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Abstract Studies demonstrating selective brain networks
subserving motivation and mentalization (i.e. attributing
states of mind to others) during social interactions have not
investigated their mutual independence. We report the
results of two fMRI studies using a competitive game
requiring players to use implicit ‘on-line’ mentalization
simultaneously with motivational processes of gains and
losses in playing against a human or a computer opponent.
We delineate a network, consisting of bilateral temporopar-
ietal junction, temporal pole (TP), medial prefrontal cortex
(MPFC) and right fusiform gyrus, which is sensitive to the
opponent’s response (challenging>not challenging the
player) and opponent type (human>computer). This net-
work is similar to a known explicit ‘off-line’ mentalization
circuit, suggesting its additional involvement in implicit
‘on-line” mentalization, a process more applicable to real-
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life social interactions. Importantly, only MPFC and TP
were selective to mentalization compared to motivation,
highlighting their specific operation in attributing states of
mind to others during social interactions.

Keywords Theory of mind - Reward -
Medial prefrontal cortex - Temporoparietal junction -
Temporal pole

Introduction

Human interpersonal relationships involve effectively pro-
cessing our own and others’ states of mind (including
desires, goals and beliefs). These cognitive processes are
often referred to as motivation and mentalization (also
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known as ‘Theory of Mind’), respectively. As an example
of the interplay between mentalization and motivation in a
social interaction one can think about a common situation
where an employee is upset with his/her boss. The initial
desire of the employee might be to burst into the boss’s
office to confront him/her (i.e. self-motivation); however,
most employees will stop and think about the boss’s
potential emotional reaction and action (i.e. “my boss will
be upset and fire me”; thinking about the boss’s potential
state of mind refers to the process of mentalization) and this
prospective outcome might prevent them from action (i.e.
motivation to avoid punishment). Motivation and mental-
ization may engage selective brain networks as supported
by lesion and neuroimaging studies (Dolan 2002; Phan et
al. 2002; Adolphs 2003; Frith and Frith 2003; Ressler
2004). However, while these processes likely occur
simultaneously in most social interactions, no prior study
has clearly differentiated between the neural networks
underlying each.

The specialized mentalization-related network likely
involves temporoparietal junction (TPJ), temporal pole
(TP), and medial prefrontal cortex (MPFC) (for review
see Frith and Frith 2003). Most previous studies used
explicit ‘off-line” mentalization tasks requiring participants
to retrospectively attribute states of mind to others after
explicitly being asked to think about the other person.
However, in real-life, mentalization is typically an implicit
‘on-line’ process requiring ongoing prediction of other
peoples’ behavior without explicit instructions to do so
(hence, implicit). The few studies exploring implicit ‘on-
line’ mentalization using interactive games consistently
show activation only in MPFC (McCabe et al. 2001;
Gallagher et al. 2002; Rilling et al. 2004). This raises the
possibility that ‘on-line’ mentalization activates different
network than ‘off-line’ mentalization. In addition, interac-
tive paradigms, unlike ‘off-line’ mentalization paradigms,
also engage reward- and/or punishment-related motivation-
al processes (i.e. appraising the value to the self of rewards
and/or punishments, real or prospective, that are potential
consequences of specific social situations); however, these
processes have not been explored separately. The impor-
tance of this distinction is evident in the MPFC, which is
implicated in both mentalization and reward processing
associated with gains (e.g. Delgado et al. 2000; Pochon et
al. 2002; Knutson et al. 2003). Thus, it remains to be
demonstrated that its activation during interactive games is
mentalization-selective and not motivation-related. The
current study aimed to characterize the selective brain
networks of motivation and mentalization during an
interactive, two-person, on-line game.

We performed two functional MRI (fMRI) experiments
as subjects played a competitive computerized Domino
game, to characterize the neural circuit subserving implicit

‘on-line’ mentalization independently from motivation
processes related to gains and losses (Fig. 1a, Kahn et al.
2002). In experiment I, players were told that their
opponent was the human experimenter, and thus believed
that they participated in an interpersonal competitive game.
Consequently, players were simultaneously engaged in both
mentalization of their opponent’s behavior (trying to predict
the opponent’s next move based on his/her last moves) and
processing motivational aspects related to losses and gains
(determined by their own moves and the opponent’s
responses). These processes mostly occurred in a well-
defined interval after the opponent’s response was revealed
to the player (the Response to Outcome interval, Fig. 1a).
This new information about the opponent was used by the
players to update their representation of the opponent’s
state of mind (i.e. mentalization) and it determined the
outcome of a specific round of the game (gain/loss, i.e.
motivation). We hypothesized that by taking into account
the motivational processes and their neural correlates we
could delineate a selective ‘on-line’ mentalization network.
To further examine the selectivity of the proposed
mentalization network to processing the actions of a human
agent, during a second experiment players were told they
were playing against either a human or a computer
opponent. We predicted that brain regions selective for
‘on-line’ mentalization would be more active in the former
case.

Methods

Subjects. Experiment I: Nineteen healthy subjects (2 left-
handed, 10 males), ages 21 to 56 years (mean+SD: 32.3+
10.4) with estimated full scale IQ (estimated by the National
Adult Reading Test-Revised) of 94 to 122 (11247)
participated in this experiment. Participants had no current
or past history of any psychiatric Axis I diagnosis, assessed
by the Structured Clinical Interviewed for DSM-IV Axis 1
Disorders (SCID; First et al. 2002), no major physical
illness, current or past history of neurological disease or
substance abuse, no history of head trauma causing loss of
consciousness, assessed by detailed interview, and negative
urine screening for recreational drugs.

Experiment II: Twenty-five healthy participants were
recruited for this experiment (none of whom participated
in experiment I); however, data for eighteen participants
(2 left handed, 9 males), ages 19 to 55 years (mean+SD:
28.8+12.4) with estimated full-scale IQ score (available for
14 subjects only) from 99 to 120 (111+6) is reported. Four
subjects were excluded from analysis due to excessive head
movements (>6 mm), and three because they scored all
mentalization statements on a Likert scale (e.g. “I usually
chose which chip to play next according to my opponent’s
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Fig. 1 Domino game paradigm. Panel a depicts the domino game
sequence and corresponding consequences. In the beginning of each
game round the player (participant scanned) must decide what chip he/
she will play next (decision-making interval) and move the cursor to
this chip when instructed (ready interval). The chip can either match
the opponent’s chip (i.e. have one of the numbers match those on the
opponent’s chip, 6:3 in this example; upper panel, 6:1) or not (lower
panel, 5:2). After placing the selected chip face down next to the
opponent’s chip, he/she awaits the opponent’s response (anticipation
of outcome interval). The opponent can either challenge the player’s
choice (‘show’; red arrows) or not (‘no-show’; pink arrows). Based on
the player’s choice and the opponent’s response there are four possible
consequences for each round (response to outcome interval): show

last moves” and “When my opponent didn’t challenge me I
tended to pick a matching chip in my next step”) identically
for both human and computer and indicated that they did
not differentiate between the two in terms of their strategy
(i.e. they replied ‘no’ to the question “Did you have
different strategies for the games you played against the
experimenter and for the games you played against the
computer?”). Inclusion criteria were identical to experi-
ment [. There were no significant differences between
participants in the two experiments on age (#(35)=0.9,
n.s.), gender (x(1)=0.03, n.s.), race (x(1)=0.67, n.s.) and
full-scale 1Q (#(30)=0.3, n.s.). Participants in both experi-
ments provided written informed consent, approved by the
Hartford Hospital Institutional Review Board.

@ Springer

match (overt gain); no-show match (relative loss, as the player could
have been rewarded if challenged); show non-match (overt loss) and
no-show non-match (relative gain, as the player could have been
punished if challenged). Note: colors of boxes/wording correspond to
panel b color schemes. Panel b outlines the ANOVA design for the
response to outcome interval analyses. Red fomes correspond to
mentalization/opponent’s response effect and green to motivation.
Panel ¢ describes the suggested mentalization and motivation
mechanism of each event. The opponent’s chip and samples of
matching and non-matching chips are highlighted for demonstration
purposes only. In the actual scan the game board and all chips are
colored. Also all chips are the same size and color

The domino game paradigm The paradigm, described in
Fig. la, is a two-player competitive computerized game.
The scanned subject is the player while a computer
randomly generates the opponent’s responses. However, to
test the uniqueness of human-related mentalization, players
can be told that they are either playing against a human
(Experiment I and two runs of Experiment II) or a computer
opponent (two runs of Experiment II). Thus, from their
perspective, during the human-opponent runs they are
playing in an interpersonal competitive context. The game
is composed of a pool of 28 domino-like chips; at the
beginning of each game, 12 random domino chips are
assigned to the player (shown face up on the screen), four
undisclosed chips are assigned to a bank and an opponent
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domino chip (constant throughout the game) shows face-up
on the top-corner of the board. The 11 remaining chips
from the overall pool are not used in the specific game.
Each assigned chip can either match the opponent’s chip
(have one of the opponent chip’s numbers) or not. The
player’s goal is to dispose of all assigned chips before the
game ends (4 min). In the game context, matching chips
are considered ‘safe’ moves and non-matching chips are
considered ‘risky’ moves or ‘bluffs’, since they are
associated with gains and losses of chips, respectively. It
is only possible to win and to collect the resulting
monetary bonus ($10/game) by occasionally bluffing (i.e.
playing a non-matching chip).

During each round of the game, the player decides which
chip to play next, places it face down adjacent to the
opponent’s chip and awaits the opponent’s response. The
opponent can either challenge the player by asking him/her
to reveal the chosen chip or not challenge, allowing him/her
to move on to the next round. Each round progresses
according to the following commands, presented to the
player both visually and aurally (Fig. la): (a) ‘Choose’
instructs the subject to mentally select a chip to be played
next. The player then decides to either pick a matching or a
non-matching chip; (b) ‘Ready’ instructs the subject to
move a cursor (using his/her dominant hand) to the chosen
chip. These first two steps each last 4 s; (c) ‘Go’ instructs
the player to put the chosen chip face down next to the
opponent’s chip as quickly as possible. The player then
awaits the opponent’s response (either 3.4, 5.4 or 7.4 s) of
either (d) ‘Show’ or ‘No-Show’. The former command
exposes the player’s selected chip (revealing whether they
played safe or bluffed), while the latter leaves it unexposed.
The next round of the game starts by presenting the
‘Choose’ command again following a 5.4+2 second pause.

Based on the players’ choice and opponent’s response
there are four possible consequences per game round: (1)
Show of Match chip: the choice of a matching chip is
exposed and the players rewarded by disposal of the
selected chip and one additional random chip from the
game board. At the end of these trials players dispose of
two chips (overt gain); (2) Show of Non-Match chip: the
players’ choice of non-matching chip is exposed, and they
are punished by receiving back the selected chip plus two
additional chips (from the bank or previously played
chips, thus not chosen by the player), for a total of three
chips (i.e. overt loss); (3) No-Show of Non-Match chip: a
choice of a non-matching chip remains unexposed, and
only the selected chip is disposed of, so the players get
away with a non-matching choice (relative gain); and (4)
No-Show of Match chip: the choice of a matching chip is
not exposed and only the selected matching chip is
disposed of, so the players are relatively punished as they
could have disposed of another chip (relative loss). For

analysis purposes, it was assumed that the quality of the
player’s mentalization can be modified by the different
opponent’s responses (‘Show’ vs ‘No-Show’) the player
needs to process. On the other hand, the motivation factor
is tested in terms of the values of the outcome (i.e. gains
vs. losses) (see Fig. 1b and c).

Rounds continue until the players win (by getting rid of
all of their chips) or lose (when either 240 s have passed or
they receive all the chips from the bank and the board back,
and there are no more chips they can get).

During experiment I, participants played Domino games
over three scan runs of 15 min each for an average of 12.5
games (due to technical problems, for two subjects only
two runs were used). Participants were told they were
playing against the experimenter, whom they met prior to
the scan, outside the scanner. The experimenter talked to
the participant after each run making competitive comments
about the games just played (such as “you really got me this
time...”). To ensure that players were engaged in the game
and believed that winning was possible, if they did not win
during the first run, the first game of the second run was not
automated and the experimenter “threw” the game, ensur-
ing that the player won. Five of the 19 players played a
non-automated game; these games were excluded from the
analysis. Games shorter than one minute (5.65% of all
games) were not analyzed.

During experiment I1, participants played Domino games
over four scan runs of 15 min each for an average of 16.7
games. Participants were told that they were playing against
the experimenter for two runs and against the computer for
two (on average: 8.3 games against human and 8.4 games
against computer). Players were told that the computer’s
moves were random. The order of the human and computer
opponent runs was counterbalanced across subjects. Partic-
ipants were told who they are playing against via head-
phones right before each run had begun. In this group only
one player played a non-automated game, which was
excluded from the analysis. Again, games shorter than
one minute (5.32% of all games) were not analyzed.

For both experiments, participants practiced the game
outside the scanner prior to scanning. Scanning began when
the experimenter was convinced that participants understood
the game’s rules. A thorough debriefing was carried out
immediately after scanning during which participants were
asked about their emotions and strategies while playing the
Domino paradigm using open-ended questions and a Likert
scale questionnaire where participants rated their responses
on a scale of 1(least) to 5 (most) agreement to statements (see
examples above and in the “Results” section).

Behavioral data analysis Likert scale scores were analyzed

using one sample z-test against the score 3 (middle score).
For experiment II, an additional paired #-test was calculated
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for each statement to test for differences between human-
and computer-opponents.

To characterize player’s choices during the game, a Non-
Match Index was defined as the ratio between the number
of times a player chose a non-matching chip to the total
number of choices. This index represents an unbiased
choice when equal to 0.5 (exactly half of the choices were
non-matching choices), a biased choice for matching chips
when smaller than 0.5 or for non-matching chips when
greater than 0.5.

Functional MRI acquisition Blood oxygenation level de-
pendent (BOLD) data were collected with a T2*-weighted
echo planar imaging (EPI) sequence (TR/TE=1,860/
27 msec, Flip angle=70°, Field of view=22 cm with a
64 %64 acquisition matrix) using a Siemens Allegra 3 Tesla
scanner. Thirty-six contiguous axial functional slices of
3 mm thickness with 1 mm gap were acquired, yielding
3.4%x3.4x4.0 mm voxels. Overall, 492 images were
acquired during each run, including six ‘dummy’ images
at the beginning to allow global image intensity to reach
equilibrium, which were excluded from data analysis.

Functional data analysis Experiments I and II: Tmaging
data were analyzed using SPM2 (Wellcome Department of
Cognitive Neurology, London, UK). Each individual’s data
set was realigned to the first ‘non-dummy’ image using the
INRIAlign toolbox (A. Roche, INRIA Sophia Antipolis,
EPIDAURE Group), spatially normalized to the Montreal
Neurological Institute space (Friston et al. 1995) and
spatially smoothed with a 9 mm isotropic (FWHM)
Gaussian kernel.

We defined four intervals of interest to use for fMRI
analyses (Fig. la): The Decision-making interval was
defined from the ‘choose’ command onset to the ‘ready’
onset during which players were instructed to decide on
their next move without being able to move on the board.
The Ready interval was defined from the onset of ‘ready’
to the onset of ‘go’. These first two intervals lasted 4 s
each. The third interval, Anticipation of Outcome, started
after the selected chip was placed face down beside the
opponent’s chip and ended with the opponent’s response.
This interval was sorted according to the player’s choice
of matching or non-matching chips. The fourth interval,
Response to Outcome, started after the opponent’s re-
sponse and ended with the next ‘choose’ onset. Trials were
sorted according to the player’s choice and the opponent’s
response to derive the four conditions described above
(Show Match, Show Non-Match, No-Show Match and
No-Show Non-Match). The third and fourth intervals were
jittered, randomly lasting 3.4, 5.4 or 7.4 s each (Dale and
Buckner 1997).

@ Springer

Experiment I. For every subject, a general linear model
(GLM) was estimated with SPM using the ‘Ready’,
‘Anticipation of Outcome’ and ‘Response to Outcome’
intervals as regressors while the ‘Decision-making’ interval
was not modeled, and hence was used as ‘baseline’ (Kahn
et al. 2002). High-pass filter with a cut-off of 128 s was
applied to correct for EPI signal low frequency drift. Next,
individual statistical parametric maps of the four Response
to Outcome interval conditions were calculated (results
related to the Anticipation of Outcome interval are
described in Kahn et al. 2002). These maps were entered
into a random effects group analysis using a 2x2
(Mentalization: show/no-show x Motivation: gain/loss)
ANOVA (Fig. 1b). As mentioned earlier, we consider both
‘Show’ and ‘“No-Show’ conditions to entail a mentalization
related parameter. We thus expected regions related to
mentalization to show differential activation along this
parameter (Fig. 1b and c). To further evaluate the
magnitude of the results, contrast values of individual
subjects’ time course were calculated per condition at the
points of maximum group activations, and these values
were entered into an ANOVA analysis using SPSS™ (SPSS
Inc., Chicago, IL).

Experiment II: The same individual GLMs were
defined with separate regressors for Human- and Com-
puter Opponents and individual statistical parametric
maps of the four Response to Outcome interval con-
ditions were calculated separately for the two different
opponents (a high-pass filter was applied as described for
experiment I). These maps were masked with the group
activation map of the main effect of Mentalization from
experiment I (Fig. 3a) before they were entered into
second level group ANOVAs (hence all group results
presented were based on mask). This allowed us to
perform a region of interest (ROI) analysis within the
regions identified in experiment I as related to mentaliza-
tion. Two random-effects 2x2 ANOVAs maps were
calculated for experiment II. First, as for the experiment
I, the masked-individual statistical maps of human
opponent only were entered into a random effects group
analysis of 2x2 (Mentalization x Motivation) ANOVA to
replicate the first study’s results. Second, a 2x2 (Oppo-
nent Type: Human/Computer x Mentalization) ANOVA
was calculated. We then masked (using an inclusive mask)
the contrast Human Mentalization (Show > No-Show;
note that this is equivalent to the main effect of
Mentalization in the first ANOVA) with the contrast of
Human>Computer (main effect of Opponent Type) to
identify regions common to both contrasts. As for the first
experiment, contrast values of individual subjects’ statis-
tical maps were extracted at the points of maximum group
activations for both contrasts (if coordinates of the
maximal activation within the same cluster were differ-
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ent), and these values were entered into an ANOVA
analysis.

For both studies, for the purpose of additional anatomic
precision, group contrasts were overlaid on a surface-based
representation of the MNI canonical brain using the SPM
SurfRend toolbox (I. Kahn: http://spmsurfrend.sourceforge.
net). The surfaces were then rendered using FreeSurfer
(CorTechs Labs, Inc., Charlestown, MA). Reported coor-
dinates were converted to Talairach space (Talairach and
Tournoux 1988) using Matthew Brett’s scripts (MRC
Cognition and Brain Sciences Unit, Cambridge, England;
http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).

Results
Experiment I: Playing against a human opponent
Behavioral data

Analyses of the Likert scale responses showed that subjects
were engaged in the game and winning was important to
them, e.g. for the statement “I wanted to win the game very
much” the mean score =SD was 4.30£0.95 (#(18)=6.00, p<
0.0001). We examined players’ strategy by asking if the
players selected their chips intentionally or randomly. The
score for “I played the chip I thought was best for each
particular game” was 4.68+0.75 (#(18)=9.80, p<0.0001).
Lastly, we checked whether subjects were involved in
mentalization during the game. Because the use of an older,
shorter, debriefing form, only 13 of the 19 players were
asked to respond to the mentalization statements. Ten of the
13 subjects rated these statements as four or five (e.g. “I
usually chose the next chip to play according to my
opponent’s last moves”: 3.85+0.69, #(12)=4.43, p=0.001
and “I took my opponent’s last moves into account before
deciding which chip to play next”:3.70+0.95, #(12)=2.64,
p=0.02, respectively). In response to an open-ended
question about the influence of the opponent’s moves on
the players’ decisions during the games, all 19 participants
indicated they were frying to predict their opponent’s next
move and to act accordingly. These results indicate that all
participants were actively involved in mentalization pro-
cesses during the games.

To evaluate the motivational aspect of the game (related
to gains and losses) we assessed the players’ appraisal of
the various outcomes. In response to open questions,
players reported perceiving each challenge of a safe move
as a gain and each challenged bluff as a loss. Similarly,
non-challenged bluffs and safe moves were perceived as
gains and losses, respectively, although no actual gain or
loss was given. However, on the Likert scale the response
to overt gains and relative gains (“I felt glad when...”) were

significant; while the reactions to overt loss (“I felt angry
when...”) were not (gain: 4.42+0.96, relative gain: 4.30+
1.25; loss: 2.58+1.4, relative loss: 2.15+1.2). Importantly,
results from paired #-tests showed no significant differences
between overt and relative gains or overt and relative losses
(#(18)=0.26 and #(18)=1.45, p>0.1, respectively). These
results suggest that the primary game motivator was gains
rather than losses and that participants did not find overt
gains and losses to be more emotionally salient than the
relative events.

An analysis of participants’ choices while playing the
Domino game in the scanner showed that subjects chose
equally between playing a non-matching chip (risk taking
and ‘bluffing’ their opponent) and playing a matching chip
(playing safe). The average player’s Non-Match index was
0.5+0.1. A one-way ANOVA of this index by time (4 min)
revealed a significant main effect of time (F(1,3)=16.5, p<
0.0001) such that players chose to ‘bluff’ their opponent
more towards the end of a game than at the beginning
(Fig. 2, orange line).

Functional brain data

To examine the network involved in implicit ‘on-line’
mentalization regardless of the outcome, we calculated the
main effect of Mentalization (i.e. Opponent’s Response of
‘Show’ vs. ‘No-Show’) with a whole-brain analysis. Table |
and Fig. 3a present the resulting SPM analysis for peak
activation corrected for multiple comparisons using a false
discovery rate (FDR) with significance level represented by
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Fig. 2 Players’ choices as a function of time during experiments I and
II. Non-match index (number of non-match choices divided by the
number of non-match and match choices) for games played against
human in experiment I (orange), and against human (light gray) and
computer (dark gray) opponent in experiment II are plotted for each
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Table 1 Experiment I: brain regions activated during the response to
outcome interval

Anatomic location of maximum Talairach Z

activation coordinates Score
X y z
Main effect of mentalization
qrpr)< 0.005; Show>no-show

L TPJ (MTG/STS) 42 =72 15 6.78
R TPJ (MTG/STS) 45 =75 18 6.15
L TP —42 -7 -14 5.47
R TP 48 0 -18 5.01
R FG 30 53 =7 5.25
R VLPEC 48 19 24 6.06
MPEC 6 48 31 4.27
L midbrain -6 26 —4 5.04
R midbrain 6 —26 -1 5.73
Cuneus 0 -87 10 6.69
R postcentral Gyrus (BA 1) 65 -—16 26 4.39

Main effect of motivation

qrpry< 0.005; Gains>losses

L NAcc =15 8 -8 6.18
R NAcc 12 6 -8 6.29
L OFC -18 40 -15 3.74
R OFC 24 51 —13 4.04
L MFG (BA 6) -36 5 49 4.23
R MFG (BA 6) 39 11 46 4.39
L postcentral gyrus (BA 2/40) -56 35 49 4.52
R postcentral gyrus (BA 2) 53 27 48 4.31
L precuneus -15 —64 61 4.42
R precuneus 12 =59 50 4.11
L cerebellum -36 —65 25 4.23
R cerebellum 30 68 22 4.77

L left, R right, TPJ temporoparietal junction, 7P temporal pole, FG
fusiform gyrus, VLPFC ventrolateral prefrontal cortex, MPFC medial
prefrontal cortex, B4 Brodmann region, NAcc nucleus accumbens,
OFC orbitofrontal cortex, MFG middle frontal gyrus, FDR false
discovery rate

grpr (Genovese et al. 2002). The resulting network (qrpr <
0.005) composed of bilateral temporal poles (TP); tempor-
oparietal junctions (TPJ), including superior temporal
sulcus and middle temporal gyrus (STS and MTG); medial
prefrontal cortex (MPFC), including the paracingulate cortex;
midbrain and cuneus; right ventrolateral prefrontal cortex
(VLPFC); fusiform gyrus (FG); and postcentral gyrus.

To assess activation related to the value of outcome (i.e.
gains vs. losses) within these regions independent of
mentalization processes, we examined the main effect of
Motivation (Fig. 1b). We first masked this analysis with
the map of the Mentalization main effect, such that the
regions sensitive to the latter were used as ROIs for the
former. No effect of motivation was found in the regions
that showed a significant main effect of Mentalization at
the same threshold (qrpr<0.005). However, at a lower
threshold (qrpr<0.05), bilateral TPJ and right FG and
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VLPFC showed a significant Motivation effect (Left TPJ:
F(1,18)=5.99, p=0.025; Right TPJ: F(1,18)=9.28, p=
0.007; FG: F(1,18)=6.40, p=0.021; VLPFC: F(1,18)=
17.38, p=0.001; see Fig. 3), such that activation during
gains exceeded losses.

Importantly, a follow-up whole-brain analysis showed
main effect of Motivation (qrpr<0.005) in bilateral nucleus
accumbens (NAcc); orbitofrontal cortex (OFC); postcentral
and middle frontal gyri; precuneus; and cerebellum (Table 1
and Fig. 3b). These regions were activated more during
(overt and relative) gains than (overt and relative) losses.
Figure 3b shows 3D views of activation maps for the
mentalization and motivation effects, including overlapping
regions. It is evident that only the TP and the MPFC showed
an effect for the Mentalization that was independent of the
Motivation effect, while NAcc and OFC only demonstrated a
unique effect for Motivation. These results reflect a regional
dissociation for processing mentalization and motivation.

Finally, no brain region showed an interaction between
mentalization and motivation effects (even at p<0.05,
uncorrected). It is important to note that the interaction in
this ANOVA is related to the player’s choice in the current
move, since we are looking at non-match vs. match choices
((No-Show No-Match + Show No-Match) > (Show Match +
No-Show Match)). These results imply that after learning
what their opponent’s response is, players are no longer
concerned about their choice per se, but about the outcome
(i.e. gain vs. loss) as determined by their choice and the
opponent’s response and about the opponent’s state of mind
as represented by his/her response (i.e. mentalization).

Experiment II: Playing against human and computer
Behavioral data

Post-scan debriefing data showed that players were engaged
in the games and similarly excited to win when playing
both against human and computer opponents. Specifically,
the score for “I wanted to win the game very much” was
4.72+0.46, «(17)=15.85, p<0.0001 for Human Opponent
and 4.83+0.38, #(17)=20.28, p<0.0001 for Computer
Opponent. Paired #-test was not significant (p=0.16). In
addition, players selected their chips similarly (intention-
ally and not randomly) in the two conditions (e.g. “I
played the chip I thought was best for each particular
game”: Human: 4.28+0.83, #17)=6.50, p<0.0001; Com-
puter: 4.33+0.90, #(17)=6.23, p<0.0001; paired ¢-test was
not significant: p=0.72).

Participants reported that they considered their oppo-
nent’s moves when playing against both opponents (“I
usually chose the next chip to play according to my
opponent’s last moves”: Human: 3.61+1.04, #(17)=2.50,
p=0.02; Computer: 3.56+1.29, #17)=1.82, p=0.08; and
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Mentalization

Fig. 3 Main effects of mentalization and motivation (experiment I).
Panel a depicts the activation map of random effects ANOVA showing
brain regions with a significant main effect of mentalization/
opponent’s response (=19, q(FDR)<0.005). These regions included
the temporoparietal junction (TPJ), temporal pole (TP), medial
prefrontal cortex (MPFC), ventrolateral prefrontal cortex (VLPFC)
and fusiform gyrus (FG). Other brain regions presented in this map are
midbrain, cuneus, postcentral gyrus and posterior cingulate cortex.
Panel b shows the brain networks activated during mentalization (red),
motivation (green) and overlapping regions (yellow). As shown in the
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graphs (panel ¢), all the mentalization regions had significantly more
activation during ‘show’ (red bars) than ‘no-show’ (pink bars) events
regardless of losses and gains. Some of the brain regions (TPJ, FG and
VLPFC) also demonstrated significant main effect of motivation, such
that activations related to gains (dark green) were higher than
activation during losses (light green). (Note: since bilateral regions,
such as TPJ and TP, showed the same patterns of activations, graphs
presented here are averaged percent signal change of right and left
activations.) **p<0.001; *p<0.05; L=left; R=right hemisphere
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“I took my opponent’s last moves into account before
deciding which chip to play next”: Human: 4.00+£0.91, ¢
(17)=4.67, p<0.0001; Computer: 3.89+1.02, #17)=3.69,
p=0.002; paired r-tests not significant: p=0.85, 0.63,
respectively).

Analyzing participants’ in-scanner game playing choices
revealed no differences between Human and Computer
opponents. On average, with both opponents, players chose
equally between risky and safe moves (Non-Match index
was 0.49+0.1 for both opponents). A 2x4 ANOVA
(Opponent Type: Human/Computer X Time: 4 min) showed
no significant main effect of Opponent Type (F(1,17)<1)
but a significant main effect of Time (F(1,17)=3.31, p=
0.049) for this index, similar to Experiment I (see Fig. 2). In
addition, analyses of numbers of games won and lost to
both opponents during the two runs of each revealed no
significant differences between the two opponents and two
runs (Wins: F(1,17)<1 and F(1,17)=1.86, p=0.19, respec-
tively; Losses: F(1,17)<1 and F(1,17)<I).

Functional brain data

First, we replicated the results of Experiment I (Mentaliza-
tion x Motivation ANOVA). The main effect of Mentaliza-
tion for the human opponent data revealed that all regions
that showed a significant main effect of Opponent’s
Response in experiment I also showed this effect in
experiment Il (qrpr<0.05); these were bilateral TP, TPJ
and MPFC, plus right VLPFC and FG (Fig. 4a).

Second, using the Mentalization by Opponent Type
ANOVA, we determined which regions were activated
more during human-opponent than computer-opponent
runs. Regions showing significant activation of Human
Show>No-Show and a main effect of Opponent Type were
bilateral TPJ, TP, MPFC, and right FG (Fig. 4b). Activation
in these regions during Human-Opponent runs was greater
than for Computer-Opponent runs (see Fig. 4c; Table 2).
Importantly, VLPFC showed no effect of Opponent Type
(Fig. 4b—c and Table 2). However, this region showed a
significant main effect of Mentalization similar to the other
four brain regions, and planned contrasts of both human-
and computer-opponent runs, activation during ‘Show’
were significantly greater than during ‘No-Show’ events
(see Table 2).

Discussion

Using an a-priori defined interval during a competitive two-
person fMRI game, we delineated brain areas that were
selective to implicit ‘on-line’ mentalization, to motivation
or to both processes. The ‘on-line’ mentalization-related
areas were defined as areas showing the combined effect of
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Opponent’s Response/Mentalization in experiment I
(‘Show’ vs. ‘No-Show’) and Opponent Type in experiment
II (Human vs. Computer) regardless of the Motivation
effect. This ‘on-line’ implicit mentalization network
includes bilateral dorsal MPFC, TPJ, TP, and right FG
and closely corresponds to the network previously reported
to underlie explicit ‘off-line’ mentalization. However, only
two regions out of this network were independent of the
motivation factor effect, the MPFC and the TP, suggesting
their unique role in mentalization.

The mentalization-selective network

Our finding that dorsal MPFC is selective to mentalization
vs. motivation processing during interpersonal competitive
interactions agrees with previous ‘on-line’ and ‘off-line’
mentalization studies (Frith and Frith 2003; Amodio and
Frith 2006). It has been suggested that the role of this
region in social cognition is to integrate information
regarding values of actions and outcomes (Amodio and
Frith 2006). However, our result challenges the view of the
MPFC as also involved in processing reward value
(Delgado et al. 2000; Bush et al. 2002; Pochon et al.
2002; Knutson et al. 2003). Importantly, none of these
studies included ongoing interaction with another human
player. Our study suggests that during an interpersonal
competitive game entailing both motivation (i.e. outcome
value of gains and losses) and mentalization (i.e. value of
action in relation to the other), the MPFC is more involved
in the latter. In this context it is important to mention a
recent hypothesis that the dorso-ventral MPFC is part of a
neuronal network subserving processes related to self-
reflection and projection (Buckner and Caroll 2007;
Schmitz and Johnson 2007). Interestingly, Buckner and
Caroll include mentalization as part of the self-appraisal
neural network while Schmitz and Johnson discuss reward
processing in this context. By using the Domino paradigm we
were able to distinguish between these two self-relevant
processes during a social competitive situation, again dem-
onstrating the involvement of the dorsal MPFC in mentaliza-
tion more than in reward-related motivational processes.

Our finding that the TP’s activation is selective to
mentalization vs. motivation is also consistent with other
reports (for review see Frith and Frith 2003). These authors
suggest that the TP’s role in mentalization relates to
retrieving relevant semantic information using adjustable
behavioral scripts that are applied within the mentalization
framework.

As mentioned above, the mentalization-related areas
were identified as areas that showed main effects of
Mentalization, or Opponent’s Response, and Opponent
Type regardless of a Motivation main effect. Regarding
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Fig. 4 Mentalization network (experiment II). Activation map of
random effects ANOVA showing brain regions with significant main
effect of mentalization during the human-opponent runs (n=18, q
(FDR)<0.05). Notably, these brain regions are almost identical to the
brain regions activated by the same analysis in study I (see Fig. 3a.)
Panel b depicts brain regions showing a significant main effect of
mentalization during the human opponent runs (n=18, qgFDR<0.05)
masked with regions showing a significant main effect of opponent
type (»<0.05) such that activations during human runs are greater than
during computer runs. Note that right VLPFC does not appear in this
map. Panel ¢ shows the response to outcome interval activations

the Mentalization main effect, all the areas identified had
greater activation during the ‘Show’ than the ‘No-Show’
events. We suggest that while both conditions entail
mentalization, the ‘Show’ events require more information
processing since the player uses new information about the
opponent to update his/her representation of the opponent’s
state of mind (i.e. both strategy and potential next moves).

FG
* *
T
Computer Human Computer
VLPFC
[
Human Computer

during the human-opponent games (/ight gray bars) and the computer-
opponent games (dark gray bars). All regions but the VLPFC showed
significant main effect of opponent type (i.e. human vs. computer)
such that signal was greater during the human-opponent compared to
the computer-opponent games. (Note: since bilateral regions, such as
TPJ and TP, showed the same patterns of activations, graphs presented
here are averaged percent signal change of right and left activations.)
TPJ, temporoparietal junction; TP, temporal pole, FG, fusiform gyrus;
VLPFC, ventrolateral prefrontal cortex; MPFC, medial prefrontal
cortex; **p<0.005; *p<0.05; £>50

This is due to the fact that the opponent obtains new
information about the player during these events (e.g. if the
player bluffed or played fairly). From the perspective of the
player, the opponent might use this information to change
his/her strategy. Thus, the player has to take more
information into account when updating his/her representa-
tion of the opponent, requiring greater levels of mentaliza-
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Table 2 Experiment II: A 2x2 ANOVA (opponent type by mentalization) of the response to outcome interval BOLD signal in ROIs identified in

experiment |

1. Anatomic location 2. Talairach coordinates 3. Mentalization S>NS 4. Opponent type H>C 5. Human S>NS 6. Computer S>NS
X y z F(1,17) P F(1,17) P t(17) p #(17) P

R TPJ? 53 —61 6 58.4 .0001 7.7 .01 7.3 .0001 6.0 .0001

L TPJ —45 —60 14 353 .0001 8.0 .01 5.8 .0001 4.9 .0001
—62 =55 5 18.7 .0001 10.4 .005 3.2 .005 4.2 .001

R TP* 27 8 -21 15.0 .001 6.6 .02 3.8 .002 23 .03

L TP -29 11 -21 19.6 .0001 5.2 .03 3.8 .001 3.1 .006
-21 5 -20 7.1 .01 9.1 .008 2.4 0.03 1.8 n.s

R FG* 36 —49 16 14.0 .002 6.3 .02 57 .0001 22 .04

MPFC -9 47 14 11.1 .004 5.7 .03 3.3 .004 2.3 .04

-6 47 6 154 .001 7.6 .01 2.4 .03 2.7 .01
R VLPFC* 48 7 27 23.9 .0001 0.2 n.s 5.0 .0001 3.6 .002

Main effects are reported in columns 3—4 and planned contrasts in columns 5-6. Coordinates reported are the points of maximal activation of the
contrast human show>no-show (column 5, in italics) and/or main effect of opponent type (human>computer, column 4, in italics) within the same
clusters of activation. Note that the VLPFC is the only region that did not have a significant main effect of opponent type, indicating no

differences in activation between human and computer runs

L left, R right, TPJ temporoparietal junction, 7P temporal pole, FG fusiform gyrus, VLPFC ventrolateral prefrontal cortex, MPFC medial
prefrontal cortex, ACC anterior cingulate cortex, S ‘show’ opponent’s response, NS ‘no-show’ opponent’s response, // human-opponent, C

computer-opponent
*Maximal activation in both contrasts overlap

tion (Fig. 1c). In relation to the Opponent Type main effect,
as we expected the mentalization areas showed greater
activation when players played against what they believed
was a human agent than a random, non-strategic, non-
human computerized one, consistent with our understand-
ing of the mentalization processes as crucial to social,
inter-personal interactions (Adolphs 2003). In contrast, the
VLPFC activation was sensitive to the Mentalization/
Opponent’s Response main effect (as with the mentalization
areas) as well as to the Motivation effect, but was not
human-selective and thus not integral to the human
mentalization network. Its activation pattern is consistent
with an assumed lateral PFC role in ‘top-down’ cognitive
control to support goal- and rule-directed behavior flexibly
(Miller and Cohen 2001; Bunge 2004). This regulation
might be required in processing values of outcomes while
playing against either human or computer.

Notably, the few neuroimaging studies to date that
directly investigated implicit ‘on-line’ mentalization using
cooperative (McCabe et al. 2001; Rilling et al. 2004) and
competitive (Gallagher et al. 2002) games, demonstrated
activation consistent with the ‘off-line’ mentalization circuit
in MPFC (McCabe et al. 2001; Gallagher et al. 2002;
Rilling et al. 2004) and posterior STS (Rilling et al. 2004
only), but not in TP. The different results are likely due to
prior analysis of an interval not primarily concerned with
mentalization (McCabe et al. 2001), using PET with its
lower temporal resolution (Gallagher et al. 2002), and
single-shot games that limited players’ ability to assess an
opponents’ state of mind and predict their behavior based
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on prior observations (Rilling et al. 2004). Other neuro-
imaging studies of social interactions focused on aspects
differing from mentalization as reflected during cooperative
games (e.g. Rilling et al. 2002; Sanfey et al. 2003; Delgado
et al. 2005; King-Casas et al. 2005).

The motivation-selective network

Brain areas that showed motivation-related activation
during the Response to Outcome interval showed greater
neural response to gains than losses. Theses areas included,
among other areas, the bilateral nucleus accumbens and
OFC, which are known to be integral to reward processing
(e.g. Schultz 2001; O’Doherty 2004). In the context of the
Domino game, one can view gains as rewards, since the
player is disposing of an extra domino chip (overt gains)
and avoiding losses (relative gains), which brings him/her
closer to potentially winning the game (that entails
monetary reward). The fact that the activations in reward-
related brain areas were specific to motivation processes
(across mentalization levels), emphasizes the validity of our
ANOVA analysis (Mentalization by Motivation) in the
Response to Outcome interval.

The mentalization and motivation networks overlap

Two of the regions that are usually indicated in explicit
‘off-line’ mentalization and are sensitive to implicit ‘on-



Brain Imaging and Behavior (2009) 3:24-37

35

line’ mentalization processes in our study are also sensitive
to motivation (i.e. TPJ and FG). TPJ is consistently
activated by ‘off-line” mentalization tasks, and its role in
mentalization is believed to be related to prediction of
others’ actions (Frith and Frith 2003). On the contrary, our
finding of right FG activation during mentalization agrees
with only a few prior mentalization studies. These used
social attribution tasks where subjects explicitly attributed
mental states to animated shapes (Castelli et al. 2000;
Schultz et al. 2003) and reported activation overlapping
with the fusiform face area (Kanwisher et al. 1997).
Although a role for face-selective FG in social behavior is
likely (Haxby et al. 2000; Rotshtein et al. 2005) our and
other mentalization studies demonstrate its activation even
when no face stimuli were presented, suggesting its general
involvement in social behavior-related semantic memory
processes, of which facial perception represents only one
aspect (Schultz et al. 2003; Schultz 2005).

Given the TPJ and FG activation in both mentalization
and motivation, we hypothesize that these regions help
prepare for next step in the game by integrating information
related to mentalization and motivation aspects of interper-
sonal behavior. These regions’ integrative role was previ-
ously demonstrated for sensory information. In recent fMRI
studies where participants identified objects presented
across different modalities, Beauchamp et al. (2004)
showed that posterior STS/MTG and ventral temporal
regions integrated different information types concerning
complex objects, both within and across sensory modalities.
Such integration also occurred for audiovisual presentation
of speech in STS, with implications for social behavior
(Wright et al. 2003). Our results suggest, for the first time, a
more general role of these temporal regions in integrating
non-sensory, higher-order social information.

Alternative interpretation of our results in the TPJ and
FG involves these regions’ role in perceiving social and
motivational stimuli. While FG is known to be involved in
face perception (Haxby et al. 2000; Rotshtein et al. 2005)
STS may function in perceiving and encoding stimulus
importance (although this was documented only in relation
to auditory stimuli in animals, e.g. Rutkowski and
Weinberger (2005)). We cannot provide conclusive evi-
dence to favor integrative vs. perceptual theories.

Study limitations

There were several limitations to our study. First, we
measured mentalization-related activation using differences
in activation between the ‘Show’ and ‘No-Show’ events.
However, since the overt losses and gains given in the
‘Show’ events are more salient than the relative outcomes

of the ‘No-Show’, it is possible that the former evoked
more emotion-motivation laden responses than the latter.
The more salient events might entail various processes such
as emotion regulation (Lieberman 2007; Ochsner and Gross
2005) and self-reflection (Lane et al. 1997; for review
Lieberman (2007)) and even increased arousal. Noticeably,
the post-scan debriefing indicated that the potential differ-
ence in affective load between outcome events is not
supported by a difference in the players’ awareness levels
of different emotions attached to outcomes. Ideally, future
studies should include control ‘No-Show’ events that match
the ‘Show’ events on their emotional loads. Second, as
implied earlier, it is most likely that players were thinking
about their opponent (i.e. mentalizing) throughout the game
and not only during the Response to Outcome interval. We
assume mentalization is utilized the most during this
interval since players receive new information about their
opponent and use this information to update their mental
representation of him/her. However, we did not explicitly
ask players either during or after playing the game when
they were thinking about their opponent the most. Third,
counter to our expectation, players did not distinguish
between a human and a computer-opponent with regard to
trying to predict their next move based on opponent’s last
move, at least based on the players’ responses to the Likert
scale statements. The latter might be insufficiently sensitive
to capture subtle differences. It is possible that players refer
to both human and computer as equivalent opponents and
did not believe they were playing against a human or a
computer-opponent. Ongoing research will elucidate this.
Finally, future research into motivational processes of social
behavior will benefit from objective autonomic measure-
ment (such as heart rate or galvanic skin response) of
players’ responses to gains and losses.

Summary

Overall, using a unique fMRI paradigm characterized by
inter-personal competitive interactions, we demonstrated
that a selective brain network, previously shown to
subserve explicit ‘off-line’ mentalization, also underlies
implicit ‘on-line’ mentalization. Within this network, only
the MPFC and TP were mentalization-selective when
compared to motivational processes of gains and losses,
highlighting the involvement of these regions in attributing
mental states to other humans during interpersonal, com-
petitive interactions. Conversely, the TPJ and FG activa-
tions were related to mentalization and motivation
suggesting a more general role in social behavior. We
emphasize that the Domino paradigm involves complex
social interaction that simulates real-life situations and

@ Springer



36

Brain Imaging and Behavior (2009) 3:24-37

therefore encompasses several cognitive and affective
processes, of which mentalization and motivation are two
major components, respectively. Clearly, other processes
are also involved in the game, including working memory,
anticipation of outcome (Kahn et al. 2002) and decision-
making. Since implicit ‘on-line’ mentalization is key in this
paradigm and its network is not well established, this is the
primary focus of the current report.
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