistic factors, such as
prosody and the social content of speech. Thus, the current
definition of ToM is encompassed within the term social
cognition, but ToM is considered distinct in that it refers
explicitly to individuals” mental states. Although eye gaze
and facial expression may be used to guide interpersonal
interactions, they do not necessarily involve the considera-
tion of mental states.

The proposal that ToM has a neurobiological basis is
supported by evidence of impaired ToM in individuals
with autism [e.g. Baron-Cohen et al., 1985, 1986, 1999;
Perner et al.,, 1989]. Although autism is a neurodevelop-
mental disorder, there is no neurobiological feature that is
both universal and unique to autism [e.g. Bailey et al,
1998]; consequently, neuroanatomical examination of the
brains of individuals with autism has so far not contrib-
uted significantly to our understanding of the neurobiolog-
ical basis of impaired ToM. Acquired deficits in ToM fol-
lowing brain injury in adulthood have, however, indicated
some regions of the brain that may be involved in ToM
processing. For example, both frontal [Bach et al., 1998;
Channon and Crawford, 2000; Happe et al.,, 2001; Rowe
et al.,, 2001; Shamay-Tsoory et al., 2005; Stone et al., 1998;
Stuss et al, 2001] and amygdalar damage [Shaw et al.,
2004] have been associated with impaired ToM processing.

Many imaging studies of typically developing adults,
employing positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI), have attempted
to identify the neurobiological basis of ToM, but the find-
ings (Table I) are heterogeneous, implicating regions as
anatomically distant as orbitofrontal cortices [e.g. Baron-
Cohen et al., 1994; Kozel et al., 2004] and the inferior parie-

tal lobe [e.g. Fletcher et al., 1995; Gallagher et al., 2000].
Nevertheless, a pattern emerges when activated anatomical
regions are grouped according to proximity (Table II). The
medial prefrontal (mPFC) and orbitofrontal (OFC) region
was implicated in nearly all (93%) studies, leading some
authors to conclude that this region is “critical” for ToM
[e.g. Gallagher et al.,, 2000]. Consistent with Brothers’
notion of a “social brain,” the anterior temporal lobe,—
encompassing the amygdala—and superior temporal
regions were associated with ToM reasoning in 38% and
50% of studies, respectively. In addition, the anterior- and
paracingulate cortices were activated in 55% of studies and
the temporoparietal junction in 58%.

The diverse methodology employed in the ToM imaging
studies raises the question of whether variation in the
regions activated by ToM reasoning is due to task varia-
bles, such as the paradigm, the mental state(s) investi-
gated, and task language demands. We consider each of
these possibilities.

EXPERIMENTAL PARADIGMS

Functional imaging studies' of ToM have used many ex-
perimental paradigms, including the recognition of mental
state terms [e.g. Baron-Cohen et al.,, 1994], stories [e.g.
Fletcher et al., 1995; Vogeley et al., 2001], single-frame car-
toons [e.g. Gallagher et al., 2000], comic strip cartoons [e.g.
Brunet et al.,, 2000; Walter et al.,, 2004], and interactive
games such as stone-paper-scissors [e.g. Gallagher et al.,
2002].

Mental State Terms

The recognition of mental state terms, such as want,
think, and believe was one of the first paradigms used in
imaging studies. In a single photon emission computerized
tomography (SPECT) study, Baron-Cohen et al. [1994]
asked participants to listen to two lists of words and
decide whether each heard word was consistent with the
theme of the list. One list included mostly mental state
terms, whilst the control list contained words referring
mainly to the body. The mental state terms elicited
increased activity in right OFC and decreased activity in
the left frontopolar region compared to the control words.
Nevertheless, the region of interest (ROI) approach to data
analysis included only anterior regions. In an analysis of
whole-brain activity evoked whilst choosing mental state
terms to describe the feelings conveyed by photographs of
the eyes, Baron-Cohen et al. [1999] found activity in left
frontal regions, including the dorsolateral (dl) PFC, medial
frontal cortex (MFC), and supplementary motor area
(SMA). Activity was also reported in bilateral temporopar-
ietal regions, the insula, and left amygdalar, and hippo-
campal regions.

'Unless otherwise stated, studies employed fMRI.

* 2314 ¢



swidrpered y3oq 03 uowrwod payrodar Aoy jeyy
Kyranoe ayy st aray pajiodar Ajanoe pajepI-]NOL oy ‘Appusnbasuod ‘A[ajeredas sysey omy ayy 10y synsar ayy 310dar jou prp Aayy ‘swiSrpered om) papnpur osfe ‘[e 39 ysedeqoy ySnoyy ‘[ S[qeL Ul pue a1dy yjoq Apusd
-puadapur paraprsuod uaaq aAey (£00g) Te 12 UIqqon) pue (000z) ‘e 10 1ydeen £q pafojdure swiSrpered juarajjip om) ayy 10y synsax Ay (2qof [earred romajur 1y ‘snikS rejorredorodurdy ‘(1 ‘snihS rerodwe) apppru
‘DI ‘snif3 rerodwsy totadns /snoms rerodwsy ouadns ‘©JG/SLS X91100 d1eMBUm IOLLIUE ‘DD XS}0D [RIUOIJOIIQIO ‘D ‘eare 1ojowr Arejusuwnddns ‘YIS x91100 Teyuosyard [essye] ‘D] X9110d Tejuosjard erpawa
“DAdIN) 8ejuadiad e se pajrodar pue pajenored sem uordar yoes Sunedridwr SaIpNIs Jo IBQUINU [€30) YL IOPIO [edISO[OUOID Ul ApMns yoea 10j pajiodar are paAIdsqo sem AJIATIOR Paje[aI-]AOL UDTYM Ul suordar ayJ,

I°14
0t

XX X XX <

=<

0T
8

x X XX

98
)

0¢
8

KX KK HKXXXXXXXBQ

X XXX

0C
8

X X XxX%9Q

=<
X X XX XX

KX XX

x X

XXX
=<

14
0L
X

X XXX

<t
9

°14
0t

XXX X XXTR

8¢
<1

XX XX

<

98 0C g€
) 8 it

X

XXX
x X

= X
KX XX X

X

HKEHEEHKHEHKHEHKAEHKAE KKK KKK K XXX XX XXX XXXXXXXSBR

JUDIDJ

(0%) 1®30L

800z ‘@xeg pue Sunox
800T “Te 19 YassI]

800 ‘TRPYMIN

£00T “Te 32 Iounuog
/00T “Te 32 1ysedeqoy|
(V) £00T “Te 12 Tu1qqoD
(S) £00T “Te 10 TUIqqOD
2002 “Te 3@ orepruwerer))
900T “Te 319 TPYMIA
G00T “Te 30 W[[OA

G00T ‘[[PMOJ pue axes
G00T “Te 39 TUOJSOIA!
9S00T “Te 39 [PYATA
©G00T “Te 12 TRYIHIA
G00T ““Te 32 Muoqode[
$00T “Te 19 193epm
$00T “Te 30 Surpry

F00C “Te 39 UoseN

$00T “Te 30 [9Z0Y

qr00T “Te 10 9710
eF00T “Te 19 S9ZAID)
$00Z “Te 319 ueuLon)
€00T “Iysimuey] pue axeg
€00¢ “Te 19 stue

€00Z “Te 12 d8re[e)

200T “Te 39 T_YMA
2002 “Te 30 997

200T “Te 19 19ySe[ren
100z “Te 12 4980

100z “Te 32 @ouadg

100T “Te 32 9qeDdN
000¢ “1014e], pue ySeqqeg
(D) 000T “Te 12 1Y3e[en
(S) 000z “Te 32 12ySefren
0002 “Te 32 1158

000T “Te 30 jounig

6661 “Te 39 uayo)-uoreq
G661 “Te 1 90D

Gh6T “Te 39 IoyYdIa[]

¥661 “Te 39 Usyo)-uoieq

wn[[agaIa))

(£€/9¢)

wIoyIsn,y

e[nsuy

X2}100
reydmoo

eepSAwry  (0%)
1dI

(0¥%/6€)
[aL

(19 (/19
OLN  DIS/SIS

(8¢) sopod
rexodway,

(Te/€0)
O0d

(re/2) (ze/0m)
snaundar] dje[ndumnere]

(ze/¥2)
20V

#va)

X9}10D
JOJOIN

an 9 /9w
Dd0 VINS /SF/¥F)
Ddd’1

(01/6/8)
DddIN

suor3ay

WOL }JO S93E[3.4402 [eanau 3y3 SunessaAul saipnis SuiSew [euoduny wouy s3jnsaJd ay3 jo Adewwuns y °| 379Vv.L



"X9}I0D UM SUOISIATPANS d[qIssod Jo uoneziensia Moj[e 0} 19 dpewr SI UOHIUNSIP 3} ‘x393100 [ejuoxjard [erpaux
oy ungm st ajemBupered rouLjue Y], "Apnis (£00g) ‘e 30 OIeprurerer)) ayj Ul a1sy paungap uordar DJO/DAdIN di ul Ajrande jo aduasqe ay) joN ‘(2qof resarred rorrajur I ‘snikS rexodws) aypprur/snidd [erodursy
touddns ‘O /OIS Xo110d [erodurd) zotadns ‘G1G x93100 dengurd Jorrdysod ‘DD X93100 dendurd IouRjue ‘DY ‘eare tojowr Arejuswd[ddns ‘WIAG X91100 [LJU0IJ0IIGIO DO Xd110d Tejuosjard D) o8ejusdrad e se
passaxdxe uordar remonied yoes Suneoridur sarpnys jo uonodoxd ayg, ‘NOT, JO siseq urerq ayj Jo am3drd juareyod arow e apraoid 0} Arurxord [esrwojeue 0 Surpiodoe a1y padnoid are [ S[qeL Ul pajsI| SUOIdar ureiq ay[,

°14
0t

XX X XX =<

=<

0c €l
8 g

x X XX

0c
8

8¢
€C

HKXXXXK HKHXXXXX XX

xxX X X X

x X XXX

0S
(4
X
X
X

X X XX XX

XK XXX

x X

XK XXX

8¢ 0¥
ST 91
X

x X =<
KX XXX XXXX

<

XXX

RK XX XX

qS
[44

XK XXX x KX XX XXX x XX XX x X

x X

€C
6

XX XX

x

€
48

X

x X

RKXXX X

HKHEHEHEEKHEAHKHIKHKAIKHKAIKHK KK AIKEAKE KK KK KK KK XXX XXX XXXER

JUadId J

(0%) re3oL

8007 “oxeg pue Sunox
800T “Te 39 ossI]

£00C “Te 39 Iowwog
800Z ‘TIRYIIN

£00T “Te 32 Tysedeqoy
(V) £00T “Te 39 Tu1qqos
(S) £00T “Te 12 TUIqqOD
£00T “Te 19 oIeprwerer)
9002 “Te 19 [[PYMNA
G00T “Te 30 W[QA

G00T ‘TPMOJ pue axeg
G00T “Te 3@ TUODSON
dS00Z “Te 32 [RYN
©G00T “Te 12 [PYMIA
G00T “Te 19 Tuoqoder
$00T T 19 Iepm

$00z “Te 32 Surny

$00T “Te 39 UOSey]

$00T “Te 10 [9Z0Y

qp00T “Te 12 SIZID
eFO0T “Te 10 S9ZAID)
00T “Te 19 uewion)
€00T “Ioysimuey] pue axeg
€00T “Te I stuen

€002 “Te 30 a8rere)

200T ““Te 1@ [[PYHIN
2002 “Te 30 997

200T “Te 19 19ySe[en
00T “Te 12 A380A

100 “Te 12 @ouadg

100T “Te 12 2qeDdA
000z “Io[fe], pue ySeqqes
(D) 000 “Te 32 19YSeen
(S) 000z “Te 32 1YSe[eD
0002 “Te 32 T[eIse)

000T “Te 39 Jounig

6661 “Te 39 Usyo)-uoieq
G661 “Te 19 [20D

G661 “Te 19 YD

¥661 “Te 19 uayo)-uoreq

wmnPgaIa))

WLIOJISTL] ensuy

X93100
rendpoo

(1d1 sepnpoum)
uonoun(
resorred-orodura [,

(DLN/DLS) x23100 qo]

Surpunoxrims
pue SIS

rexodway
IOLIDIUY

DDd pue
SNauNdalJ

aremBum-ered
pue DOV

X9}10D
I0j0W
pue VIAS

odd
Texae|

240 pue
odd
[eTPaIN

fywixoud fesiwojeue

03 S8uip1025e padnousd Kol Jo sajeja440d [eanau 3y3 SunesiasaAul saipnys SuiSew [euoiIduUNy WO S3NSaJ Y3 jo Arewwns y |l 319V.L



¢ Theory of Mind in the Brain ¢

Mason et al. [2004] also adopted a word-recognition
approach but paired a target word (“human” or “dog”)
with a subsequent action word and asked participants
whether the action word could be used to describe the tar-
get. Some actions were specific to either humans (e.g. talk)
or dogs (e.g. bark), whilst others were not species-specific
(e.g. walk and run). Mason et al. hypothesized that only
actions associated with humans would automatically evoke
attribution of mental states Indeed, Mason et al. found that
the action words associated with humans evoked signifi-
cant activations in the middle and medial frontal gyri, and
in the right anterior cingulate cortex (ACC), compared
with the words associated with dogs. Mitchell et al.
[2005a] used similar target-adjective pairings, but rather
than assuming that action words would elicit mental state
attributions, the authors presented “psychological-state”
words characteristic of both humans and dogs (e.g. “curi-
ous,” “energetic”). Additional control conditions included
the presentation of “body-part” words applicable to both
humans and dogs, “abstract” words that were not particu-
larly good descriptors for either target, and “object-part”
words. Psychological-state judgments for both species eli-
cited greater activity in the right dorsomedial (dm) PFC
than judgments about body parts, indicating that activa-
tion of this region during mental state attribution is not
confined to conspecifics.” Although the apparent species-
specific activity evoked by action words [Mason et al,
2004] compared with the lack of specificity associated with
mental state words [Mitchell et al., 2005a] appears counter-
intuitive, the general tendency to anthropomorphize ani-
mals is probably associated with the attribution of
“human” mental states to other species. Furthermore,
Mason et al. argued that only human action descriptions
would evoke the attribution of mental states, which would
explain the species-specific patterns of activity. Despite the
relative simplicity and similarity of these four paradigms,
the only brain regions consistently associated with ToM
were the medial prefrontal and orbitofrontal regions.

Simple Questions

The presentation of simple questions has also been used
to investigate ToM, particularly, with respect to active
deception, which requires consideration of others” knowl-
edge and beliefs to mislead them. Comparison of the activ-
ity evoked by participants answering the same questions
both truthfully and falsely, implicated several regions
including the medial/orbital [Ganis et al., 2003; Kozel et al.,
2004; Lee et al., 2002; Spence et al., 2001] and lateral [Lee
et al., 2002; Spence et al., 2001] prefrontal regions, the cingu-
late cortex [Kozel et al., 2004; Lee et al., 2002; Spence et al.,

2An earlier study of the neural substrates associated with person
and object knowledge that used similar target-adjective pairings,
[Mitchell et al., 2002] demonstrated that the brain regions associ-
ated with ToM in the studies discussed above were distinct from
the regions associated with object knowledge.

2001], and the fusiform gyrus [Ganis et al., 2003], but only
the mPFC/OFC region was activated in all four studies.

Stories

A paradigm commonly used to investigate ToM is based
on the three categories of prose passages devised by
Happé [1994] and adapted by Fletcher et al. [1995]: ToM,
physical causality, and unlinked sentences. The only differ-
ence between the ToM and physical story conditions is the
need to attribute mental states. Passages of unlinked sen-
tences control for the integration of information for story
comprehension. In the critical comparison of the ToM and
physical story conditions, Fletcher et al. reported ToM-
related activity in the left MFG, the ACC, posterior cingu-
late cortex (PCC), and the right IPL with only the left MFG
responding exclusively during the ToM condition. Simi-
larly, using adapted versions of Happé’s stories, Gallagher
et al. [2000] and Gobbini et al. [2007] reported ToM-related
activity in the mPFC, as well as in the temporal poles and
temporoparietal cortex. Gobbini et al. reported additional
activity in both anterior and posterior regions of the cingu-
late gyrus bilaterally. Vogeley et al. [2001] observed a
slightly more posterior focus of ToM-related activity, in
the ACC, although activation did extend anteriorly into
the mPFC. Vogeley et al. presented Happé’s original sto-
ries and added a condition that required participants to
imagine themselves in the context of the story. The attribu-
tion of mental states to oneself is inherent in Premack and
Woodruff’s definition of ToM but is investigated less fre-
quently than the attribution of mental states to others. As
well as activating the ACC, the “self” condition also
evoked activity in the right TPJ] and medial regions of the
superior parietal lobe (SPL). The authors concluded that
while the ACC was the agent-independent “cerebral
implementation” of ToM capacity, additional, differentia-
ble brain regions were associated with the attribution of
mental states to oneself.

Saxe and Kanwisher [2003] devised four novel categories
of stories, false belief, human action, non-human infer-
ences, and mechanical inferences. Only the first two condi-
tions required ToM reasoning and these conditions elicited
greater activity in the anterior STS, precuneus, and bilater-
ally in the TPJ; the anterior STS and the TPJ were also acti-
vated in a condition assessing the participant’s under-
standing of the protagonist’s desire. In a second experi-
ment with full-brain coverage, the authors demonstrated
that compared with a false photograph control story,” false
belief stories elicited activity in the right medial superior
frontal gyrus and in the frontal pole [Saxe and Kanwisher,
2003]. The latter findings extended an earlier event-related
potential (ERP) electrophysiology study, which implicated
the left frontal lobe in a comparison of false belief and
false photograph stories [Sabbagh and Taylor, 2000]. Con-
sistent with Saxe and Kanwisher [2003], Saxe and Powell

*Based on the task devised by Zaitchik [1990].
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[2006], Mitchell [2007] and Young and Saxe [2008] all
reported significantly greater activity in several brain
regions, including the TPJ bilaterally and regions bilater-
ally within the mPFC, for false belief stories compared
with false photograph stories. Saxe and Powell [2006] then
devised three new categories of stories to probe these
regions of interest: (1) Appearance stories described the
protagonist’s physical and social appearance with no spe-
cific reference to internal states; (2) Bodily-sensation stories
referred only to physical internal states and experiences,
which the authors argued elicited only components of
ToM thought to develop at a relatively young age, such as
goals, perceptions, and feelings; (3) Thought stories briefly
described a protagonist’s beliefs and reasoning, which the
authors argued required more sophisticated and arguably
later-developing components of ToM. The thought stories
evoked significantly increased activity bilaterally in the
TP] compared with the other two categories. The right
supramarginal gyrus, cingulate cortex, and cerebellum
were more active during the bodily-sensation stories com-
pared with appearance stories, implicating these regions in
the earlier-developing components of ToM. Nevertheless,
the activity in the prefrontal regions identified by contrast-
ing false belief and false photograph stories did not differ-
entiate between the three conditions. Given that even the
appearance stories had a social element, Saxe and Powell
suggested that the mPFC may play a general role in the
representation of socially relevant information about
others, which might account for the consistent activation
of the mPFC across the different studies.

Static Images

Several pictorial paradigms have been developed to
investigate ToM. Gallagher et al. [2000] presented partici-
pants with both the stories described above, and single-
frame cartoons belonging to the same three categories.
Some of the cartoons required comprehension of the char-
acters’ mental states, whilst others did not, and some car-
toons were simply “jumbled pictures,” the pictorial equiv-
alent of unlinked sentences. Compared with the control
conditions, ToM cartoons elicited activity bilaterally in the
mPFC, and in the right TPJ, precuneus and fusiform gyrus.
An interaction analysis of condition (ToM vs. non-ToM) by
task (stories or cartoons) revealed modality-independent
ToM-related activity in bilateral mPFC only.

Kobayashi et al. [2007]* conducted an investigation of
modality-related ToM (stories versus cartoons) similar to
that of Gallagher et al. [2000], although the two studies dif-
fered in several ways. Firstly, Kobayashi et al. presented

*The sample in this study included both adults and children, as
one aim of the study was to determine age-related differences in
the neural correlates of ToM. Developmental changes in the neural
substrates of ToM are not considered in this review, and results
reported in this article are those that were found to remain con-
stant across the two age groups.

five-frame cartoons depicting a sequence of events, rather
than the single-frame cartoons used by Gallagher et al.
Secondly, Kobayashi et al. presented both the stories and
cartoons serially, either frame-by-frame or sentence-by-sen-
tence, which was a mnemonically more demanding task
than single-frame presentation. Thirdly, Kobayashi et al.
focused on second-order false beliefs, whilst Gallagher at
al. did not investigate one specific mental state. To repre-
sent second-order false beliefs pictorially, Kobayashi et al.
illustrated the thought bubble of one person encompassing
the thought bubble of a second person, adding complexity
to the cartoon stimuli. Finally, only Kobayashi et al.
directly compared the activity evoked by the ToM stories
and cartoons. Interestingly, Kobayashi et al. failed to repli-
cate Gallagher et al.’s finding that the mPFC was the only
region uniquely associated with ToM reasoning; rather
they observed modality-independent activity more dorso-
laterally (dl) in the PFC, as well as in several more poste-
rior regions, including the right IPL and bilateral TP]. Fur-
thermore, an ROI analysis of the Kobayashi data revealed
that only activity in the bilateral TPJ and right IPL was
specific for ToM compared with both the non-ToM and
baseline conditions in both modalities. Kobayashi et al.
suggested that the dIPFC activity in the ToM conditions
may have reflected the additional inhibitory control
demanded by the attribution of second-order false beliefs.
These results, therefore, support previous suggestions that
the TP] may play a more central role in ToM than the
mPFC [e.g. Saxe and Kanwisher, 2003; Saxe and Powell,
2006; Saxe and Wexler, 2005].

A sequence of cartoons illustrating true and false beliefs
was also presented by Sommer et al. [2007]. The cartoon
sequences followed the Sally-Ann format [Baron-Cohen
et al., 1985] in which a change in the location of an object
is made either with (true belief) or without (false belief)
the critical protagonist’s awareness. False belief cartoons
evoked more activity than true belief cartoons in several
regions, including the dorsal ACC, the PFC, and the right
TPJ. The authors proposed non-ToM roles for both the
ACC and PFC, suggesting that the TP] was the only region
specifically associated with ToM. Nevertheless, activation
of the TPJ] was not associated specifically with true belief
or with both belief conditions combined. Sommer et al.
suggested a more exclusive role for the TP] when partici-
pants had to “decouple” their representation of the protag-
onist’s beliefs from reality. Given that true beliefs do not
contrast with reality, the lack of TPJ activity in this condi-
tion is understandable. Furthermore, Sommer et al. sug-
gested that true belief scenarios could be resolved without
mental state attribution, simply through the representation
of reality. As such, it is perhaps unsurprising that the one
region Sommer et al. implicated in ToM reasoning was not
associated with the representation of true belief. Lissek
et al. [2008] also presented participants with series of car-
toons depicting interactions between characters. Partici-
pants were specifically asked to attribute both beliefs and
intentions to the characters, and activity was contrasted
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with conditions in which participants were asked about
physical properties of the same series of cartoons that had
been jumbled. Compared with the non-ToM condition,
ToM sequences evoked activity in superior, inferior, and
medial regions of the PFC, the ACC, TP], precuneus, and
the insula.

A different pictorial paradigm eliciting ToM reasoning is
the comic strip task [Brunet et al., 2000; Ciaramidaro et al.,
2007; Vollm et al., 2006; Walter et al., 2004]. Three-frame
cartoons depicting a short sequence of events are followed
by three single frames illustrating alternative endings to
the sequence; participants have to choose which single
frame illustrates the most appropriate ending.” The comic
strips fall into three conditions: one designed to evoke the
attribution of intentions to the character, and two condi-
tions depicting sequences of physical causality, one with
and one without characters. Using these comic strip stim-
uli, Brunet et al. [2000] demonstrated that the attribution
of intentions condition elicited activity in medial and infe-
rior areas of the right PFC—including the ACC—anterior
temporal regions bilaterally, and the left cerebellum when
compared with both physical causality conditions. These
findings were partially replicated in a study using the
same cartoons for the intentions condition, an additional
ToM condition,® but only some of the original physical
causality cartoons [Vollm et al., 2006]. Compared with the
physical causality condition, the ToM comic strips evoked
increased activity in medial prefrontal and orbitofrontal
regions, the TPJ], and the temporal cortex.

Walter et al. [2004] presented participants with comic
strips involving more than one character and thus could
distinguish between private intentions with one charac-
ter—equivalent to the ToM conditions in the studies by
Brunet et al. and Vollm et al.—private intentions with two
characters, and communicative intentions. Although Wal-
ter et al. reported activity in “typical” ToM regions for
strips involving private intentions, they concluded that the
paracingulate cortex was selectively engaged when proc-
essing mental states, specifically intentions, associated with
social interactions between several characters. Ciaramidaro
et al. [2007] developed comic strip cartoons portraying pri-
vate intentions; intentions with the potential to be shared
and, therefore, social; and communicative intentions,
which were both social and shared between two or more
characters. In comparison with private intentions, both
social intention conditions activated the anterior paracin-
gulate. Thus, Ciaramidaro et al. extended the findings of
Walter et al. by demonstrating that the paracingulate cor-
tex was activated by intentions that were only potentially
social. Both Walter et al. and Ciaramidaro et al. argued
that their results were indicative of specialization within

*Unlike the multi-frame cartoons used by Kobayashi et al. [2007]
and Sommers et al. [2007], all three frames of these stimuli were
presented simultaneously.

SThis additional condition is discussed in more detail below.

the neural system underlying ToM. Hence, several studies
[Ciaramidaro et al., 2007, Sommer et al., 2007, Walter et al.,
2004] suggest that subsets of ToM regions may subsume
different aspects of ToM.

Goel et al. [1995] investigated whether a historical figure
would have known the function of photographed objects
presented to participants during PET imaging. Compared
with more simple, nonmentalistic inferences, these ToM
judgments evoked distributed activation that included pre-
frontal and temporal regions, although only the left orbito-
medial frontal region was exclusively associated with
ToM. Mitchell et al. [2005b] presented photographs of faces
during fMRI and asked participants either how happy the
person had been to be photographed (the ToM task), and/
or how symmetrical the face was (the non-ToM task).
Compared with judgments of symmetry, the ToM task
was associated with increased activity bilaterally in the
dmPFC and TPJ, in the right STS, and the left amygdala.
Mitchell et al. extended these findings by demonstrating
that the extent to which participants judged each face to
be similar to their own was negatively correlated with ac-
tivity in the dmPFC and positively correlated with activity
in the vmPFC, implying a dissociation of ToM function
within the mPFC. The authors suggested that vmPFC may
support the attribution of mental states of similar others
through the simulation of those mental states in oneself
(Simulation Theory). By contrast, more dorsomedial pre-
frontal regions may support ToM reasoning when simula-
tion is inappropriate, i.e. for dissimilar others (theory
theory). Mitchell et al. [2006] further investigated ToM rea-
soning for similar and dissimilar others by pairing photo-
graphs of two “target” faces with a description of their po-
litical, religious, and social views. One target held views
that were similar to those of the participant; the other had
dissimilar views. During scanning, participants were asked
to indicate on a four-point scale, the likelihood that the tar-
get presented would agree with opinion-related questions.
Consistent with the suggested simulation role for the
vmPFC [Mitchell et al., 2002], activity in this region was
greater when participants made judgments for the similar
target than for the dissimilar target. This pattern of activa-
tion was also seen in other frontal regions, including the
cingulate, and bilaterally in the occipital cortex. Only the
dmPFC, however, was more active during judgments
about the dissimilar target, consistent with the idea of
functional dissociation within the mPFC” [Mitchell et al.,
2005b].

In summary, Mitchell et al., [2005b, 2006] argued that
ventromedial prefrontal regions are recruited for simula-
tion of the mental states of similar others, but that more
dorsomedial regions are recruited when simulation is inap-

It should be noted, however, that the neural mechanism proposed
to underlie the simulation of mental states has traditionally been
associated with more lateral regions of the frontal cortex [e.g.
Ehrsson et al., 2000; Iacoboni et al., 1999; Krams et al., 1998].

¢ 2319



¢ Carrington and Bailey ¢

propriate and more complex mental state reasoning (such
as the construction of theories—Theory Theory) must be
implemented. Although it has been suggested that mirror
neurons (MNs) mediate the simulation of mental states
[Gallese and Goldman, 1998], the proposed ventral locus is
inconsistent with reports of MN-like properties in more
lateral regions of the frontal cortex [Ehrsson et al., 2000;
Tacoboni et al., 1999; Krams et al., 1998]. The simulation
proposal of Mitchell et al. in fact arises from previous
reports of vmPFC involvement in self-referential thinking
when reporting one’s own “internal” states [Kelley et al.,
2002; Macrae et al., 2004] or when adopting a first-person
perspective [Vogeley et al., 2001]. Nevertheless, self-refer-
ential thinking should not be confused with simulation. It
is possible that the differing activations associated with
thinking about similar and dissimilar others may be due to
a “like me” mental comparison, rather than simulation.
Such a comparison would be more appropriate for similar
than dissimilar others, and could, therefore account for the
differences in activation reported by Mitchell et al. Fur-
thermore, reports of ToM-related activity in the vmPFC in
other studies using different paradigms [e.g. Gallagher
et al., 2000, 2002; Vogeley et al., 2001] would not be incon-
sistent with this idea, as a “like me” comparison could
potentially occur in any social situation. Thus, although
the functional dissociation within the mPFC lends support
to the idea of distinct subsets within a group of anatomical
regions underlying ToM function, it does not appear that
different ToM paradigms are associated with activation of
distinct subsets of regions.

Animations and Videos

Some researchers have used animations to investigate
ToM. Mosconi et al. [2005] showed 7- to 10-year-old chil-
dren videos of animated characters who shifted their gaze
either toward (congruent) or away from (incongruent) a
flashing checkerboard presented in the periphery of the
child’s visual field. The authors predicted that the incon-
gruent condition would evoke activity in regions of the
brain associated with ToM, as this gaze shift should violate
participants’ expectations about the character’s intentions.
Increased activation was found in the posterior STS, the
middle temporal gyrus (MTG), and the IPL of the right
hemisphere for incongruent compared with congruent
shifts of eye gaze. The Mosconi et al. study is one of only
three reviewed studies that did not report activity in the
mPFC/OFC region (Table II). Perceiving direction of eye
gaze is central to the development of joint attention behav-
iors that are precursors of ToM [Baron-Cohen, 1995;
Wicker et al., 1998]. Nevertheless, if the incongruent gaze
condition involved a violation of expectation, then expecta-
tions about the character’s intentions must also have been
formed in the congruent conditions. Thus, although the
increased mPFC/OFC activity in incongruent trials may be
due to the greater processing demanded by violation of ex-

pectation, the lack of activity in the critical contrast may be
because both conditions required mental state reasoning.
Castelli et al. [2000] developed a novel task, based on
the silent animations of Heider and Simmel [1944], to en-
courage attribution of mental states to the kinematic prop-
erties of simple shapes. Participants observed animations
of two triangles engaged in three types of interactions. The
ToM condition involved interactions implying complex
mental states, such as one triangle mocking or surprising
the other. In goal-directed interactions, the purposeful
actions of one shape determined the actions of the other.
In the random motion condition, the shapes moved around
the screen independently of each other and without inter-
acting. Consistent with the studies reviewed above, the
ToM animations evoked significantly greater activity in the
mPFC, TPJ, temporal poles, and lateral superior occipital
regions® than the control conditions. Using the same ani-
mations, Gobbini et al. [2007] contrasted activity evoked
by the social animations with that evoked by the random
motion animations. Consistent with Castelli et al. [2000],
activity was seen in medial prefrontal regions, specifically
the right anterior paracingulate cortex, and the temporal
poles bilaterally. The contrast also revealed bilateral activ-
ity in the posterior STS and TPJ, as defined in this review.
Activity did not extend into the more posterior portion of
the TPJ reported by Castelli et al. [2000]. Gobbini et al.
suggested that the animations could be understood in
terms of the underlying goals of the action; that is, they
distinguished between the intentions of an action and
more abstract intentions, which they suggested would be
represented by the pSTS and TPJ, respectively. Further-
more, Gobbini et al. proposed that the absence of activity
in the TPJ indicated that the animations could be under-
stood only in terms of the action goals, with relatively little
reference to more abstract intentions.” The discrepancy
between the patterns of activity reported by Castelli et al.
and Gobbini et al. may simply be due to the definitions of
the pSTS and TPJ employed by the two studies; given that
the two studies employed the same task, it is unlikely that
they tapped different mental states. The significance of the
definition and size of brain regions is discussed below.
Videos of human actors have also been used to elicit
mental state reasoning during functional neuroimaging.

SCastelli et al. suggested, however, that this task specific activation
of superior lateral occipital regions may have reflected differences
in local vs. global processing elicited by the different conditions
rather than ToM per se.

It should be noted, however, that the descriptions of the anima-
tions reported by Castelli et al. [2000] referred to abstract mental
states such as “want” and “pretend.” Consistent with these behav-
ioral findings, Gobbini et al. [2007] reported activity in the anterior
paracingulate region of the mPFC during observation of the social
animations; because this region has been associated with ToM
using other paradigms, it could be argued that the animations
may have elicited more abstract mental state reasoning.
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German et al. [2004] presented short videos of actors either
performing or pretending to perform simple everyday
actions such as reaching for a book. Half the videos were
interrupted with a blue screen before completion of the
action. Participants were asked to indicate whether each
video was complete: judgments that were unrelated to
mental states. German et al. hypothesized that observation
of pretence would elicit more mental state attribution than
viewing performance of the same actions, even when there
was no instruction to attend to mental states. Consistent
with this hypothesis, the observation of pretence evoked
activity in several frontal regions previously implicated in
ToM, including both medial and lateral PFC and the ACC,
in addition to the posterior middle and superior temporal
gyri, the fusiform gyrus, and the amygdala.

To investigate the brain basis of ToM, Iacoboni et al.
[2005] presented three types of video clip: simple actions
with no context or easily inferable intention, actions within
context that facilitated the inference of intention (e.g. clean-
ing up or drinking), and clips displaying only the context
with no action. Contrasting the intentions condition with
simple actions revealed increased activity in the dorsal
pars opercularis region of the right inferior frontal cortex
that could not be attributed to the presence of objects in
the videos. As the dorsal pars opercularis has been identi-
fied as exhibiting “mirror” properties [e.g. Ehrsson et al.,
2000; Tacoboni et al., 1999; Koski et al., 2003; Krams et al.,
1998], the authors proposed a role for mirror neurons in
the attribution of intentions as well as in action recogni-
tion. The activity reported by Iacoboni et al. [2005] could
be interpreted as supporting the simulation theory of ToM,
but there is a distinction between the simulation of mental
states, proposed by the simulation theory of ToM, and the
simulation of motor actions. Although Iacoboni et al. sug-
gested that mirror neurons may be involved in coding
motor intentions—i.e. the intention or goal of an action—
they did not suggest that mirror neurons code more
abstract intentions."’ Indeed, the study by Iacoboni et al. is
the second reviewed study that did not report ToM-related
activity in the mPFC, which would be understandable if
the intentions represented in this study were simply motor
intentions.

Grezes et al. [2004b] presented videos of actors carrying
boxes of known weight. In some videos, however, the
actors had been misinformed about the weight of
the boxes that they went to pick up, i.e. they had a false
belief/expectation. Participants were asked to indicate
whether they believed the actor had been correctly
informed about the weight of the box ie. whether they
had a true or false belief. Compared with true belief, the
attribution of false belief evoked significantly greater activ-
ity in inferior frontal regions, including the anterior para-

1°Although others have suggested that mirror neurons are
involved in the coding of abstract mental states [e.g. Gallese and
Goldman, 1998].

cingulate and dorsomedial regions, the STS, and the left
cerebellum. Grézes et al. did not report a contrast between
the judgments of true belief and the null events used as a
control, so no conclusions could be drawn regarding the
neural underpinnings of true belief attribution. The
authors argued that violation of expectations about the
actors’” movements in the false belief trials required partici-
pants to update their representations of the actors” mental
states, thus inducing additional ToM related activity.
Using similar video clips, Grezes et al. [2004a] asked par-
ticipants whether the actor was actively attempting to
deceive the viewer about the weight of the box. Consistent
with previously discussed studies of ToM [e.g. Baron-
Cohen et al, 1999; German et al., 2004], activity in the
ACC and amygdala was significantly increased when par-
ticipants judged that they were being deceived. In both
studies, it is possible that judgments were based on the na-
ture of the actor’s movements. Indeed, consistent with the
functional dissociation between the TP] and pSTS pro-
posed by Gobbini et al., both studies reported activity in
the pSTS rather than the TPJ. Nevertheless, participants
were explicitly asked about the characters” mental states in
each study. Furthermore, activation of regions such as the
mPFC and ACC, which have both been associated with
ToM using other paradigms, suggests that the tasks did
elicit at least some more complex mental state reasoning.

Although the reviewed studies have used different para-
digms, ToM-related activity has been reported relatively
consistently in several regions, particularly the medial pre-
frontal cortex (mPFC) and the temporoparietal junction
(TPJ). Nevertheless, there is some variation in the patterns
of evoked activity and also evidence that there may be at
least partially dissociable subsets of regions, for example,
for the representation of the mental states of similar and
dissimilar others. However there do not appear to be any
differences in findings that are consistently related to the
paradigm employed.

Interactive Paradigms

Paradigms that directly involve participants are most
likely to activate the ToM processes involved in real-life
social interactions. Calarge et al. [2003] asked participants
in a PET study to invent and say aloud stories describing
imaginary encounters with strangers. The authors sug-
gested that this task required participants to place them-
selves in scenarios requiring mental state attribution. By
comparison with a control condition, in which participants
read aloud stories requiring no mental state attribution,
the ToM task evoked activity in left medial, superior and
inferior frontal regions, the anterior, para-, and retrocingu-
late—extending bilaterally,—the angular gyrus, temporal
pole, and the right cerebellum. Although these findings
are consistent with other studies, the adequacy of the con-
trol condition is questionable. First, although the instruc-
tions for both tasks were written, only the control condi-
tion required participants to read throughout the task.
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Additionally, the control condition was less demanding
and engaging than the ToM condition, as participants
were not required to “invent” a story. Furthermore, the
generation of a coherent narrative would involve executive
functioning not required by passive reading during the
control task. Indeed, the authors suggested that activation
in the angular gyrus and anterior temporal pole may have
reflected the language and memory retrieval components
of the ToM task.

A number of studies have addressed the issue of partici-
pants” “removal” from more traditional ToM scenarios by
developing tasks in which participants directly interact
with another “person.” Interaction with others is the usual
situation in which mental states are attributed naturally;
successful social interactions rely on these processes occur-
ring rapidly and “on-line.” To assess this naturalistic form
of ToM reasoning, McCabe et al. [2001] scanned partici-
pants whilst they played two-person decision-making
games in which they could either cooperate or compete
with human or computer opponents. Participants knew
whether their opponent was human or computer, and
were told that the computer would follow a fixed probabil-
istic strategy. Furthermore, the computer’s “moves” were
played immediately to minimize the participants’ tendency
to attribute mental states to the computer. Participants
who cooperated with their opponent demonstrated
increased activity in the mPFC when playing against a
human compared with the computer, a differentiation that
was not seen when participants did not cooperate with
their opponent. McCabe et al. suggested that while cooper-
ation required the evaluation of an opponent’s mental
states, noncooperation may have reflected a tendency to
follow a rule-of-thumb strategy for both the computer and
human opponents, negating the ToM component of the
games.

Gallagher et al. [2002] used a computerized version of
the stone-paper-scissors game to investigate on-line ToM
reasoning. Participants played against three different
“opponents”: a “human” competitor, a computer following
a simple rule, and a computer making random choices.
Because the “opponent” was always a computer, the only
difference between the conditions was the intentional
stance adopted by the participants, i.e. whether or not
opponents were conceived of as being intentional agents in
possession of a ToM. Compared with both the rule-solving
and random computer conditions, the “person” condition
evoked activity in several frontal regions, including the an-
terior paracingulate. Rilling et al. [2004] also identified ac-
tivity in the anterior paracingulate in a study in which par-
ticipants played interactive games requiring the assess-
ment of cooperative intent in ones partner. The study also
highlighted the involvement of the TP] region of the STS.

Explicit Versus Implict Task Instructions

Whether or not participants are explicitly asked to
attend to others’ mental states might affect which cognitive

strategies are used and thus which regions of the brain are
activated. It is generally assumed that ToM is an automatic
ability and that explicit instructions are not needed to
evoke mental state reasoning. Only one behavioral study,
however, has specifically tested whether ToM is an auto-
matic process. Apperly et al. [2006] presented participants
with videos of a changed-location false belief task, similar
in principal to the Sally-Ann false belief task [Baron-Cohen
et al., 1985]. Apperly et al. asked participants to monitor
either the location of the object (the reality condition), or to
keep track of where the woman thought the object was
(the belief condition). In both conditions, participants were
asked at apparently random time points about either the
object’s current location or the woman'’s belief. Given that
participants were slower to respond to belief questions
whilst monitoring the object’s location, when the woman'’s
beliefs were effectively incidental, and as the same effect
was not seen for reality questions posed when participants
were tracking the woman’s beliefs, the authors concluded
that mental state reasoning was not automatic."

The results from Apperley’s study emphasize the possi-
bility that the precise instructions given to participants in
imaging studies might affect the extent to which they
engage in mental state reasoning. If mental state reasoning
is not automatic, then a task designed to assess ToM that
does not explicitly request that participants attend to men-
tal states might not recruit “ToM regions.” Only one other
study has directly investigated the differences in activation
evoked by explicit and implicit instructions, although no
reference was made to the automaticity of ToM [lacoboni
et al., 2005]. In their video study, Iacoboni et al. reported
that the inferior frontal region implicated in the attribution
of intentions was similarly activated when participants
were explicitly requested to attend to intentions as when
they passively observed the videos. Consequently, the
authors argued that the type of mental state reasoning eli-
cited by the task was indeed automatic. Although this con-
clusion is in contrast to the conclusions drawn by Apper-
ley et al. [2006] on the basis of behavioral data, it is con-
sistent with the theory posed by this review. It should be
noted, however, that there are very few imaging studies
that have addressed this issue.

"An alternative explanation for these findings is that the need to
disengage the participants” attention from the focus of interest, ei-
ther the object’s location or the woman'’s beliefs, would increase
the reaction times to questions about the nonattended focus. It
seems likely, however that the salience of the object’s real location
would facilitate the rapid responses to the reality question seen in
the belief condition. Furthermore, the salience of the object’s real
location would increase the time needed for participants to disen-
gage from the object’s actual location to respond to the belief
question in the reality condition. Although this interpretation
assumes that reality is automatically monitored as well as beliefs,
we argue that it is not self evident that the findings from this
study rule out automatic ToM reasoning in the absence of explicit
instructions to attend to mental states.
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Within-Subject Comparison of Paradigm Type

Only three studies performed a within-subject compari-
son of paradigm type [Gallagher et al., 2000; Gobbini et al.,
2007; Kobayashi et al., 2007]. Gobbini et al. [2007] com-
pared the patterns of ToM-related activity evoked by two
established ToM tasks: the stories used by Gallagher et al.
[2000] and the animations of geometric shapes used by
Castelli et al. [2000]. As discussed previously, Gobbini
et al. replicated the findings of both Gallagher et al. and
Castelli et al. They also reported that the ToM conditions
in both tasks evoked activity in the anterior paracingulate
regions of the mPFC, although there was minimal overlap
within this region. Furthermore, they reported differential
recruitment of the pSTS and TP] by the tasks; while activ-
ity was seen in the TPJ for the ToM stories, the animations
recruited the pSTS. Gobbini et al. suggested that this disso-
ciation resulted from the type of mental state tapped by
the two tasks. They suggested that the TP] was selectively
recruited by the stories because they involved more
abstract mental states such as false beliefs, whereas the
ToM animations could be understood through the percep-
tion of motor goals and intentions. Although Gobbini et al.
suggested a functional dissociation between the TPJ] and
pSTS, their argument is that the dissociation is dependent
on the type of mental state tapped by the task rather than
the task itself. Furthermore, the two paradigms are very
different, most notably in terms of language demands,
thus confounding the comparison. The possibility that
individual mental states might be associated with distinct
brain regions is discussed below.

Both Gallagher et al. [2000] and Kobayashi et al. [2007]
compared the patterns of activity evoked by ToM stories
and cartoons. Although Gallagher et al. did not directly
contrast the activity evoked by the two tasks, interaction
analyses revealed several regions with increased activity
during the cartoon task compared with the story task,
including the right middle frontal gyrus, the precuneus
and the cerebellum.'” By contrast, the ToM stories were
associated with a significant increase in the extent of acti-
vation in the mPFC compared with the cartoons. The
authors suggested that the two patterns of activity may
have reflected a difference in the level of ToM reasoning
elicited by the two tasks, as they were not equated for dif-
ficulty. However, Gallagher et al. did not directly contrast
the activity evoked by the two tasks. Kobayashi et al.
[2007] did perform the direct comparison of second-order
false belief stories and cartoons, reporting that ToM car-
toons were associated with more activity in medial and
dorsolateral regions of the PFC, the right MTG, left lingual
gyrus and inferior regions of the right occipital lobe com-
pared with ToM stories. By contrast, the stories evoked
more activity in the left amygdala than the cartoons.

?These regions can not be considered as specific to ToM, how-
ever, as they also exhibited increased activation for the non-ToM
cartoons compared with the jumbled pictures.

Unlike Gobbini et al.,, Kobayashi et al. investigated the
same mental state with both paradigms, leading to a more
meaningful comparison. Kobayashi et al. did not attempt
to interpret the results from the comparison, however, fo-
cusing instead on regions of convergent activity to identify
modality-independent ToM regions. Furthermore, there
were only 16 participants in the study. To be confident in
the findings, it would be necessary to replicate them with
an increased sample size. Thus, it is not clear in the cur-
rent literature how paradigmatic variations affect the
regions of the brain associated with ToM.

Experimental Paradigms: Summary

The findings from the studies described above are sum-
marized in Figure 1; the studies reporting activation in
each of the brain regions defined in Table II are grouped
according to the paradigm used, e.g. stories, cartoons etc.
It is evident that the mPFC/OFC region was most com-
monly activated by ToM reasoning, regardless of para-
digm-type, with only Iacoboni et al. [2005], Mosconi et al.
[2005], and Ciaramidaro et al. [2007] failing to observe acti-
vation in this region. There is some evidence for partially
dissociable subsets of regions differentially supporting
ToM reasoning for similar or dissimilar others, vmPFC
and dmPFC, respectively [Mitchell et al., 2005b], or the
decoupling from reality required for false belief reasoning
[Sommer et al., 2007], but there is not a clear distinction
between the activations elicited by each paradigm-type.

DO INDIVIDUAL MENTAL STATES RECRUIT
DISTINCT BRAIN REGIONS?

The preceding review has largely treated ToM as one
domain, and studies investigating the traditional, nonspe-
cific definition of ToM have been considered along with
studies of cooperative behavior [e.g. McCabe et al., 2001]
and active deception [e.g. Ganis et al.,, 2003; Kozel et al.,
2004]. Most studies have given little consideration to indi-
vidual mental states, such as thoughts, beliefs and inten-
tions, although Gobbini et al. [2007] partially addressed
this issue; thus specific patterns of activity associated with
individual mental states may not have been identified.
Although relatively few imaging studies have attempted to
isolate single mental states, these are reviewed to deter-
mine whether individual mental states recruit distinct
brain regions.

False Belief

Although false belief paradigms dominate the behavioral
assessment of ToM, only 10 imaging studies have investi-
gated the brain activity evoked by this mental state [Gal-
lagher et al., 2000; Gobbini et al., 2007; Grezes et al., 2004b;
Kobayashi et al., 2007; Mitchell, 2008; Sabbagh and Taylor,
2000; Saxe and Kanwisher, 2003; Saxe and Powell, 2006;
Sommer et al., 2007; Young and Saxe, 2008], three of which
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A comparison of the pattern of brain activity evoked by different
ToM tasks. The number of studies implicating each brain region
is displayed as a proportion of the number of studies employing
each of the following experimental paradigms: mental state
terms or word-pairings [Baron-Cohen et al., 1994, 1999; Mason
et al., 2004; Mitchell et al., 2005a], simple questions [Ganis et al.,
2003; Kozel et al, 2004; Lee et al., 2002; Spence et al., 2001,
stories [Fletcher et al, 1995; Gallagher et al., 2000; Gobbini
et al,, 2007; Kobayashi et al., 2007; Mitchell, 2008; Sabbagh and
Taylor, 2000; Saxe and Kanwisher, 2003; Saxe and Powell, 2005;
et al,, 2001; Young and Saxe, 2008], cartoons and other static

images [Gallagher et al, 2000; Goel et al, 1995; Lissek et al,
2008; Mitchell et al., 2005b, 2006], comic strips, including multi-
frame cartoons involving a choice phase [Brunet et al., 2000;
Ciaramidaro et al., 2007; Kobayashi et al., 2007; Sommer et al,,
2007; Vollm et al., 2006; Walter et al., 2004], animations and vid-
eos [Castelli et al., 2000; German et al., 2004; Gobbini et al,
2007; Grezes et al, 2004a,b; lacoboni et al., 2005; Mosconi
et al.,, 2005], and interactive paradigms [Calarge et al., 2003; Gal-
lagher et al., 2002; McCabe et al., 2001; Rilling et al., 2004]. The
numbers in parentheses refer to the number of studies in that
category.
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included the false belief task simply as a ToM “localizer”
[Mitchell, 2008; Saxe and Powell, 2006; Young and Saxe,
2008]. These studies all reported activity associated with
false belief in the medial prefrontal cortex, although the
main frontal focus of ToM-related activity reported by
Kobayashi et al. [2007], was slightly more lateral than in
the other studies, possibly due to the greater inhibitory
control required for attribution of second- rather than first-
order false beliefs. Although Sommer et al. [2007] reported
activity in the mPFC associated with false belief, they sug-
gested that this activity reflected the cognitive demands in-
herent in decoupling the representation of the protagonists
from reality, rather than the representation of mental states
per se. Based on the suggestion that the TP] might be
involved in computation of mental states that create per-
spective differences [Perner et al., 2006], Sommer et al.
[2007] suggested that the TP], rather than the mPFC, was
crucial for false belief reasoning. Interestingly, Kobayashi
et al. [2007] also identified the TPJ] as one of the two
regions associated with false belief, regardless of stimulus
modality.

Deception

Several imaging studies have investigated the brain
regions activated by deceiving others. Although deception
requires the consideration of others” beliefs in the same
way that a false belief task might, the act of deceiving
another person involves the intentional manipulation of
those beliefs [e.g. Ganis et al., 2003]. One paradigm devel-
oped to investigate active deception asks participants to
answer simple questions. For example, Kozel et al. [2004]
asked participants to indicate the correct location of an
item in one condition, while in another they were required
to indicate the incorrect location. Participants were told
that an investigator would be observing their responses to
try and detect any deceit. Compared with the truth condi-
tion, lying evoked increased activity in regions of the fron-
tal cortex, including the orbitofrontal cortex and frontal
gyrus, in the anterior cingulate and in superior temporal
and cerebellar regions. The activations in frontal regions
were consistent with previous imaging studies in which
participants were asked to answer the same questions both

truthfully and falsely [Langleben et al., 2002; Spence et al.,
2001], although Spence et al. reported a more lateral focus
of activation. Furthermore, Spence et al. suggested that the
frontal activity reflected executive functions, such as
response inhibition rather than the ToM element of decep-
tion. Langleben et al. [2002] drew similar conclusions from
their study, using a modified version of the Guilty Knowl-
edge Test administered in polygraph interrogation. Conse-
quently, the results from these two studies are not dis-
cussed further.

The executive demands inherent in active deception
were also emphasized in the studies of Ganis at al. [2003]
and Lee et al. [2002]. Although Lee et al. included simple
lie and truth conditions, their emphasis was on the regions
activated during successful strategies for feigning memory
impairments. Bilateral frontal, prefrontal, parietal and tem-
poral activations were reported during the feigned mem-
ory task. Although the authors argued that these activa-
tions were largely attributable to the executive demands of
the task, a nonexecutive role for these regions cannot be
ruled out, as the lie vs. truth contrast was not reported.
Ganis et al. [2003] investigated activation associated with
two different types of lie, arguing that spontaneous lies
involve a high degree of executive functioning, because
they require working memory, response inhibition, and
semantic and episodic retrieval. Memorized lies, however,
require only episodic memory retrieval and are conse-
quently less demanding. A general comparison of lies vs.
truth revealed activity associated with lying bilaterally in
anterior MFC and the fusiform/parahippocampal gyrus,
the right precuneus and the left cerebellum. The contrast
between the spontaneous and memorized lies, to identify
differences attributable to the different executive demands
of the conditions, did not reveal activity in the left medial
frontal gyrus (MFG), bilateral fusiform/parahippocampal
gyrus or the left cerebellum, suggesting that the activity in
these areas reflected the mental state processes required
for deception.

Lissek et al. [2008] compared the pattern of activity
evoked by viewing cartoons of cooperative and/or decep-
tive interactions between characters. Although both condi-
tions required attribution of mental states to the characters,
Lissek et al. hypothesized that the two types of interaction

Figure 2.

A comparison of the brain regions associated with individual
mental states. The number of studies implicating each brain
region is displayed as a proportion of the number of studies
investigating each type of mental state: General [Baron-Cohen
et al, 1994, 1999; Calarge et al, 2003; Castelli et al., 2000;
Fletcher et al., 1995; Gallagher et al., 2002; Gobbini et al., 2007;
Goel et al, 1995; Mason et al, 2004; McCabe et al, 2001;
Mitchell et al., 2002, 2005a,b, 2006; Rilling et al., 2004; Saxe and
Kanwisher, 2003; Saxe and Powell, 2006; Vogeley et al., 2001],
false belief [Gallagher et al., 2000; Gobbini et al., 2007; Grezes

et al.,, 2004b; Kobayashi et al., 2007; Mitchell, 2008; Sabbagh and
Taylor, 2000; Saxe and Kanwisher, 2003; Saxe and Powell, 2006;
Sommer et al., 2007; Young and Saxe, 2008], deceit [Ganis et al.,
2003; Grezes et al., 2004a; Kozel et al., 2004; Lee et al., 2002;
Lissek et al., 2008; Spence et al., 2001], intentions [Brunet et al.,
2000; Ciaramidaro et al., 2007; lacoboni et al., 2005; Mosconi
et al, 2005; Vollm et al., 2005; Walter et al., 2004], empathy
[Vollm et al., 2006], desire [Saxe and Kanwisher, 2003], and pre-
tence [German et al., 2004]. The numbers in parentheses refer
to the number of studies in that category.

* 2325



¢ Carrington and Bailey ¢

would be associated with differential activity. The compre-
hension of cooperation and deception evoked activity in
brain regions previously associated with ToM; namely, the
TPJ, precuneus, and regions of the posterior cingulate. The
perception of deception additionally recruited regions of
the PFC, the ACC, and the insula, which the authors
attributed to the inherent mismatch between the protago-
nists’ intentions and expectations, and the emotional sig-
nificance of the deception. Greézes et al. [2004a] also inves-
tigated the brain regions activated during the detection of
deceit. Using a video paradigm similar to their false belief
study, Grezes et al. [2004a] observed activity associated
with deceit in the anterior temporal lobe, including the
amygdala, in addition to medial prefrontal activity previ-
ously associated with false belief [Grezes et al., 2004b].
Furthermore the locus of medial prefrontal activation asso-
ciated with deception was more anterior than the locus
reported in the false belief variant of the task. The results
from this study, together with the findings from investiga-
tions of active deception, largely support the conclusion
that although deception and false belief recruit at least par-
tially distinct brain regions, there are some “core” ToM
regions, including medial prefrontal regions, the STS and
TPJ, that are activated by both mental states.

Intentions and Empathy

As intentions are integral to all purposeful action and
guide our behaviors, the recognition and comprehension
of others’ intentions is essential for normal social under-
standing. Several studies have investigated the attribution
of intentions [Brunet et al., 2000; Ciaramidaro et al., 2007;
Tacoboni et al.,, 2005; Mosconi et al., 2005; Vollm et al.,
2006; Walter et al., 2004] and implicated a number of brain
regions, including the mPFC, the ACC, and superior tem-
poral regions. Nevertheless, the three studies that have not
implicated the mPFC/OFC region in ToM all investigated
the attribution of intentions [Ciaramidaro et al., 2007; Iaco-
boni et al.,, 2005, Mosconi et al.,, 2005]. Nevertheless,
because the three studies that did implicate the mPFC/
OFC region in intentions all employed the same paradigm,
it seems probable that paradigmatic differences explain the
discrepant findings.

Vollm et al. [2006] included a condition in their comic
strip paradigm specifically investigating empathy, the abil-
ity to infer and share the emotional states of others.
Although empathy specifically refers to emotions, the dis-
tinction between emotions and other mental states is some-
what slim. For example, when considering why someone
is upset, it is hard to imagine a scenario that does not
relate to mental states.'® The intentions and empathy con-
ditions both evoked activity in regions previously associ-
ated with ToM, including medial prefrontal and orbito-

*Indeed, Mitchell et al. [2005a] asked participants to judge the
happiness of a face as a measure of ToM.

frontal regions, the TP], and middle and inferior temporal
regions [Vollm et al., 2006]. When considered independ-
ently, however, empathy was associated with greater activ-
ity in medial prefrontal, including the ACC, and amygda-
lar regions than the attribution of intentions. Conversely,
the intentions condition was associated with increased ac-
tivity more laterally in the frontal cortex and in more supe-
rior temporal regions than empathy. These findings are in-
dicative of overlapping yet partially distinct brain regions
associated with intentions and empathy.

Summary

The brain regions activated by different mental states
are summarized in Figure 2. Clearly individual mental
states recruit largely overlapping regions of the brain,
although the small number of studies in each group ren-
ders any formal comparison impractical. It should also be
noted that the findings are confounded by the differences
between the paradigms used to investigate each mental
state.

VERBAL VERSUS NONVERBAL TASKS

Several authors have suggested that language and verbal
interaction may play a crucial role in the development of
ToM [e.g. Happe 1995; Marschark 1993; Perner et al., 1994;
Peterson and Siegal, 1997, 1998; Yirmiya et al., 1998]. Also
syntactical ability is the best predictor of ToM ability in
children [Astington and Jenkins, 1999; De Villiers, 1998;
Tager-Flusberg and Sullivan, 1994]. Consequently varying
linguistic task demands may have contributed to the heter-
ogeneity of the imaging findings.

All three of the studies that employed two different
paradigms used one verbal and one nonverbal task [Gal-
lagher et al., 2000; Gobbini et al., 2007; Kobayashi et al.,
2007]. Although Gobbini et al. [2007] compared the pattern
of activity evoked by ToM stories with ‘social” interactions
between animated geometric shapes, this was purely quali-
tative, and the authors did not discuss the possible impact
of verbal task demands on the pattern of ToM-related ac-
tivity. Both Gallagher et al. [2000] and Kobayashi et al.,
[2007] compared the pattern of activity evoked by ToM
stories and cartoons. As previously discussed, Gallagher
et al. did not directly contrast the activity evoked by the
two tasks, although interaction analyses revealed several
regions that were differently activated by the two tasks.
Gallagher et al. suggested that different patterns of activity
reflected varying levels of task complexity rather than
verbal demands. Comparable interaction analyses in the
study of Kobayashi et al. revealed increased activity dur-
ing the ToM story condition compared with the ToM car-
toon condition in the left STG and right MTG, but not in
the mPFC. The authors suggested that activity in the tem-
poral cortex reflected the increased verbal demands of the
story task, based on evidence implicating these regions in
language processing.
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While the interaction analyses in the studies of Gal-
lagher et al. [2000] and Kobayashi et al. [2007] included
effects resulting from both ToM and non-ToM task-compo-
nents, directly contrasting the two tasks within the ToM
condition would yield a less ambiguous view of the affect
of verbal factors on the brain regions associated with ToM.
Only Kobayashi et al. [2007] performed this contrast. They
reported that ToM cartoons evoked increased activity in
the right dIPFC, left lingual gyrus and mPFC, the right
MTG, and the right inferior occipital gyrus compared with
the stories. This finding is in direct contrast to Gallagher
et al. [2000], who reported increased medial prefrontal ac-
tivity during the stories condition. This discrepancy in
findings may reflect the differing levels of difficulty of the
two tasks; while Gallagher et al. suggested that their story
task may have been more demanding than the cartoons, it
is possible that the thought bubbles used in Kobayashi
et al.’s cartoons may have added complexity and, therefore
increased medial prefrontal activity. Furthermore, the acti-
vation in the MTG suggests that despite the nonverbal na-
ture of the cartoons, participants may have employed lin-
guistic strategies to complete the task.

Although Gallagher et al. [2000] and Kobayashi et al.
[2007] reported some differences in the regions activated
by the verbal and nonverbal tasks, both tasks evoked activ-
ity in some ‘core’ ToM regions. Both groups concluded
that there were regions of the brain associated with ToM
regardless of verbal task demands—the mPFC and the TPJ
[Gallagher et al., 2000; Kobayashi et al., 2007]. To investi-
gate this claim, the other reviewed studies were grouped
according to their verbal content. Very few of the studies
could be considered truly nonverbal, however, with the
animations developed by Castelli et al. [2000], Gobbini
et al. [2007] and Mosconi et al. [2005] being possible excep-
tions. Each of these tasks required passive observation
only,'"* and the imaging data was acquired during the per-
formance of a completely nonverbal task. In other studies,
however, the situation is less clear. For example, in the
interactive stone-paper-scissor paradigm [Gallagher et al.,
2002], the nonverbal component of the task, deciding
which selection to make to beat the opponent, was cued
by the visual presentation of “1, 2, 3, GO”. Conversely, the
task employed by Mitchell et al. [2002, 2006] was essen-
tially verbal, but included pictorial prompts. For the pur-
poses of this comparison, verbal tasks are defined as those
in which ToM reasoning was elicited by verbal or numeri-
cal stimuli, while tasks incorporating a verbal element
only in the cuing or prompt phase have been classed as
nonverbal (see Table III). It should be noted, however, that
even in apparently entirely nonverbal tasks, the role of lin-
guistic processing can not be ruled out.

Figure 3 illustrates that the mPFC/OFC region was most
commonly activated by ToM tasks, regardless of the verbal

“Although in the Castelli task participants were asked to describe
what was happening in the animation after each scan.

TABLE Ill. Categorization of verbal and
nonverbal studies

Verbal Nonverbal

Baron-Cohen et al., 1994
Fletcher et al., 1995
Baron-Cohen et al., 1999
Gallagher et al., 2000
Sabbagh and Taylor, 2000
McCabe et al., 2001
Spence et al., 2001
Vogeley et al., 2001

Lee et al., 2002

Mitchell et al., 2002
Calarge et al., 2003
Ganis et al., 2003

Saxe and Kanwisher, 2003
Mason et al., 2004
Rilling et al., 2004
Kozel et al., 2004
Mitchell et al., 2005a
Saxe and Powell, 2005
Mitchell et al., 2006
Gobbini et al., 2007
Mitchell, 2008
Kobayashi et al., 2007
Young and Saxe, 2008

Goel et al., 1995
Gallagher et al., 2000
Brunet et al., 2000
Castelli et al., 2000
Gallagher et al., 2002
German et al., 2004
Grezes et al., 2004
Grezes et al., 2004
Walter et al., 2004
Tacoboni et al., 2005
Mitchell et al., 2005b
Mosconi et al., 2005
Vollm et al., 2005
Ciaramidaro et al., 2007
Gobbini et al., 2007
Kobayashi et al., 2007
Sommers et al., 2007
Lissek et al., 2008

Verbal paradigms were defined as those that relied heavily on the
use of language, such as the tasks involving the comprehension of
stories or the recognition of mental state terms. Tasks were not
classed as verbal if the only linguistic element of the task was in
the prompts used to cue a response.

nature of the paradigm. Nevertheless, this pattern is most
obvious in the verbal category, with more than twice as
many studies reporting activity in this frontal region as in
the next most frequently activated regions, the TPJ and
ACC. In the nonverbal category, the second most fre-
quently implicated region was the STS and surrounding
cortex. Despite these slight differences in activation, the
verbal or nonverbal content of the ToM tasks do not seem
to account for the variation in findings between the stud-
ies, although it is possible that the slight differences may
become more apparent with more studies.

DISCUSSION

The aim of this review was to determine whether para-
digmatic differences, in terms of task-type and mental
state(s), could account for the heterogeneous results of
imaging studies of ToM, which implicate distinct brain
regions in both hemispheres. Neither paradigm type nor
the verbal or nonverbal nature of the tasks significantly
affected the pattern of ToM-related activity. Nevertheless,
there is preliminary evidence that activity in at least par-
tially distinct brain regions may be associated with indi-
vidual mental states, such as false belief and the detection
of deceit [e.g. Grezes et al., 2004a,b]. Also, dissociable pat-
terns of activity have been reported when representing the
mental states of similar and dissimilar others [Mitchell
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Figure 3.

A comparison of the proportion of verbal and nonverbal tasks
that implicate each brain region in ToM. The medial prefrontal
and orbitofrontal regions are the most consistently activated
region, regardless of whether or not the task is verbal. The

et al., 2005b], pointing to another distinction that might be
drawn within the broad concept of ToM.

Complex cognitive functions likely involve activity in
multiple brain regions rather than being localized to a sin-
gle “critical” region. Brothers [1990] suggested that three
core regions constitute the primate social brain: the OFC,
the STS, and the amygdala. In the reviewed studies, the
mPFC/OFC region and the STS emerge as “core” regions
activated by ToM tasks, but the amygdala appears to be
less consistently activated. The TPJ and anterior- and para-
cingulate cortices also appear to be “core” ToM regions.
No single region, however, is recruited in all neuroimaging
studies of ToM. Although imaging and lesion studies of
ToM both implicate several brain regions, it seems unlikely
that each region functions independently. Indeed, inherent
in Brother’s theory is the idea that a network of intercon-
nected regions underlies social cognition [Brothers, 1990].
Consistent with the idea that ToM is dependant on interac-
tion between brain regions, there are also two reports of
ToM deficits following surgical lesions to white matter
pathways [Bach et al., 1998; Happe et al., 2001].

The precise nature of brain networks for complex cogni-
tion is not well established. For example, the box-and-
arrow model of short-term memory proposed by Baddeley
and Hitch [1974] did not relate the individual network
components to specific regions of the brain. Indeed, cur-
rent theories about the organization of complex cognition
favor distributed functionality and it seems unlikely that a
box-and-arrow model could adequately account for func-
tions such as ToM. There is a growing consensus that cog-
nitive functions are dependent on “large-scale cognitive
networks that consist of spatially separate computational

results for the verbal and nonverbal tasks are included separately
for Gallagher et al. [2000], Gobbini et al. [2007], and Kobayashi
et al. [2007]. The numbers in parentheses refer to the number
of studies in that category.

components, each with its own set of relative specializa-
tions that collaborate extensively...” [Just et al., 1999; p
129]. Just et al. [1999] and later Just and Varma [2007]
argued that such networks are dynamic, with relative
rather than absolute specialization of individual network
components. Not only can a brain region perform multiple
cognitive functions, but the same cognitive function could
be performed by multiple regions, although the precise
implementation of that function may vary from region to
region. The subtraction techniques typically employed in
functional imaging studies assume that activity evoked by
different tasks reflects the same cognitive process. If a sin-
gle region can perform multiple functions, however, this
assumption is called into question; does the activity seen
in an area during two different tasks really reflect the
same cognitive process? The involvement of a region in a
cognitive function should only be considered in the con-
text of the overall pattern of brain activity; that is, within
the context of a network. Furthermore, sensitive electro-
physiological techniques, such as magnetoencephalogra-
phy, may be used to directly visualize the coherent neuro-
nal activity within and between defined regions, thus help-
ing to clarify whether brain activity really is similar across
different tasks.

Just and Varma [2007] also proposed that the function of
cortical areas is limited by resource constraints; that is ac-
tivity is limited by the availability of resources such as the
oxygen and glucose necessary for neuronal—and, there-
fore, computational—function. Furthermore, they proposed
that the interactions between regions were similarly con-
strained, resulting in additional system-wide constraints.
Rather than limiting cortical activity, Just and Varma
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suggested that these resource constraints shaped the pat-
tern of neural network activity, forcing networks to adapt.
For instance, particularly demanding tasks may recruit less
specialized regions, while qualitative changes in task
demands—for example, if increasing complexity made
greater demands on working memory—might also recruit
additional, less specialized areas. Such task-dependent top-
ological variation may go some way toward explaining the
heterogeneous findings in the neuroimaging literature of
ToM. According to these arguments, mPFC may be consis-
tently activated in studies of ToM because the resource
constraints limit the activity of more specialized brain
regions. Indeed, Saxe and colleagues [Saxe and Powell,
2006; Saxe and Wexler, 2005] suggested that the mPFC is
generally involved in social cognition rather than being
activated specifically by ToM. Nevertheless, this line of
reasoning is speculative and assumes that the critical ToM
condition is more demanding than control conditions,
which should differ only in terms of social content. The
idea that the mPFC may have a more domain-general
social role dictated by task complexity or demands
could be tested by varying task demands within a ToM
condition.

It seems likely that each region in the ToM network is
associated with distinct functions that contribute to the
accurate comprehension and representation of mental
states, although the precise contribution of each region has
not yet been established. Alternatively, the specific pattern
of interaction between relatively nonspecialized regions—
or, as Just et al. speculated, regions with multiple func-
tions—may be critical for ToM reasoning. To fully charac-
terize the ToM network, it will be necessary to identify the
roles of each contributing brain region. For example, ante-
rior and posterior regions of the STS have been associated
with the perception and representation of biological
motion [e.g. Allison et al., 2000; Bonda et al., 1996; Gross-
man et al.,, 2000; Pelphrey et al., 2003; Peuskens et al,,
2005; Thompson et al., 2005; Vaina et al., 2001] and the
role of the STS in ToM may be in utilizing biological [e.g.
Blakemore et al., 2003; Schultz et al., 2004]15 or nonbiologi-
cal [Gobbini et al.,, 2007] motion cues to understand the
protagonists” mental state. Indeed, all the ToM studies that
used animation- or video-based paradigms detected activ-
ity in the pSTS [Castelli et al., 2000; German et al., 2004;
Gobbini et al., 2007; Grezes et al., 2004a,b; Iacoboni et al.,
2005; Mosconi et al., 2005]. By contrast, the studies report-
ing STS activity in the absence of motion, or implied
motion, cues reported a more anterior focus of activity
[Baron-Cohen et al., 1999; Goel et al., 1995; Lee et al., 2002;
Mitchell et al., 2002, 2005b; Rilling et al., 2004; Saxe and
Kanwisher, 2003; Saxe and Powell, 2006; Vollm et al., 2006;
Young and Saxe, 2008], suggesting possible dissociation of
function within the STS. Other studies have implicated the

?Note that these authors did not suggest that this is the only func-
tion of the STS.

TP] and additional parietal regions in the attribution of
agency to others [e.g. Farrer et al., 2003; Farrer and Frith,
2002], arguably a key process in mental state reasoning
[Baron-Cohen, 1995]. Furthermore, the anterior cingulate
cortex has been linked to action monitoring and the detec-
tion of errors [e.g. Bush et al., 2000], which may be related
to the “decoupling” from reality necessary for pretence
[Leslie, 1987] and the representation of false beliefs
[Sommer et al., 2007].

The brain basis of ToM is likely to be further clarified by
functional imaging studies of individuals with ToM defi-
cits. For example, individuals with ASD typically exhibit
social impairments in every day life, even though they
may perform well on ToM tasks. Nevertheless, the initial
imaging findings in ASD are somewhat contradictory. For
example, Happé et al. [1996] found that individuals with
Asperger Syndrome failed to activate a region of the left
medial frontal cortex whilst reading ToM stories, unlike
typically developing controls. Baron-Cohen et al. [1999], on
the other hand, did report “typical” frontal-temporal activ-
ity in individuals with ASD during the Eyes task, but did
not observe amygdalar activity. Castelli et al. [2002]
reported more widespread functional abnormalities in
ASD. Using animations of geometric shapes [Castelli et al.,
2000], Castelli et al. [2002] found reduced activity in all
regions associated with ToM in typically developing con-
trols, as well as reduced functional connectivity between
the extrastriate cortex and the pSTS/TP] region in individ-
uals with ASD. Castelli et al. [2002] suggested that reduced
interaction between higher-level (i.e. ToM) and lower-level
(visual) functions may account for the deficit seen in ASD.
Schizophrenia is another neuropsychiatric condition associ-
ated with impaired ToM [e.g. Sarfati et al., 1997; Sarfati
et al., 1999], and aberrant activity during neuroimaging
studies of ToM has been reported in mPFC, the ACC, the
TPJ, and other temporal regions [Brune et al., 2008; Brunet
et al., 2003; Marjoram et al., 2006; Russell et al., 2000].
Taken together, the evidence from neuroimaging studies of
individuals with a ToM deficit are consistent with the roles
of the brain regions identified as “core” in typically devel-
oping individuals.

Although neuroimaging studies can implicate brain
regions in particular cognitive functions, they do not
reveal which regions are crucial for that function. Lesion
studies can identify critical ToM regions, but there are a
number of caveats. Firstly, lesions are rarely discreet, and
generally affect several, distinct brain regions. Secondly,
lesions affecting one brain region are likely to affect the
function of connected regions. Finally, studies of acquired
brain injury are typically based on small numbers of par-
ticipants with heterogeneous pathology. Despite these cav-
eats, several studies have reported acquired ToM deficits
following damage to the frontal cortex [Rowe et al., 2001;
Stone et al.,, 1998; Stuss et al., 2001], consistent with the
evidence from the reviewed neuroimaging studies. Fur-
thermore, two recent lesions studies support fMRI evi-
dence of functional specificity within the prefrontal cortex
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by demonstrating selective impairments in emotional
aspects of ToM, including empathy and reasoning about
the feelings of others, following lesions to vmPFC
[Shamay-Tsoory and Aharon-Peretz, 2007; Shamay-Tsoory
et al., 2003]. Nevertheless, Bird et al. [2004] found no evi-
dence of impaired ToM in a patient with extensive medial
prefrontal damage, and it has been suggested that appa-
rent ToM deficits following prefrontal damage may be
attributed to more domain-general executive function defi-
cits [Channon and Crawford, 2000]. Additionally lesion
studies have implicated other, relatively discrete regions
that were also identified in the neuroimaging literature.
For example, Apperley et al. [2004] reported an acquired
false belief deficit following damage to the TPJ, with appa-
rently preserved executive function. In a later study, how-
ever, the same group suggested that the false belief deficit
reported in the earlier study was a consequence of a more
domain-general executive function impairment [Apperly
et al., 2007]. In addition, early amygdalar damage has been
associated with impaired ToM, suggesting that this struc-
ture may be involved in the development of ToM [Shaw
et al., 2004].

Although there is an impressive body of literature relat-
ing to brain activity during ToM tasks, there are also some
noticeable gaps. It is generally assumed that the mecha-
nisms underlying ToM are the same in all typically devel-
oping individuals; indeed, neuroimaging studies depend
on this assumption, as the brain activity data from an
apparently homogeneous group of individuals are pooled
to identify brain regions activated by a task. Nevertheless,
everyday experience indicates that there is a range of ToM
ability within the typical population: some individuals
consistently show insight into mental states and adapt
their behavior accordingly, whereas others show less
awareness. It seems likely that these individual variations
relate at least in part to differences in network function
and the strategies employed when considering mental
states; these putative differences may underlie some of the
heterogeneity in the reviewed studies. Furthermore, sev-
eral behavioral studies have reported superior ToM per-
formance in females, both in children [e.g. Carlson and
Moses, 2001] and adults [Baron-Cohen et al., 1997; Baron-
Cohen et al., 2001; Carroll and Chiew, 2006]. Nevertheless,
not a single one of the reviewed imaging studies has
investigated sex differences in brain activation during ToM

While a difference between the sexes is relatively simple
to investigate,—by performing a simple group compari-
son—it is not immediately apparent how individual differ-
ences might be assessed using neuroimaging techniques
such as fMRI and PET. Furthermore, although lesion stud-
ies provide information at an individual level, to draw any
broader conclusions it would be necessary to compare peo-
ple with identical lesions. Even in instances of surgical
lesions, it is highly unlikely that any two lesions are identi-
cal, due individual variations in brain structure and con-
straints on surgical precision. One way to partially resolve
the potential problem of individual differences is to also

characterize the ToM “network” temporally using magne-
toencephalography (MEG). Unlike fMRI, MEG has high
temporal resolution, allowing millisecond-by-millisecond
visualization of brain activity. MEG, therefore, would be
more sensitive to temporal variations that may be associ-
ated with individual behavioral differences. Furthermore,
it is possible to report meaningful data from individuals
using MEG in a way that is not possible with fMRI.

While it is commonly accepted that there is a clear de-
velopmental progression in ToM-related skills, neuroimag-
ing studies have usually ignored the ontogeny of ToM. A
clear shift during development in the brain regions acti-
vated during face processing has been demonstrated using
MEG [Kylliainen et al., 2006], but almost nothing is known
about developmental change in the brain basis of ToM
Only two of the 38 reviewed ToM studies included chil-
dren [Kobayashi et al., 2007, Mosconi et al., 2005], only
one of which compared the brain activity elicited by ToM
in children and adults [Kobayashi et al., 2007]. Kobayashi
et al. reported that although the ToM tasks elicited activity
in several similar regions in the children and adults, there
were also differences between the groups, despite compa-
rable behavioral performance. In children ToM elicited
more activity in the right vimPFC, the right STG and tem-
poral poles and in the cuneus than in adults. By compari-
son, adults showed increased ToM-related activity relative
to the children only in the left amygdala. These findings
raise the possibility that the children used different strat-
egies from the adults and may also suggest an age-related
refinement of the regions recruited by mental state reason-
ing. Nevertheless, the youngest children participating in
Kobayashi’s study were 8 years of age, whereas the major
developmental stages of ToM occur between the ages of 3
and 7 years [e.g. Baron-Cohen et al., 1985; Kobayashi et al.,
2007; Wellman et al., 2001; Wimmer, 1983]. Longitudinal
studies from ~3 years of age onwards would give a much
clearer picture of the development of the neurobiological
underpinnings of ToM.

Investigation of developmental changes in the brain ba-
sis of ToM may also clarify the contribution of mirror neu-
rons to ToM function. According to the simulation theory,
mirror neurons facilitate the simulation of others’ mental
states using the same neural mechanisms for experiencing
those mental states oneself [Gallese and Goldman, 1998].
In particular, mirror neurons have been associated with
the comprehension of action goals [e.g. Fogassi et al., 2005;
Tacoboni et al., 2005] and imitation [e.g. lacoboni et al.,
1999; Rizzolatti et al., 2001], both of which are thought to
be an important stage in the subsequent development of
ToM. Consequently, while mirror neurons and simulation
may support the development of ToM and the representa-
tion of simple mental states, more complex mental state
reasoning associated with mature ToM may require addi-
tional cognitive processing.

A developmental approach to ToM may also facilitate
investigation of the connections between the individual
brain regions in the ToM network. Much of this discussion
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has focused on network components, with relatively little
consideration of their connections. While two case studies
have reported an acquired ToM deficit following white
matter lesions [Bach et al., 1998, Happe et al., 2001], and
fMRI has suggested that functional connectivity is reduced
in individuals with a ToM deficit [Castelli et al., 2002], it
has only recently been possible to directly investigate the
connections between network components. The advent of
diffusion tensor imaging (DTI) allows investigation of the
structural integrity of brain white matter. Several studies
have reported that age correlates positively with fractional
anisotropy [Barnea-Goraly et al., 2005; Ben Bashat et al.,
2005; Bonekamp et al., 2007; Eluvathingal et al., 2007; Gior-
gio et al., 2008; Klingberg et al., 1999; Mukherjee et al.,
2001; Neil et al., 1998, 2002; Schmithorst et al., 2002; Snook
et al.,, 2005; Suzuki et al., 2003], suggesting that DTI is
indeed sensitive to maturation of connective white matter.
Once the individual brain regions in the ToM network
have been more definitively established, investigating age-
related changes in the integrity of the intermediate white
matter tracts will be an important next step.

The contribution of network connections to intact ToM
reasoning can also be explored by comparing DTI-derived
measures of white matter integrity in individuals with
ASD with those from typically developing individuals.
Such comparisons have revealed both decreased
[Alexander et al., 2007; Keller et al., 2007] and increased
[Ben Bashat et al., 2007] fractional anisotropy. Furthermore,
Barnea-Goraly et al. [2004] reported decreased fractional
anisotropy in white matter regions adjacent to cortical
regions implicated in social cognition in individuals with
ASD. Barnea-Goraly et al. suggested that white matter dis-
ruption may contribute to impaired social cognition in
ASD. Barnea-Goraly’s conclusions could be further
explored using a probabilistic tractography algorithm [Beh-
rens et al., 2003] to target specific white matter tracts asso-
ciated with brain regions implicated in ToM.

It is clear from this discussion that a great deal remains
to be done before the brain basis of ToM is more compre-
hensively established. Although several “core” brain
regions have been identified, the variability within the lit-
erature cannot be fully accounted for by the paradigmatic
variations considered in this review. Clearly the variables
we have used to categories neuroimaging studies of ToM
are not the only ones that could be applied. Another possi-
ble categorization would be according to whether ToM is
represented implicitly or explicitly in the task. Although
the nature of the instructions given to participants—i.e.
whether mental states are referred to explicitly—has been
considered, the nature of representation within the task
has not. One problem in reviewing the literature is the size
of the anatomical regions that we have defined. The mPFC
and STS are relatively large regions of the brain, and sub-
divisions within these regions may be more clearly associ-
ated with specific functions. Consequently, studies report-
ing activity within the same region, e.g. the mPFC, may
not be identifying precisely the same area of the brain.

Nevertheless, given the heterogeneity within the literature,
considering smaller anatomical subdivisions would not
currently clarify our understanding of the brain basis of
ToM. One solution to this problem would be to look for
functional overlap on a voxel-by-voxel basis, although in
practise, this is almost impossible due to potential prob-
lems with the registration of individuals’ brain imaging
data, as well as different image acquisition parameters.

In addition to understanding the ontogeny of ToM, as
well as individual and sex differences, it is clear that estab-
lishing whether reasoning about specific mental states is
associated with distinct patterns of brain activity is an im-
portant future goal. These different mental states can prob-
ably be best investigated by developing a nonverbal para-
digm, to avoid linguistic confounds, in which different
mental states are investigated without changing any other
experimental variables. Finally, investigating the role of
functional and structural connections between brain
regions associated with ToM will be essential for a com-
plete understanding of the purported network.
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