Functional changes of the reward system underlie
blunted response to social gaze in cocaine users
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Social interaction deficits in drug users likely impede treatment,
increase the burden of the affected families, and consequently
contribute to the high costs for society associated with addiction.
Despite its significance, the neural basis of altered social interaction in drug users is currently unknown. Therefore, we investigated basal social gaze behavior in cocaine users by applying behavioral, psychophysiological, and functional brain-imaging methods.
In study I, 80 regular cocaine users and 63 healthy controls completed
an interactive paradigm in which the participants’ gaze was recorded
by an eye-tracking device that controlled the gaze of an anthropomorphic virtual character. Valence ratings of different eye-contact
conditions revealed that cocaine users show diminished emotional
engagement in social interaction, which was also supported by reduced pupil responses. Study II investigated the neural underpinnings of changes in social reward processing observed in study I.
Sixteen cocaine users and 16 controls completed a similar interaction
paradigm as used in study I while undergoing functional magnetic
resonance imaging. In response to social interaction, cocaine users
displayed decreased activation of the medial orbitofrontal cortex,
a key region of reward processing. Moreover, blunted activation of
the medial orbitofrontal cortex was significantly correlated with a decreased social network size, reflecting problems in real-life social
behavior because of reduced social reward. In conclusion, basic social
interaction deficits in cocaine users as observed here may arise from
altered social reward processing. Consequently, these results point
to the importance of reinstatement of social reward in the treatment
of stimulant addiction.
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treatment for cocaine addiction is currently available (11), and
treatment approaches such as cognitive behavioral therapy rely,
at least in part, on the emotional responsiveness and social
abilities of drug users (12). Previous results suggest that cocaine
users (CUs) show impairments in different facets of social cognition, particularly in emotional empathy, mental perspective
taking, and emotion recognition in prosody, which are related to
deficits in real-life social behavior such as fewer social contacts
and more criminal offenses (13, 14). Furthermore, in money
distribution games, CUs act more self-servingly and less altruistically than stimulant-naïve controls (15). Volkow et al. (9)
postulated that neuroadaptations in the reward systems of drug
users (e.g., ventral striatum and orbitofrontal cortex) alter reward processing such that the value of the abused drug is enhanced and concurrently the value of nondrug rewards, including
social interaction, is reduced. Consequently, general social
competence might become impaired and promote antisocial and
criminal behavior. This may explain why social consequences
of drug use (e.g., imprisonment or familial problems) do not
prompt drug-addicted people to quit using the drug as well as
how they contribute to increased drug use and transition from
recreational drug use to addiction (9). However, whereas altered
processing of monetary rewards has been reported in CUs (16),
social reward processing has not been studied yet, neither on
the psychological nor the neural level. Therefore, it remains
elusive whether CUs (i) show behavioral differences to reward
stemming from social interactions and, if so, (ii) which neural
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Significance
Social interaction deficits in drug users likely impede treatment, increase the burden of the affected families, and consequently contribute to the high costs for society associated
with addiction. However, the neural origin contributing to altered social interaction in drug users is unknown thus far. The
present study illuminates the nature of basic social interaction
deficits as exemplified by social gaze behavior in cocaine users
by applying behavioral, psychophysiological, and functional
brain-imaging methods. The results suggest that basal social
interaction impairments probably arise from blunted social
reward processing that was again related to impaired real-life
social behavior in cocaine users. These results point to the
importance of reinstatement of social reward in the treatment
of stimulant addiction.

C

ocaine dependence is a chronically relapsing disorder defined by uncontrolled and compulsive drug use (1). Despite
severe negative consequences including disrupted social relationships, loss of employment, and somatic and psychiatric illnesses, an addicted person’s life is often centered around the
drug of choice and activities related to it (2). Therefore, drug use
is classified as a major social, legal, and public health problem
(3). After cannabis, cocaine is the second most prevalent illegal
drug in the United States and Europe (4, 5), with a lifetime
prevalence among young adults of 6.3% in Europe (15- to 34-yolds) (4) and 13.3% in the United States (18- to 25-y-olds) (5).
Social cognition and social support for drug users are of great
clinical relevance, as they have been reported to influence onset
of drug use and development of substance use disorders, and
treatment success in patients with substance use disorders (6, 7).
Impairments in social cognition may augment the risk of social
isolation, aggression, and depression, likely supporting the vicious circle of drug use (8). Additionally, impaired social cognition may contribute to the decay of social relationships in
addicted patients (9) with negative consequences for treatment
success given that higher social support predicted longer abstinence duration (10). Furthermore, no efficient pharmacological
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adaptations within reward circuitry underlie these potential
changes in social interaction behavior.
An essential part of social interaction is the phenomenon of
“social gaze,” which has two aspects: Gaze can be used by the
gazing person as a deictic cue to manipulate the attention of
others, and can be read out by observers as a hint toward attentional focus of the gazing person (17). Both aspects can
converge in joint attention (JA), which is a central element of
social interaction (18) and is established when a person follows
the direction of another person’s gaze so that both attend to the
same object (19). Engagement in JA is considered to reflect our
understanding of another person’s point of view (20). The capacity of JA emerges at 8–12 mo of age (21) and is predictive for
later language learning (22) and the development of more advanced social skills such as mental perspective taking (e.g., the
attribution of intentions and goals to others, also known as
theory of mind) (23). Impaired JA is a core symptom of autism
spectrum disorders (24).
To test for social gaze differences between CUs and healthy
controls (HCs), we applied a paradigm designed to capture the
reciprocal and interactive nature of JA (25) (Fig. S1), where
participants engage in an online interaction with an anthropomorphic virtual character in real time. Compared with self-initiated nonjoint attention (NJA; i.e., if the counterpart does not
follow one’s gaze but rather pays attention to another object),
self-initiated JA (i.e., if the counterpart follows one’s own gaze)
is perceived as more pleasurable and associated with stronger
activation of reward-related brain areas in healthy controls (25).
This rewarding nature of JA might underlie the human motivation to engage in the sharing of experiences that emerges in early
childhood (22, 25).
It has been suggested that changes in social reward processing
might underlie alterations in social behavior and cognition in
CUs (9). Here we conducted two studies assessing JA processing,
which constitutes an elegant approach to investigate basic social
interaction patterns related to social reward processing (25), in
CUs and stimulant-naïve HCs by means of behavioral, psychophysiological, and functional brain-imaging methods. In study I,
a large sample of relatively pure CUs with few psychiatric
comorbidities (n = 80) and stimulant-naïve HCs (n = 63) completed an interactive JA task (25) while valence and arousal
ratings, error scores, reaction time, and pupil size were obtained.

Pupil dilation provides an objective index of affective processing
(26, 27). Based on the observations obtained in study I, we further investigated the neural correlates of the blunted emotional
response to social gaze in subsamples of 16 CUs and 16 HCs
using functional magnetic resonance imaging (fMRI) during an
abridged version of the paradigm (study II). We hypothesized that
altered emotional responses to JA are accompanied by less pronounced activation in reward-related brain areas of CUs.
Results
Demographic Characteristics. In studies I and II, CUs and HCs did

not differ with respect to verbal intelligence quotient (IQ), years
of education, sex distribution, smoking status, and age (Table 1).
As expected, CUs scored significantly higher than HCs in the
Beck Depression Inventory (BDI) and Fagerström Test for
Nicotine Dependence (FTND) sum score in study I. Furthermore, HCs reported a significantly larger social network than
CUs in study I, as shown in this sample before (13). Self-reported
drug use, urine toxicology status, and results of 6-mo quantitative
hair toxicologies are displayed in Table S1 (study I) and Table S2
(study II).
Study I. A mixed-effects ANOVA [group(HCs vs. CUs)*initiation
(self vs. other vs. object)*joint(JA vs. NJA)] performed for valence ratings yielded a significant main effect for the factor joint
[F(1,141) = 10.17, P < 0.01] and a significant group*joint interaction [F(1,141) = 4.35, P < 0.04], indicating that both groups
rated JA trials as more pleasant than NJA trials but that CUs
differentiated less between JA and NJA trials than HCs (Fig.
1A). The main effects for group and initiation and the group*initiation interaction did not reach statistical significance (all
P > 0.09).
For the arousal ratings, a mixed-effects ANOVA revealed
a significant group*joint interaction [F(1,141) = 3.94, P < 0.05]
(Fig. 1B), indicating that HCs rated the JA trials as less arousing
than NJA trials, whereas CUs showed the reverse pattern. Furthermore, a significant main effect was found for the factor initiation [F(2,282) = 18.06, P < 0.001] (Fig. S2), suggesting that
both groups rated self-initiated trials as the least arousing condition, whereas the other-initiated condition was experienced as
the most arousing initiation condition. The main effects for

Table 1. Demographic data
Variables
Study I
Male/female participants, n, total
Age, y
Education, y
Verbal IQ
Smoker/nonsmoker, n
FTND sum score, 0–10‡
BDI sum score, 0–63
Social network size§
Study II
Male/female participants, n, total
Age, y
Education, y
Verbal IQ
Smoker/nonsmoker, n
FTND sum score, 0–10‡
BDI sum score, 0–63
Social network size§

Control group

Cocaine users

Value

42/21, 63
29.65 (8.95)
10.51 (1.74)
105.22 (9.99)
46/17
2.46 (2.20)
4.06 (3.89)
26.41 (13.19) (n = 60)

59/21, 80
30.06 (9.00)
10.07 (1.73)
102.74 (11.22)
64/16
3.85 (2.43)
9.36 (7.91)
19.94 (12.05) (n = 72)

χ2
t
t
t
χ2
t
t
t

=
=
=
=
=
=
=
=

12/4, 16
32.63 (8.33)
11.25 (1.61)
106.63 (11.16)
9/7
1.63 (1.85)
2.63 (2.53)
24.88 (14.39)

12/4, 16
33.38 (9.12)
11.00 (1.51)
104.56 (10.62)
11/5
4.40 (3.63)
6.94 (8.63)
20.20 (13.43) (n = 15)

χ2
t
t
t
χ2
t
t
t

=
=
=
=
=
=
=
=

df

P value

0.85*
−0.27†
1.50†
1.38†
0.97*
−3.10†
−4.90†
2.94†

1
141
141
141
1
110
141
130

0.36
0.79
0.14
0.17
0.33
<0.01
<0.001
<0.01

0.00*
−0.24†
0.45†
0.54†
0.53*
−1.96†
−1.92†
0.93†

1
30
30
30
1
16
30
29

1.00
0.81
0.65
0.60
0.47
0.07
0.07
0.36

Significant P values are shown in bold. Means and SD of means are in parentheses.
*χ2 test (across all groups) for frequency data.
†
Independent t test.
‡
FTND was measured in smokers only.
§
Measured by the Social Network Questionnaire.
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group and joint and the group*initiation interaction did not reveal significant differences (all P > 0.38).
A mixed-effects ANOVA performed for pupil size yielded
a significant main effect for the factor joint [F(1,130) = 185.02,
P < 0.001], suggesting increased pupil dilatation during NJA trials
compared with JA trials in both groups. A significant group*joint
interaction [F(1,130) = 4.91, P < 0.03] was revealed, indicating
that the change in pupil size between JA and NJA trials was
larger in HCs than in CUs (Fig. 1C). This corroborates the
results obtained for the valence ratings (see above). The main
effects for group and initiation and the group*initiation interaction did not reach statistical significance (all P > 0.16).
Thus, pupil size data suggest a processing pattern of JA similar to
valence ratings: Both measures reveal that CUs process JA differently from HCs. More precisely, CUs do not differentiate to
the same degree between JA and NJA as HCs do.
The number of errors (looking at the wrong object in the other
and object initiation condition), number of completed trials, and
reaction times did not differ between groups (all P > 0.28) and
did not reveal a significant group*joint interaction (all P < 0.09)
(Table S3), suggesting that HCs and CUs did not show global
performance differences in the task.
These results suggest an altered emotional involvement in
social gaze interaction in CUs. As social gaze processing has
previously been linked to the reward system (25), we further
investigated in study II whether the changed social interaction of
CUs can be explained by altered activation of reward areas.
Study II. Valence and arousal ratings obtained during fMRI

replicated the results of study I, although the main effects and
interactions did not reach significance, most likely due to the
small sample size (Fig. S3).
Results of the region-of-interest (ROI) analyses for one-sample
(HCs) and between-group (HCs > CUs) tests are displayed in
Table S4. We focused on five ROIs [medial orbitofrontal cortex
(mOFC), ventral striatum, left posterior hippocampus, medial
prefrontal cortex (mPFC), and posterior cingulate cortex (PCC)].
These regions were chosen because they are established core
structures of the reward system (for details, see Materials and
Methods). Significantly stronger activation for self-initiated JA >
self-initiated NJA was found in three of the five ROIs in the
Preller et al.

Discussion
The present study demonstrates that CUs process social gaze
(joint attention) differently from HCs, and that these impairments are related to a reduced activation of the brain’s reward
system in situations of social interactions. To our knowledge, the
present study represents a so far unique experimental and multimodal investigation of basic social interaction behavior and its
relation to social reward processing in CUs.
The analysis of valence ratings revealed that HCs clearly rated
JA as more pleasant than NJA, whereas CUs differentiated less
between the two conditions. All participants rated the self-initiated JA condition as the most pleasant, whereas self-initiated
NJA was perceived as the least pleasant condition (Fig. S5),
which is in accordance with Schilbach et al. (25). Furthermore,
arousal ratings showed that CUs feel more aroused by JA trials,
whereas HCs rated NJA as more arousing. This demonstrates
that emotional involvement and processing of social gaze are
altered in CUs. Note that these results cannot be attributed to
differences in attention, motivation, or the ability to complete
the task, as groups did not differ in the number of errors, number
of completed trials, and reaction times.
Providing objective data, reduced reactivity of pupil size also
supports the assumption that emotional engagement by social
eye contact is altered in CUs: In agreement with valence ratings,
the difference in pupil size between JA and NJA was significantly
smaller in CUs than in HCs. Pupil size is considered a physiological marker of affective engagement and is highly correlated
with other indices of autonomic responsiveness such as skin
conductance (28, 29). Pupil changes during the processing of
emotionally engaging stimuli are mediated by increased sympathetic activity, which in turn increases activity of the dilator
muscle (29). Moreover, pupil responses are sensitive to abnormal
social reward and social threat processing in children with autism
spectrum disorders (30). The reduced pupil response in CUs may
thus reflect reduced sensitivity of CUs to the differential emotional value of JA and NJA and altered autonomous processing
of social information. This reduced sensitivity might be a result
of blunted social reward processing, as JA processing has been
shown to involve reward-related brain areas (25).
It has been hypothesized that impairments in social cognition
in drug users arise from an altered reward system by assigning
more value to the drug but less value to natural reinforcers (9).
PNAS Early Edition | 3 of 6
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Fig. 1. Mean difference in valence ratings (A) and arousal ratings (B) for
joint vs. nonjoint attention trials for controls (n = 60) and cocaine users (n =
83), and mean pupil size difference (C) between joint attention and nonjoint
attention trials for controls (n = 60) and cocaine users (n = 72). Error bars
refer to SEM. *P < 0.05.

control group: mOFC, mPFC, and PCC (Fig. S4 and Table S4).
This is in line with the notion that JA is more rewarding than NJA.
In the group contrast, CUs displayed significantly less pronounced
activations of the mOFC during self-initiated JA > self-initiated
NJA compared with HCs (Fig. 2 A and B and Table S4). No
significant differences in activation were found for the inverse
contrast and any other condition.
A correlation analysis was conducted to investigate the association between blood oxygen level-dependent responses in the
mOFC to self-initiated JA > self-initiated NJA and social network size. If the mOFC activation is related to the value of social
reward, then there should be a relation to social network size as
an indicator of real-life social behavior. To test this prediction,
uncontaminated by the already-determined difference in social
network size between the two groups, we assessed it only in HCs.
A significant positive correlation was found in the mOFC (peak:
x = −12, y = 50, z = −5, P < 0.05, familywise error), indicating
that lower mOFC activity in response to JA > NJA was associated with the smaller size of the social network a person has. Fig.
2C displays the correlation of social network size and the first
eigenvariate of the mOFC ROI for HCs (r = 0.49, P < 0.05). This
correlation was also significant in the total sample (r = 0.35, P <
0.05) but not in CUs alone (r = 0.16, P = 0.56). Correlation
coefficients did not differ significantly (z = 0.99, P = 0.32) between CUs and HCs. Furthermore, valence ratings of study I
were significantly correlated with pupil size of study I (r = −0.39,
P < 0.05) and additionally also with mOFC activation in study II
(r = 0.36, P < 0.05) in response to JA vs. NJA.

Fig. 2. Between-group activation [controls (n = 16) > cocaine users (n = 16)]
for the self-initiated joint attention > self-initiated nonjoint attention contrast
(yellow shades represent significant activations displayed at uncorrected P <
0.01) (A) and corresponding contrast estimates in the mOFC (B). Error bars
refer to standard error of contrast estimates. Positive association between
social network size and mOFC activation for the self-initiated joint attention >
self-initiated nonjoint attention contrast in controls (r = 0.49, P < 0.05, first
eigenvariate) (C).

The present results test this hypothesis in the social domain and
extend previous reports of deficits in social cognition of CUs (13,
31–34). Indeed, basal social mechanisms such as JA abilities had
not been investigated in drug users so far. Difficulties at this
basic level of social interaction might represent an underlying
mechanism that could help explain impairments in more sophisticated social skills (23), as the pupil response to JA was
correlated with mentalizing ability (r = 0.29, P < 0.001, n = 132)
as measured with the Movie for the Assessment of Social Cognition
in the presently studied sample as previously described (13).
Furthermore, JA seems to have a stronger arousing effect than
NJA trials in CUs. This might indicate that CUs—unlike controls—
perceive gaze contact as socially threatening or as an intrusion of
personal space inducing fear or aggression, which is often associated
with increased arousal (35, 36). CUs probably display increased
sensitivity to social dominance, as previous studies in monkeys
showed that cocaine acted as a reinforcer mainly in subordinate but
not in dominant monkeys (37). However, this speculation should be
tested in future studies.
As the neural basis of altered social interaction in drug users
has not been investigated yet, study II was conducted to investigate the involvement of the reward system during social gaze
processing in CUs and HCs using fMRI. Corroborating previous
findings of studies investigating JA and social cognition (25, 38),
we initially demonstrated that self-initiated JA vs. NJA recruited
several reward-related areas (mPFC, mOFC, and PCC) in our
control participants. These areas have repeatedly been shown
to be associated with social cognition (39). Importantly, CUs
showed significantly less activation of the mOFC in response to
self-initiated JA vs. NJA compared with control participants.
This is in accordance with previous studies reporting functional
and structural alterations in the OFC in CUs (40, 41). Numerous
studies have provided evidence that the mOFC plays a critical
role in reward-guided behavior and emotion processing. More
specifically, the mOFC has been shown to be associated with
encoding and maintenance of stimulus–reward value of primary
and secondary reinforcers (42–44), and seems to be critically
involved in emotional learning (45). As part of the reward
system, the mOFC predominantly projects to the ventral
striatum (43, 46), and both areas have been shown to be altered
in function in CUs (47–49). Consequently, decreased mOFC
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1317090111

activation in CUs in response to JA likely indicates altered social
reward processing, and may underlie social deficits in CUs.
Significant correlations between mOFC activation, pupil size,
and valence ratings further corroborate the assumption of a common underlying process.
Besides reward processing, the mOFC is also involved in other
cognitive functions such as impulse control and decision making,
considered to be impaired in cocaine users (50, 51). However,
behavioral impulsivity measured with the stop-signal task in the
current sample (previously described in detail in ref. 52) was not
correlated with mOFC activation in controls, CUs, or the complete sample (all parameters P > 0.11). Therefore, differences in
impulse control are unlikely to account for the mOFC hypoactivation during JA processing in CUs. However, further studies
are necessary to investigate the influence of other factors.
Correlation analyses may provide further evidence for a relationship between mOFC activation and real-life social functioning given that a stronger activation of this region during selfinitiated JA vs. NJA was associated with a larger social network
size in HCs. Even though correlation coefficients did not differ
significantly between groups, the correlation between mOFC
activation and social network size was not significant in CUs
alone. Future studies are needed to further investigate this relationship. These findings support the assumption that JA could
represent a fundamental mechanism of social cognition, which
has implications for more complex social abilities (23). Consequently, altered social reward processing in CUs may impact
real-life social behavior, such as social withdrawal or social rejection. This can be particularly important, as social environment
and behavior are crucial factors in the onset of drug use as well
as for the outcome of drug addiction treatment (6, 7). Moreover,
enhanced OFC activity in CUs in response to drug-related words
has been associated with increased reward valuation for drug
cues (53). In conjunction with the current results, this supports
the assumption that neuroadaptations in brain reward systems
make drug users more sensitive to the abused drug and may
reduce responsiveness to the value of nondrug reinforcers such
as social interaction (9). Altered reward sensitivity might therefore reduce the motivation to engage in social interaction, decrease the possibilities to learn and apply social skills, and
promote antisocial behavior. This might result in impairments in
general social competence, and might explain why even substantial negative social consequences such as legal or family
problems do not lead the addicted person to give up drug use.
The present study has to be interpreted with the following
limitations in mind: Whereas the sample size in study I was large,
only a relatively modest subsample could be included in study II.
Therefore, due to limited power, we might not have been able to
detect differential activations in other reward-related brain areas
such as the ventral striatum. Furthermore, to obtain greater experimental control, the participants were interacting with an
avatar instead of a real human being. Note, however, that participants who did not believe that the avatar was controlled by
another human were excluded from study I and not invited to
study II. In addition, previous investigations demonstrate that
using avatars is an adequate tool to study the processing of facebased social stimuli (25, 54). Moreover, although JA processing
represents an elegant tool to investigate basic social interaction
behavior as represented by gaze contact, it cannot cover all facets
of social interaction behavior. Even though the correlation of
mOFC activation and social network size may indicate that altered processing of social gaze in cocaine users is related to reallife differences in interaction behavior, it is possible that other
factors such as personality traits or economic status also contribute to differences in social network size. Finally, due to the
cross-sectional design, we cannot exclude that social impairments
have preceded cocaine use and possibly represent a vulnerability
to start using drugs. Importantly, comprehensive psychiatric diagnostics and objective characterization of drug use by hair toxicology
suggest that our CUs showed little psychiatric comorbidities and
relatively sparse polytoxic drug use.
Preller et al.

Materials and Methods
Participants. The present data were collected in the context of the Zurich
Cocaine Cognition Study (13, 15, 55, 56). For study I, 80 CUs and 63 stimulant
drug-naïve control participants were included, whereas a subpopulation of
16 CUs and 16 HCs participated in study II (for recruitment details, see SI
Materials and Methods). Inclusion criteria for the cocaine-using group was
cocaine use of at least 1 g/mo, cocaine as the primary used illegal drug, and
a current abstinence duration of no longer than 6 mo. Exclusion criteria for
the CUs were use of opioids, a polytoxic drug use pattern, and axis I DSM-IV
(Diagnostic and Statistical Manual of Mental Disorders, 4th Ed.) adult psychiatric disorders other than cocaine, nicotine, and alcohol abuse/dependence,
history of depression, and attention deficit hyperactivity disorder, due to
their high prevalence in CUs. Exclusion criteria for control subjects were any
axis I DSM-IV psychiatric disorder with the exception of nicotine dependence,
and regular illegal drug use (lifetime use <15 occasions) with the exception of
occasional cannabis use. For both groups, exclusion criteria were clinically
significant somatic diseases, head injury or neurological disorders, family
history of schizophrenia or bipolar disorder, and use of prescription drugs
affecting the CNS. Participants were asked to abstain from illegal substances
for a minimum of 3 d and from alcohol for at least 24 h. Self-reports were
controlled by urine toxicology and 6-mo hair analysis (for details, see refs. 13
and 55). Additionally, for study II, participants had to be right-handed, as
confirmed by the Edinburgh Handedness Questionnaire (57), and fulfill MRI
safety criteria. All participants had normal or corrected-to-normal vision. The
studies were approved by the Cantonal Ethics Committee of Zurich, Department of Health of the Canton of Zurich, Switzerland. All participants
provided written informed-consent statements in accordance with the Declaration of Helsinki and were compensated for their participation.
Social Gaze Task. The interactive social gaze task was based on the test described in previous publications (25, 58). In brief, the participant’s gaze was
recorded by an eye-tracking device and used to control the gaze of an anthropomorphic virtual character (avatar). The participants completed three
initiation conditions: (i) leading the gaze of the avatar (“self” condition), (ii)
following the gaze of the avatar (“other” condition), and (iii) the direction
of the gaze was determined by a third object (“object” condition). In every
initiation condition, the participant either looked in the same direction as
the avatar (JA) or in another direction (NJA). For details of the social gaze
task and study procedures, see SI Materials and Methods.

produced real-time output of gaze positions, which was transferred via a fast
network connection to another computer controlling the visual stimulation.
For technical details and pupil size analysis, see SI Materials and Methods.
Image Acquisition and Preprocessing. Magnetic resonance images were acquired on a Philips Achieva 3.0T whole-body scanner (Best) equipped with
a 32-channel receive head coil and MultiTransmit parallel radio frequency
transmission. Functional MRI data were acquired using a whole-brain gradient-echo planar imaging (EPI) sequence (repetition time, 2,500 ms; echo
time, 35 ms; slice thickness, 3 mm; 40 axial slices; no slice gap; field of view,
240 × 240 mm2; in-plane resolution, 3 × 3 mm; sensitivity-encoding reduction
factor, 2.0). Additionally, high-resolution anatomical images (voxel size, 1 ×
1 × 1 mm) were acquired using a standard T1-weighted 3D magnetizationprepared rapid-acquisition with gradient echo sequence.
Images were analyzed using SPM8 (www.fil.ion.ucl.ac.uk). Preprocessing
consisted of realignment, spatial normalization to the standard EPI template
of the Montreal Neurological Institute (MNI), and spatial smoothing using
a Gaussian kernel of 6-mm FWHM to meet the statistical requirements of the
general linear model (GLM).
Statistical Analysis. Study I. Frequency data were analyzed by means of
Pearson’s χ2 test and quantitative data by mixed-effects ANOVA using PASW
18.0 (IBM). In all ANOVAs, group (CUs vs. HCs) was introduced as a betweensubject factor, whereas initiation (self, other, object) and joint (joint vs.
nonjoint trials) were introduced as within-subject factors. The confirmatory
statistical comparisons of all data were carried out at a significance level set
at P < 0.05 (two-tailed).
Study II. Functional MRI images were analyzed using a GLM as implemented in
SPM8. The experimental conditions (self-initiated JA, self-initiated NJA,
other-initiated JA, other-initiated NJA, baseline) were modeled as 5-s blocks
convolved with a canonical hemodynamic response function in the first-level
analysis for each subject. Trials without a successful object fixation were
modeled using a separate regressor of no interest. Low-frequency signal
drifts were filtered using a 128-s high-pass filter. The following contrasts
were computed for each participant: (i) JA > NJA, (ii) self-initiated JA > selfinitiated NJA, and (iii) other-initiated JA > other-initiated NJA. The individual contrasts were then entered into a second-level group analysis using a between-group two-sample t test for the comparison between CUs and
HCs, and a one-sample t test for the analysis within the control group with
a threshold of uncorrected P < 0.005. Group effects were then analyzed
using small-volume correction (SVC). Because we were particularly interested
in reward-related areas and due to the a priori hypothesis, five ROIs were
defined based on previous identification of areas associated with immediate
reward processing (59): mOFC, ventral striatum, left posterior hippocampus,
mPFC, and PCC. Search volumes were defined as spheres with a 5-mm radius
centered on previously reported MNI coordinates (58). These volumes were
applied to the one-sample t test in the control group, the two-sample t test
to compare CUs and HCs, and the correlation analysis investigating the relationship between brain activation for the self-initiated JA > self-initiated
NJA contrast and social network size as an indicator of real-life social behavior. Familywise error corrections were used in all SVC ROI analyses at
a threshold of P < 0.05.

Eye Tracking. In study I, gaze directions were recorded using the EyeLink 1000
System (SR Research), whereas in study II, an MRI-compliant eye-tracking
system including video goggles (Resonance Technology) was used. The systems
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