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ABSTRACT
Recent theories of decision making propose a shared value-related brain mechanism
for encoding monetary and social rewards. We tested this model in children with
Attention-Deficit/Hyperactivity Disorder (ADHD), children with Autism Spectrum
Disorder (ASD) and control children. We monitored participants' brain dynamics using
high density-electroencephalography while they played a monetary and social reward
tasks. Control children exhibited a feedback Error-Related Negativity (fERN)
modulation and Anterior Cingulate Cortex (ACC) source activation during both tasks.
Remarkably, although cooperation resulted in greater losses for the participants, the
betrayal options generated greater fERN responses. ADHD subjects exhibited an
absence of fERN modulation and reduced ACC activation during both tasks. ASD
subjects exhibited normal fERN modulation during monetary choices and inverted
fERN/ACC responses in social options than did controls. These results suggest that in
neurotypicals, monetary losses and observed disloyal social decisions induced similar
activity in the brain value system. In ADHD children, difficulties in reward processing
affected early brain signatures of monetary and social decisions. Conversely, ASD
children showed intact neural markers of value-related monetary mechanisms, but no
brain modulation by prosociality in the social task. These results offer insight into the
typical and atypical developments of neural correlates of monetary and social reward
processing.
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Introduction
When people act prosocially (e.g., cooperating with others), they experience positive
reward and engage reward circuits that overlap with those that are engaged upon the
receipt and consumption of monetary wins1. Similarly, disloyal social behavior (e.g.,
betrayal) is experienced as a negative outcome, and such experiences are similar to
those expressed after monetary losses. Specifically, value-related brain processes that
are typically activated during monetary decisions (i.e., the selection of options that
imply wins and losses)2 are also modulated during social behavior (e.g., charitable
donations, social cooperation, and prosociality)3-6. Thus, different choice outcomes,
such as wins and losses (Monetary Decision Making, MDM) and cooperation and
betrayal (Social Decision Making, SDM), would involve similar neural modulations by
rewards and punishments. However, no previous study has contrasted these two
pathways in terms of the same neural marker of reward processing. The current study
aimed 1) to identify a neural marker that was capable of indexing monetary and social
rewards; and 2) to use this proxy to examine whether these brain processes are
affected in children with Attention-Deficit/Hyperactivity Disorder (ADHD) and Autism
Spectrum Disorder (ASD). Toward the first aim, we focused on the feedback ErrorRelated Negativity (fERN, also called mediofrontal-negativity-MFN, or feedback related
negativity-FRN) as an electrophysiological marker of value-related brain processes that
underlie both MDM and SDM. This component is primarily generated by the Anterior
Cingulate Cortex (ACC)7, which is a crucial region for the processing monetary rewards8
and the motivational value of social interactions3,5,9,10. The fERN has exhibited a
greater negative deflection following losses compared with wins during MDM
3
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tasks8,11,12. Additionally, SDM tasks that have been used to investigate fairness
evaluation13,14 and social rejection15 have provided evidence of greater fERN responses
during undesirable social interactions. Based on this evidence, we hypothesized that
the fERN response and its associated ACC source activation would be modulated in the
same manner by monetary losses during an MDM task and non-cooperative choices
(i.e., betrayal decisions) during a SDM task, even though the latter choices do not
imply financial losses.
To address the second aim of this study, we investigated how the fERN, which served
as a neural marker of SDM and MDM, was modulated in two neuropsychiatric
disorders with apparently different profiles of deficits in these processes. ADHD
children are characterized by impaired neural reward processing during MDM,
presenting abnormal brain activation to rewards and penalties16,17, but no previous
study has reported on the neural correlates of SDM in this population. However,
because basic motivational/reward processing is affected in ADHD16-18, we
hypothesized that the value-related brain markers of both MDM and SDM would be
compromised in these children. Conversely, only abnormal correlates of SDM have
been reported in ASD individuals19,20 who exhibit a preference for self-centered rather
than prosocial choices21,22. In contrast, intact MDM reward processing has been
observed in these children23-25. Accordingly, we hypothesized that the ASD children
would exhibit intact feedback-related MDM modulation but that their neural markers
of atypical SDM would be modulated by the participant's own benefit rather than
prosociality.
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We tested these hypotheses using high-density electroencephalography (hdEEG) while
ADHD, ASD, and control participants performed a MDM task and observed a SDM
paradigm. For the MDM, we employed a children’s version of the Iowa Gambling Task
(IGT)26 in which the participants win and lose money by selecting cards from high- and
low-risk options. For the SDM, we used a modified version of the Prisoner’s Dilemma
Game (PDG)27. The participants observed a game between two players who either
cooperated or betrayed with each other to gain points. We specifically configured the
game such that betrayal options resulted in greater monetary payoffs than did
cooperation options.
In summary, our hypotheses were the following: (1) the typically developing children
would exhibit greater fERN responses (and associated ACC source activation) in
response to losses compared with wins in the MDM task and in response to betrayal
compared with cooperation options in the SDM task; (2) due to a general deficit in
reward mechanisms, the ADHD children would exhibit reduced fERN modulation and
related ACC source activation in both MDM and SDM tasks; and (3) in the ASD children,
we expected to observe normal fERN modulation and associated ACC source activation
in the MDM task and fERN/ACC patterns that were opposite to those of the controls in
the SDM task, i.e., the responses would be driven by monetary rewards rather than
prosocial motivation.
Materials and methods
Participants
Sixty-seven participants, including 22 typically developing participants (14 boys and 8
girls), 19 children diagnosed with ADHD (13 boys and six girls), and 28 with ASD (27
5
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boys and 1 girl), were recruited. Some participants were excluded from the data
analysis (see details in Table 1 and section 1 of the Supplementary Information). The
individuals in the ADHD and ASD groups were selected from 60 outpatients of the
Institute of Cognitive Neurology (INECO) and related institutions based on the
following inclusion criteria: (1) age between 8 and 15, similar to previous studies28,29
and (2) an ADHD or ASD diagnosis according to the Diagnostic and Statistical Manual of
Mental Disorders, fifth edition (DSM-5)30. These children were evaluated during
interviews for admission to the specialized clinic of developmental disorders, during
which they underwent a detailed examination that included neuropsychiatric,
neurological, and neuropsychological evaluations. To quantify the ADHD symptom
presentations, we used the Conners’ Parent Rating Scale Revised: Short form (CPRSR:S)31 (see Table 1). To measure the ASD symptoms, we used the Developmental,
Diagnostic and Dimensional Interview (3Di)32. The 3Di is a widely used standardized
diagnostic instrument that was designed according to the current conceptualization of
ASD as a dimensional disorder33. Note that some ASD children presented high ADHD
symptoms (see Table 1). However, the co-occurrence of symptoms is consistent with
the current diagnosis criteria for ASD30. Moreover, this overlap did not affect the
distinctive pattern of results observed in each patient group (see details in section 2 of
Supplementary Information. The ADHD and ASD subjects took no medications during
the 48 hours prior to the hdEEG recordings.
Twenty-five control participants were recruited from neighboring schools. The
exclusion criteria for this group were the following: (1) age outside the range of 8 to 15
and (2) a history of intellectual disability or neurological or psychiatric diseases. Using
6
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group-wise matching criteria, 22 of these participants were selected to form a control
group that was matched for age and fluid intelligence (Raven’s Progressive Matrices
Test, RPMT34) to both the ADHD and ASD groups (see Table 1). Only the RPMT was
used as an intelligence matching variable due to time constraints and because it is a
more reliable measure of intelligence in the ASD population than complex verbal
intelligence scales35,36. All participants provided a verbal informed assent, and a
parent, next of kin, caretakers, or guardian gave written informed consent on behalf of
the child enrolled in this study. All protocols were performed in accordance with
relevant guidelines and regulations of the Declaration of Helsinki. The study was
approved by the ethics committee of INECO.
... Insert Table 1 ...
MDM: IGT for children (IGT-C)
We adapted the computerized four-deck IGT to make it suitable for children and for
the ERP analysis (IGT-C). The task included two versions with two decks each. The IGTC has been validated previously in typically developing children through behavioral and
psychophysiological measures26. Fig. 1A illustrates an example of a trial sequence. The
participants were instructed to select a card from either the left or the right deck to
maximize their initial capital ($120). Each time that a card was selected, a feedback
display revealed the magnitude of win or loss. After 20 choices, cumulative feedback
was presented. The task was completed after the 8th presentation of cumulative
feedback. All participants performed both versions (160 trials each) and were blind to
the distribution of wins and losses across decks and versions (see details in section 3 of
the Supplementary Information).
7

Social and monetary rewards in ADHD and ASD children

Each version of the IGT-C task included two decks that differed in terms of long-term
profit (advantageous and disadvantageous) and loss frequency (high and low). Both
versions contained an advantageous deck (AD) and a disadvantageous deck (DD). The
amount and frequency of wins were constant across the versions, while the amounts
and frequencies of losses differed across decks and versions (see Fig. 1B). The number
of cards selected in each deck and version were taken as behavioral measures to
compare differences between groups regarding task understanding and attention.
Given that children's main strategy in the IGT is to avoid both the DD and options with
high-loss frequency26,37, we contrasted the fERN responses between wins and losses
following the selection of these options.

Figure 1. IGT-C. (A) IGT-C trial sequence: Each version started with the presentation of the
initial capital ($120). Each trial began with a screen showing two decks that was displayed until
the participant responded. After the response, a fixation cross window was replaced with the
outcome (feedback onset for the fERN). Finally, a black screen appeared and indicated the
start of the next trial. After 20 choices, an outcome display revealed the cumulative feedback
(see details in section 3 of the Supplementary Information). (B) Table illustrating the
distributions of win and loss across the decks and versions of the IGT-C (AD: advantageous
deck, DD: disadvantageous deck).
8
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SDM: PDG for children (PDG-C)
We adapted the PDG27 to be suitable for children and for the ERP analysis (PDG-C). In
the PDG-C, the participants observed a virtual game between two players who
independently chose either to cooperate with each other or to betray each other. Each
player was awarded points in a manner that depended on the interaction between
both players’ choices. Unknown to the participants, the game was rigged such that one
of the players (Simon, the fair player) mostly cooperated (72.5%) and rarely betrayed
(27.5%) and the other player (Peter, the unfair player) most frequently betrayed
(67.5%) and seldom cooperated (32.5%, see Fig. 2A and 2B). Through the task
instructions, we manipulated the participant's identification with the fair player by
indicating that they would receive a reward according to the points accumulated by
this player. The fERN is also modulated when one observes/identifies with other
people's actions and observes the outcomes that would have resulted from one’s own
decisions. However, the amplitude of the fERN is lower during observation than during
active tasks38,39. Accordingly, we manipulated the task to measure participant's fERN
modulation over the fair player's choices38. Importantly, the cooperative choices from
the fair player resulted in less gain for the participant (3 points) than did betrayal
decisions (6 points). However, because we expected a prosocial bias in the control
participants in the PDG3, the betrayals would generate greater fERN signals than were
the cooperative choices.
Each trial began with the decision of one player followed by the other player's choice
(see Fig. 2C). The players’ faces were shown in green when they cooperated and in red
when they betrayed. After both players’ decisions, each trial included a question about
9
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the outcome (Who won?, see Fig. 2C, panel 4). Only correct responses were processed
in the data analyses and participants with extreme omission errors (>70%) in their
responses to control questions were excluded from these analyses, as this may reflect
poor attention/understanding of task instructions. The percentage of correct
responses was used to index participants' attentiveness and task understanding.
After 40 choices, an outcome display revealed the cumulative feedback. The task was
completed after the 4th outcome display (160 trials). The participants were blind to the
number of trials and the frequencies of the outcomes (see details in section 4 of the
Supplementary Information).

Figure 2. PDG-C. (A) PDG-C players: Simon (fair player) and Peter (unfair player). (B) The matrix
shows the four possible outcomes resulting from the players’ interactions (see details in
section 4 of the Supplementary Information). (C) PDG-C trial sequence: The task began with
the decision of one player followed by the other player’s choice (feedback onset of the fERN).
Next, a black screen was replaced with a question about what had happened in the trial.
Finally, a fixation cross indicated the start of the next trial. In cases of wrong answers, a red
cross appeared between the question and the fixation cross window. Every 40 trials, an
outcome display revealed the cumulative feedback.
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hdEEG data collection and preprocessing
During the experiment, 128-channel hdEEG signals were recorded using a Biosemi
amplifier and sampled at 1024 Hz. The data were downsampled to 256 Hz, and
bandpass filtered at 0.5 and 20 Hz. The Biosemi reference system was recorded via the
CMS electrodes, and the signals were then algebraically re-referenced to averaged
mastoids off-line. The epochs were extracted between -200 ms and 800 ms relative to
the feedback onset: 1) in the IGT-C the outcome of the choice selection (after the
fixation cross window); and 2) in the PDG-C, following previous studies40,41, after both
players’ faces. In both tasks, we focused on the fERN, which is primarily sensitive to
action-outcome contingencies. Thus, the onset of the fERN was set on the outcome of
the decision in place of the stimulus onset. Furthermore, the epochs were baselinecorrected relative to the mean activity during the -200 ms to 0 ms window before the
feedback onset. Data containing excessive eye movement or muscular artifacts were
rejected via a quasi-automated procedure (see details in section 5 of the
Supplementary Information).
Data analysis
Behavioral measures were analyzed with a repeated measures ANOVA. Offline EEG
processing and analyses were conducted using the Matlab software. Artifact-free
epochs were averaged for each experimental condition to obtain the ERPs. The
number of rejected trials in each task was similar among groups and conditions
(Supplementary Table S1). The fERN component was quantified at the Fz electrode in
the 250 and 400 ms window following the feedback onset. In the IGT-C, we compared
within-group differences in this component between the win and loss conditions from
11
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the DDs and high punishment frequency options. In the PDG-C, we performed withingroup contrasts of the feedback after cooperative versus betrayal choices that the fair
player made. The epochs in each condition included two options (see Figures 1B and
2C), which were averaged subject-wise. Thus, each condition included two options per
subject. Although we have a sufficient number of trials to measure optimal fERN42 , the
number of trials differed between some conditions. Even though these differences did
not seem to affect the different pattern of results between groups, future research is
needed to further investigate how these differences may impact the fERN.
The fERN differences between conditions in each group were assessed for significance
via Monte Carlo permutation tests with bootstrapping43. This method does not require
one to make assumptions about the normal distribution of the data and offers a
straightforward solution for relatively small samples by performing multiple hypothesis
testing44. Combined data from each condition was randomly partitioned by sampling
with replacement from the original sample and analyzed using a t-test. This process
was repeated 5000 times to construct the t-value distribution under the null
hypothesis (p < .05). We plotted the temporal extents of the significant differences
within the window of interest and reported the Monte Carlo t and p values at the time
point of the maximal differences between conditions. Cohen's d was employed as a
measure of effect size for the significant effects.
To further explore the neural mechanism underlying fERN modulation, we
reconstructed the cortical sources of the fERN responses using Brainstorm45. Following
previous studies in children and adolescents29,46, we first calculated a forward model
using the symmetric boundary element method from OpenMEEG47 on the cortical
12
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surface of a template MNI brain (colin27) with a 1-mm resolution. This method uses
three layers: scalp, inner skull, outer skull, plus the cortical surface. In the next step,
we estimated source activation through an inverse model. We used a depth-weigthed
linear L2-minimum norm method48, in which source orientation was constrained
orthogonally to the cortex surface with a 0.8 weigh exponent. The grand-average
activation values of the fERN, subtracted between conditions (i.e., loss-minus-win in
the IGT-C and betrayal-minus-cooperation in the PDG-C) were calculated and plotted
on the cortical maps. The ACC region was selected based on previous studies of
fERN49,50 and then identified visually in the cortical map of the control group.
Supplementary Table 2S shows the coordinates of the maximum peak of activation of
this ROI in each group. Afterwards, the ROI (covered by 40 vertices and 782 cm2) was
multiplied in the grand-average cortical maps using the forward model (recording
simulation function). Finally, subject-wise activation time courses were extracted by
averaging activity within this region and then compared between groups using tests for
nonstandard distributions (the Mann-Whitney test and Cohen's r for effect sizes).
Lastly, to control the influence of demographic variables (age and gender) on EEG
results (fERN modulations and ACC activation), we performed within-group
correlations between age and EEG measures (both ERP and source space). Also, MannWhitney tests were used to contrast differences in gender regarding these measures.
No differences between groups were observed in age and gender in the EEG results
(see Supplementary Information, section 6, Table S3, and Table S4).
Results
Behavioral measures
13
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As expected, no significant group differences were observed in the number of cards in
the IGT-C and the percentage of correct responses in the PDG-C. Thus, groups
exhibited no differences in performance, attention, or task comprehension
(Supplementary Information, section 3 and 4).
MDM (IGT-C)
The typically developing children exhibited greater fERN responses to losses than to
wins in the MDM task. This effect was observed after the selection of both types of
choices in the IGT-C (DDs at a latency of 347-382 ms: t = -2.60, p = .01, d = .36, and
high-loss frequency decks in the range of 375-386 ms: t = -2.42, p = .02, d = .27; see Fig.
3A and 3B). However, no differences between conditions were observed in the ADHD
group. Regarding the ASD individuals, the fERN responses for losses were greater than
those for wins following both types of choices in the IGT-C (DDs at a latency of 300 and
320 ms: t = -1.97; p = .048, d = .29; high-loss frequency decks in the window of 292 to
390 ms: t = -3.86; p = < .001, d = .78; see Fig. 3A and 3B).
The source reconstruction analysis revealed that during the 250 to 400 ms window, the
controls exhibited right ACC activation following choices from the DDs and options
with high-loss frequency (see details in section 3.5). However, no such activation was
observed in the ADHD group. The ASD individuals exhibited ACC activation that was
similar to that of the controls (see Fig. 4A and 4B). Thus, significant differences in these
sources were observed between the control and ADHD groups (CTRL>ADHD; DDs: U =
76.00, p = .02, r = 5.83; high-loss frequency: U = 82.00, p = .04, r = 5.83) and between
the ASD and ADHD participants (ASD>ADHD; DDs: U = 107.00, p = .01, r = 6.56; highloss frequency: U = 121.00, p = .02, r = 6.56). No significant differences were observed
14
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between the control and ASD groups (see Fig. 4D and 4E and details in Supplementary
Table S5).
Our results revealed that the ADHD children failed to exhibit neural markers of control
monitoring in the ACC in response to high-risk choices (i.e., the DDs and options with
high-loss frequency). These results suggest that value-related brain systems were
atypical in these children. In contrast, both the controls and ASD participants exhibited
intact feedback-related neural markers in response to MDM.
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Social and monetary rewards in ADHD and ASD children

Figure 3. FERN modulations in the MDM and SDM tasks. ERPs of each group for: (A) the win
and loss conditions from the disadvantageous options of the IGT-C, (B) win and loss conditions
from the options with high-loss frequency in the IGT-C, and (C) the cooperative and betrayal
conditions in the PDG-C. The plots at the top of each panel show the spatial topography of the
subtraction between conditions (loss-minus-win in the IGT-C and betrayal-minus-cooperation
in the PDG-C) at the time point of maximal difference reported in Monte Carlo permutations.
The plots at the bottom show grand-average ERP time courses at the Fz electrode in
microvolts. Shaded bars around the ERPs indicate s.e.m. The thick, black horizontal lines
indicate the temporal extent of the significant differences between the conditions. The black
rectangular box indicates the fERN time window within which the conditions were compared.

SDM (PDG-C)
As expected, the fERN responses of the control children were modulated by their
prosocial interest rather than their monetary profit. Accordingly, Fig. 3C shows that
this group exhibited greater fERN responses to the betrayal options compared with the
cooperative options at a latency of 280-305 ms (t = -2.24, p = .02, d = .70). The ADHD
participants exhibited no significant differences between these options. Opposite to
the controls, the ASD children exhibited greater fERN responses to the cooperative
options compared with the betrayal options between 253 and 330 ms (t = -2.17, p =
.03, d = .44).
Similarly, the source reconstruction analyses revealed that during a latency of 250 to
400 ms, the control participants exhibited a right ACC activation in the PDG-C (see
details in section 3.5). No activation in this source was observed in the ADHD group.
Remarkably, the ASD group exhibited an activation pattern that was opposite to that
of the controls, i.e., a negative ACC source indicated greater activation for cooperative
compared with betrayal options (see Fig. 4C). Therefore, significant differences in the
ACC sources were observed between the control and ADHD groups (CTRL>ADHD: U =
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90.00, p = .04, r = 5.91) and between the control and ASD participants (CTRL>ASD: U =
101.50, p = .01, r = 6.32) (see Fig. 4F and details in Supplementary Table S5).
These results revealed that during the observation of social decisions, differential
neural markers of feedback processing related to the ACC were observed between the
groups. First, the control participants exhibited greater brain error monitoring signals
for non-social options (i.e., betrayal) that did not imply more losses for them and
instead, generated more gains. The ADHD children exhibited no differential fERN
modulation between these options. The absence of neural modulation during both the
MDM and SDM tasks in the ADHD children is suggestive of a general reward deficit in
value-related brain mechanisms. Conversely, the neural monitoring signals in the ASD
children were modulated by the participants' monetary profit rather than their social
motivation (i.e., greater fERN responses and ACC activations for the cooperative
options).
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Figure 4. Source reconstruction for the MDM and SDM tasks. The groups’ cortical activations
in the right ACC (fERN window) for: (A) the loss-minus-win condition for the disadvantageous
options of the IGT-C, (B) the loss-minus win condition for the options with high-loss frequency
in the IGT-C, and (C) the betrayal-minus-cooperation conditions from the PDG-C. The means
and s.d of the ACC ROI for each group for: (D) the loss-minus-win condition for the
disadvantageous options of the IGT-C, (E) the loss-minus win condition for the options with
high-loss frequency in the IGT-C, and (F) the betrayal-minus-cooperation conditions from the
PDG-C (see details in section 2.5).

Discussion
In the current study, we tested the hypothesis that both social and monetary rewards
elicit motivational relevance, as indexed by a common value-related brain
mechanism1, and that these processes would be differently affected in children with
ADHD and ASD. Our results revealed that the typically developing children exhibited
fERN modulations and ACC source activations for both monetary (loss>win) and social
options (betray>cooperate). However, ADHD subjects exhibited reduced early cortical
modulation during both monetary and social options, whereas the ASD subjects
exhibited intact value-related brain markers of monetary rewards and exhibited an
abnormal (inverted) modulation for social rewards. These findings suggest atypical
neural processing of both monetary and social rewards, as observed in the ADHD
children. However, abnormalities in brain processing of SDM could arise without
deficits in the monetary value-related brain process, as observed in the ASD children.
In the present study, we contrasted the same neural markers of reward processing
(i.e., the fERN and the related ACC source) in monetary and social decisions. In the
typically developing children, the observed fERN modulations in the loss>win and
betrayal>cooperation conditions suggested that the brain reward system responded to
monetary losses and in the same manner in which this system alerted the participants
18
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of the negative values of disloyal social interactions, i.e., the observation of betrayal
decisions. Furthermore, these results demonstrated that during the social options, the
fERN responses and ACC-related source activities were modulated by prosocial interest
rather than the individuals’ self-centered benefits. Thus, although the cooperative
options meant greater losses for the participants, the betrayal options generated
greater fERN responses. These results are aligned with decision making frameworks
that propose that socially normative principles, such as being fair and cooperating with
others, influence the basic value system when these principles are at odds with one’s
own financial rewards1,6. Thus, equal distribution of rewards6,51 and cooperative
behavior3,52 activate areas associated with the reward circuitry, even when the latter
decisions result in financial costs to the participant. Similarly, charitable donations5 and
decisions to lose money to punish violators of social norms53 activate brain regions
that encode monetary rewards. In summary, these previous results in combination
with our own provide evidence supporting the idea that social cooperation involves
neural valuation processes that partially resemble those underlying monetary rewards.
We also tested neural correlates of both monetary and social markers of reward
processing in ADHD children who are known to typically exhibit abnormalities in the
reward circuitry16,17. No significant fERN differences between the win/loss and
cooperation/betrayal options as well as reduced ACC task-related activations were
observed in these children. Although reduced fERN modulations during monetary
choices54,55 have previously been reported in ADHD, to our knowledge, this is the first
study to report similar deficits in the neural correlates of social reward processing.
Furthermore, these findings suggest that the abnormalities in basic brain reward
19
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processing in individuals with ADHD can be extended to the neural processing of social
interactions. We propose that the absence of fERN modulations in the ADHD children
may be suggestive of an atypical brain reward processing that may reflect different
cognitive strategies to solve the task, rather than an impaired SDM ability in these
children. Although the literature examining SDM in ADHD is minimal, one behavioral
study reported difficulties in ADHD adults in adapting their behavior to the fairness of
a partner56. Similarly, emerging evidence indicates social cognition difficulties in ADHD
57,58

. Therefore, our results may suggest that brain signatures of reward processing

abnormalities could participate in social cognition impairments in ADHD children.
Future studies should further explore this hypothesis.
In contrast to the ADHD children, the ASD children exhibited normal neural
modulations during MDM. These results confirm the intact processing of monetary
rewards in ASD23,24. Moreover, these children exhibited a fERN modulation and
associated ACC activation for social rewards, whereas the direction of this modulation
was inverted in these children compared with the controls. Thus, the fERN responses
were modulated by the participants' own financial rewards in a manner similar to that
observed during the monetary choices that was independent of the social normative
values of the options. These findings suggest that the brain error monitoring system in
ASD children alerted the participants to losses rather than to disloyal interactions
(betrayal options). Consistently, the ASD subjects prefer betrayal over cooperative
decisions in the PDG21, make less charitable donations22, and are less influenced by
social normative principles than control subjects during social choices. Our results are
in accordance with those of previous studies23,24 that have demonstrated reduced
20
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neural underpinnings of reward anticipation for social stimuli in ASD. This abnormal
pattern could be attributable to difficulties in forming reward representations for
social stimuli in ASD59. Consequently, the neural underpinnings of social decisions may
reflect different strategies to solve the task, i.e., focus on individuals’ own financial
interest rather than prosocial norms. Alternatively, self-centered processing of social
choices could be explained by difficulties in understanding other's beliefs and
emotions (i.e., theory of mind). Futures studies should explore these alternative
explanations of social reward abnormalities in ASD.
Some limitations of this study should be acknowledged. First, our sample size was
relatively small which generates the potential problem of the low statistical power of
small studies (see details in60) . However, we followed some of the current guidelines
to deal with small samples60 such as selecting appropriate statistical methods43 and
reporting all data exclusions and manipulations. In addition, our sample size was not
smaller than those of previous studies29,46. Nevertheless, even taking into
consideration the above points, we can not rule out that the sample size may biased
the results. Further replications in larger samples should confirm the observed effects.
Second, although our participants had a relatively wide age range and were unevenly
distributed in terms of gender, neither variable was significantly associated with the
EEG measures (Supplementary Information, section 6). Although previous behavioral
studies have found gender differences in both the IGT61 and PDG62 tasks, to our
knowledge, no studies to date have examined gender differences in fERN modulation
or ACC activation during these tasks. Future studies should explore this issue further.
Third, even though our results suggest that high ADHD symptoms in the ASD sample
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did not affect that group’s results, future studies should explore these processes in
cases of comorbid ASD and ADHD. Fourth, we modified the original IGT and PDG to
tailored ERP paradigms aimed to assess the neural correlates of MDM and SDM. Thus,
similar to previous reports25,54,63,64, group differences in the ERP markers were
observed in absence of behavioral indicators of these processes. This suggests that
neural correlates are not explained by potential differences in participants’
attentiveness or task understanding. Group differences in neural markers could reflect
subtle or subclinical impairments that may not have been evident in behavioral
measures63,65. Alternatively, these differences may reflect alternative or compensatory
cognitive strategies to successfully solve these tasks66,67. Future studies should explore
these different interpretations by using tasks with more robust behavioral measures.
Finally, although the participants were rewarded according to the fair player choices to
ensure their engagement with the game, futures studies should assess the neural
processing of SDM through active games that include real partners68.
In sum, in the present study, we drew from current models of brain signatures of
reward processing in different contexts1. Consequently, we observed similar neural
processing of monetary and social rewards in typically developing children, deficits in
both processes in ADHD children, and abnormal brain processing of social cooperation
with preserved monetary reward processing in ASD children. These results provide
evidence that confirms that MDM and SDM induce similar activities in the brain value
system. Moreover, these shared value activations rely on other domain-specific brain
regions in social versus monetary contexts. These findings suggest that while typically
developing children exhibit brain modulation for the motivational values of money and
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cooperative interactions, these processes were differentially affected by
neurodevelopmental disorders. Thus, these results could offer insights into the brain
mechanisms underlying the typical and atypical development of monetary and social
reward processing and could open promising avenues for exploring these neural
atypicalities in many other neuropsychiatric conditions.

Acknowledgments

This work was supported by grants from CONICET, CONICYT/FONDECYT Regular
[1130920 and 1140114], FONCyT-PICT [2012-0412 and 2012-1309], and INECO
Foundation. The authors thank the PANAACEA, the Institute of Neurosciences
(University of Favaloro), and CITTTA institution for helping with the patient
recruitment process.

Author's contribution

Design and interpretation of data: Maria Luz Gonzalez-Gadea (MLGG), Agustin Ibanez
(AI); write the manuscript: MLGG, AI, and Mariano Sigman (MS); revision of the
manuscript: MLGG, AI, MS, Claudio Lavin (CL), and Alvaro Rivera-Rei (ARR), Alexia
Rattazzi (AR), Julian Marino (JM), and Facundo Manes (FM); data recollection and
analysis: MLGG, AI, MS, CL, ARR, AR, JM, and FM; agreement and approval of the
manuscript: MLGG, AI, MS, CL, ARR, AR, JM, and FM.

23

Social and monetary rewards in ADHD and ASD children

Additional information
The authors declare no competing financial interests.

References
1

Ruff, C. & Fehr, E. The neurobiology of rewards and values in social decision
making. Nat Rev Neurosc.i 15, 549-562 (2014).

2

Rangel, A., Camerer, C. & Montague, P. R. A framework for studying the
neurobiology of value-based decision making. Nat Rev Neurosci. 9, 545-556
(2008).

3

Rilling, J. et al. A neural basis for social cooperation. Neuron. 35, 395-405
(2002).

4

Tricomi, E., Rangel, A., Camerer, C. F. & O'Doherty, J. P. Neural evidence for
inequality-averse social preferences. Nature. 463, 1089-1091 (2010).

5

Moll, J. et al. Human fronto-mesolimbic networks guide decisions about
charitable donation. Proc Natl Acad Sci U S A. 103, 15623-15628 (2006).

6

Haruno, M. & Frith, C. D. Activity in the amygdala elicited by unfair divisions
predicts social value orientation. Nat Neurosci. 13, 160-161 (2010).

7

Ibanez, A. et al. What event-related potentials (ERPs) bring to social
neuroscience? Social Neurosci. 7, 632-649 (2012).

8

Gehring, W. J. & Willoughby, A. R. The medial frontal cortex and the rapid
processing of monetary gains and losses. Science. 295, 2279-2282 (2002).

9

Sanfey, A. G., Rilling, J. K., Aronson, J. A., Nystrom, L. E. & Cohen, J. D. The
neural basis of economic decision-making in the Ultimatum Game. Science. 300,
1755-1758 (2003).

10

Lavin, C. et al. The anterior cingulate cortex: an integrative hub for human
socially-driven interactions. Front Neurosci. 7, 64 (2013).

11

Walsh, M. M. & Anderson, J. R. Learning from experience: event-related
potential correlates of reward processing, neural adaptation, and behavioral
choice. Neurosci Biobehav Rev. 36, 1870-1884 (2012).

12

San Martin, R., Manes, F., Hurtado, E., Isla, P. & Ibanez, A. Size and probability
of rewards modulate the feedback error-related negativity associated with wins
but not losses in a monetarily rewarded gambling task. NeuroImage. 51, 11941204 (2010).

13

Boksem, M. A. & De Cremer, D. Fairness concerns predict medial frontal
negativity amplitude in ultimatum bargaining. Soc Neurosci. 5, 118-128 (2010).

24

Social and monetary rewards in ADHD and ASD children

14

Wu, Y., Hu, J., van Dijk, E., Leliveld, M. C. & Zhou, X. Brain activity in fairness
consideration during asset distribution: does the initial ownership play a role?
PLoS One. 7, e39627; doi:10.1371/journal.pone.0039627 (2012).

15

Sun, S. & Yu, R. The feedback related negativity encodes both social rejection
and explicit social expectancy violation. Front Hum Neurosci. 8, 556;
doi:10.3389/fnhum.2014.00556 (2014).

16

Luman, M., Tripp, G. & Scheres, A. Identifying the neurobiology of altered
reinforcement sensitivity in ADHD: a review and research agenda. Neurosci
Biobehav Rev. 34, 744-754 (2010).

17

Groen, Y., Gaastra, G. F., Lewis-Evans, B. & Tucha, O. Risky behavior in gambling
tasks in individuals with ADHD-a systematic literature review. PLoS One. 8,
e74909; doi:10.1371/journal.pone.0074909 (2013).

18

Bush, G. Cingulate, frontal, and parietal cortical dysfunction in attentiondeficit/hyperactivity disorder. Biol Psychiatry. 69, 1160-1167 (2011).

19

Frith, C. D. & Frith, U. The self and its reputation in autism. Neuron. 57, 331-332
(2008).

20

Edmiston, E. K., Merkle, K. & Corbett, B. A. Neural and cortisol responses during
play with human and computer partners in children with autism. Soc Cogn
Affect Neurosci. 10, 1074-1083 (2015).

21

Tayama, M. et al. The study of cognitive characteristics in Asperger's disorder
by using a modified Prisoner's Dilemma game with a variable payoff matrix.
PLoS One 7, e48794; doi:10.1371/journal.pone.0048794 (2012).

22

Izuma, K., Matsumoto, K., Camerer, C. F. & Adolphs, R. Insensitivity to social
reputation in autism. Proc Natl Acad Sci U S A. 108, 17302-17307 (2011).

23

Scott-Van Zeeland, A. A., Dapretto, M., Ghahremani, D. G., Poldrack, R. A. &
Bookheimer, S. Y. Reward processing in autism. Autism Res. 3, 53-67 (2010).

24

Delmonte, S. et al. Social and monetary reward processing in autism spectrum
disorders. Mol Autism. 3, 7; doi:10.1186/2040-2392-3-7 (2012).

25

Larson, M. J., South, M., Krauskopf, E., Clawson, A. & Crowley, M. J. Feedback
and reward processing in high-functioning autism. Psychiatry Res. 187, 198-203
(2011).

26

Gonzalez-Gadea, M. et al. Stop saying that it is wrong! Psychophysiological,
cognitive, and metacognitive markers of children’s sensitivity to punishment.
PLoS One. 10, e0133683; doi:10.1371/journal.pone.0133683 (2015).

27

Axelrod, R. & Dion, D. The further evolution of cooperation. Science. 242, 13851390 (1988).

28

Gumenyuk, V., Korzyukov, O., Alho, K., Escera, C. & Naatanen, R. Effects of
auditory distraction on electrophysiological brain activity and performance in
children aged 8-13 years. Psychophysiology. 41, 30-36 (2004).

25

Social and monetary rewards in ADHD and ASD children

29

Gonzalez-Gadea, M. L. et al. Predictive coding in Autism Spectrum Disorder and
Attention Deficit Hyperactivity Disorder. J Neurophysiol. 114, 2625-2636 (2015).

30

American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders Fifth edition. (American Psychiatric Publishing, 2013).

31

Conners, K. Conners’ rating scales-revised. Technical manual. (Multi-Health
Systems, 1997).

32

Santosh, P. J. et al. The construction and validation of a short form of the
developmental, diagnostic and dimensional interview. Eur Child Adolesc
Psychiatry. 18, 521-524 (2009).

33

Mandy, W. P., Charman, T. & Skuse, D. H. Testing the construct validity of
proposed criteria for DSM-5 autism spectrum disorder. J Am Acad Child Adolesc
Psychiatry. 51, 41-50 (2012).

34

Raven, J., Court, J. & Raven, J. (Paidos, 2008).

35

Dawson, M., Soulieres, I., Gernsbacher, M. A. & Mottron, L. The level and
nature of autistic intelligence. Psychol Sci. 18, 657-662 (2007).

36

Soulieres, I., Dawson, M., Gernsbacher, M. A. & Mottron, L. The level and
nature of autistic intelligence II: what about Asperger syndrome? PLoS One. 6,
e25372 (2011).

37

Smith, D. G., Xiao, L. & Bechara, A. Decision making in children and adolescents:
impaired Iowa Gambling Task performance in early adolescence. Dev Psychol.
48, 1180-1187 (2012).

38

Koban, L., Pourtois, G., Bediou, B. & Vuilleumier, P. Effects of social context and
predictive relevance on action outcome monitoring. Cogn Affect Behav
Neurosci. 12, 460-478 (2012).

39

Rodriguez Buritica, J. M., Eppinger, B., Schuck, N. W., Heekeren, H. R. & Li, S. C.
Electrophysiological correlates of observational learning in children. Dev Sci.
doi:10.1111/desc.12317 (2015).

40

Wang, Y. et al. Psychophysiological correlates of interpersonal cooperation and
aggression. Biol Psychol. 93, 386-391 (2013).

41

De Vico Fallani, F. et al. Defecting or not defecting: how to "read" human
behavior during cooperative games by EEG measurements. PLoS One. 5,
e14187; doi:10.1371/journal.pone.0014187 (2010).

42

Marco-Pallares, J., Cucurell, D., Munte, T. F., Strien, N. & Rodriguez-Fornells, A.
On the number of trials needed for a stable feedback-related negativity.
Psychophysiology. 48, 852-860 (2011).

43

Manly, B. Randomization, Bootstrap, and Monte Carlo Methods in Biology.
(Chapman & Hall, 2007).

44

Nichols, T. E. & Holmes, A. P. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum Brain Mapp. 15, 1-25 (2002).
26

Social and monetary rewards in ADHD and ASD children

45

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D. & Leahy, R. M. Brainstorm: a
user-friendly application for MEG/EEG analysis. Comput Intell Neurosci. 2011,
879716; doi: 10.1155/2011/879716 (2011).

46

Escobar, M. J. et al. Brain signatures of moral sensitivity in adolescents with
early social deprivation. Sci Rep. 4, 5354; doi: 10.1038/srep05354 (2014).

47

Gramfort, A., Papadopoulo, T., Olivi, E. & Clerc, M. OpenMEEG: opensource
software for quasistatic bioelectromagnetics. Biomed Eng Online. 9, 45; doi:
10.1186/1475-925X-9-45 (2010).

48

Baillet, S., Friston, K. & Oostenveld, R. Academic software applications for
electromagnetic brain mapping using MEG and EEG. Comput Intell Neurosci.
2011, 972050; doi: 10.1155/2011/972050 (2011).

49

Ullsperger, M. & von Cramon, D. Y. Error monitoring using external feedback:
specific roles of the habenular complex, the reward system, and the cingulate
motor area revealed by functional magnetic resonance imaging. J Neurosci. 23,
4308-4314 (2003).

50

Becker, M. P., Nitsch, A. M., Miltner, W. H. & Straube, T. A single-trial
estimation of the feedback-related negativity and its relation to BOLD
responses in a time-estimation task. J Neurosci. 34, 3005-3012, (2014).

51

Fliessbach, K. et al. Social comparison affects reward-related brain activity in
the human ventral striatum. Science. 318, 1305-1308 (2007).

52

Decety, J., Jackson, P. L., Sommerville, J. A., Chaminade, T. & Meltzoff, A. N. The
neural bases of cooperation and competition: an fMRI investigation.
NeuroImage. 23, 744-751 (2004).

53

de Quervain, D. J. et al. The neural basis of altruistic punishment. Science. 305,
1254-1258 (2004).

54

Holroyd, C. B., Baker, T. E., Kerns, K. A. & Muller, U. Electrophysiological
evidence of atypical motivation and reward processing in children with
attention-deficit hyperactivity disorder. Neuropsychologia. 46, 2234-2242
(2008).

55

van Meel, C. S., Heslenfeld, D. J., Oosterlaan, J., Luman, M. & Sergeant, J. A.
ERPs associated with monitoring and evaluation of monetary reward and
punishment in children with ADHD. J Child Psychol Psychiatry. 52, 942-953
(2011).

56

Lis, S. et al. Social Interaction Behavior in ADHD in Adults in a Virtual Trust
Game. J Atten Disord. doi:10.1177/1087054713482581 (2013).

57

Gonzalez-Gadea, M. L. et al. Cognitive variability in adults with ADHD and AS:
disentangling the roles of executive functions and social cognition. Res Dev
Disabil. 34, 817-830 (2013).

58

Bora, E. & Pantelis, C. Meta-analysis of social cognition in attentiondeficit/hyperactivity disorder (ADHD): comparison with healthy controls and
27

Social and monetary rewards in ADHD and ASD children

autistic spectrum disorder. Psychol Med. doi:10.1017/S0033291715002573
(2015).
59

Chevallier, C., Kohls, G., Troiani, V., Brodkin, E. S. & Schultz, R. T. The social
motivation theory of autism. Trends Cogn Sci. 16, 231-239 (2012).

60

Button, K. S. et al. Power failure: why small sample size undermines the
reliability of neuroscience. Nat Rev Neurosci. 14, 365-376 (2013).

61

van den Bos, R., Homberg, J. & de Visser, L. A critical review of sex differences
in decision-making tasks: focus on the Iowa Gambling Task. Behav Brain Res.
238, 95-108 (2013).

62

Molina, J. A. et al. Gender differences in cooperation: experimental evidence on
high school students. PLoS One. 8, e83700 (2013).

63

Ibanez, A. et al. The neural basis of decision-making and reward processing in
adults with euthymic bipolar disorder or attention-deficit/hyperactivity
disorder (ADHD). PLoS One 7, e37306 (2012).

64

Tye, C. et al. Altered neurophysiological responses to emotional faces
discriminate children with ASD, ADHD and ASD+ADHD. Biol Psychol 103, 125134 (2014).

65

Ibanez, A. et al. From neural signatures of emotional modulation to social
cognition: individual differences in healthy volunteers and psychiatric
participants. Soc Cogn Affect Neurosci. 9, 939-950 (2014).

66

Schmitz, N. et al. Neural correlates of executive function in autistic spectrum
disorders. Biol Psychiatry. 59, 7-16 (2006).

67

Fassbender, C. & Schweitzer, J. B. Is there evidence for neural compensation in
attention deficit hyperactivity disorder? A review of the functional
neuroimaging literature. Clin Psychol Rev. 26, 445-465 (2006).

68

Billeke, P. et al. Paradoxical Expectation: Oscillatory Brain Activity Reveals Social
Interaction Impairment in Schizophrenia. Biol Psychiatry. 78, 421-431 (2015).

Figure legends

Figure 1. IGT-C. (A) IGT-C trial sequence: Each version started with the presentation of
the initial capital ($120). Each trial began with a screen showing two decks that was
displayed until the participant responded. After the response, a fixation cross window
was replaced with the outcome (feedback onset for the fERN). Finally, a black screen
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appeared and indicated the start of the next trial. After 20 choices, an outcome display
revealed the cumulative feedback (see details in section 3 of the Supplementary
Information). (B) Table illustrating the distributions of win and loss across the decks
and versions of the IGT-C (AD: advantageous deck, DD: disadvantageous deck).

Figure 2. PDG-C. (A) PDG-C players: Simon (fair player) and Peter (unfair player). (B)
The matrix shows the four possible outcomes resulting from the players’ interactions
(see details in section 4 of the Supplementary Information). (C) PDG-C trial sequence:
The task began with the decision of one player followed by the other player’s choice
(feedback onset of the fERN). Next, a black screen was replaced with a question about
what had happened in the trial. Finally, a fixation cross indicated the start of the next
trial. In cases of wrong answers, a red cross appeared between the question and the
fixation cross window. Every 40 trials, an outcome display revealed the cumulative
feedback.

Figure 3. FERN modulations in the MDM and SDM tasks. ERPs of each group for: (A)
the win and loss conditions from the disadvantageous options of the IGT-C, (B) win and
loss conditions from the options with high-loss frequency in the IGT-C, and (C) the
cooperative and betrayal conditions in the PDG-C. The plots at the top of each panel
show the spatial topography of the subtraction between conditions (loss-minus-win in
the IGT-C and betrayal-minus-cooperation in the PDG-C) at the time point of maximal
difference reported in Monte Carlo permutations. The plots at the bottom show grandaverage ERP time courses at the Fz electrode in microvolts. Shaded bars around the
29

Social and monetary rewards in ADHD and ASD children

ERPs indicate s.e.m. The thick, black horizontal lines indicate the temporal extent of
the significant differences between the conditions. The black rectangular box indicates
the fERN time window within which the conditions were compared.

Figure 4. Source reconstruction for the MDM and SDM tasks. The groups’ cortical
activations in the right ACC (fERN window) for: (A) the loss-minus-win condition for the
disadvantageous options of the IGT-C, (B) the loss-minus win condition for the options
with high-loss frequency in the IGT-C, and (C) the betrayal-minus-cooperation
conditions from the PDG-C. The means and s.d of the ACC ROI for each group for: (D)
the loss-minus-win condition for the disadvantageous options of the IGT-C, (E) the lossminus win condition for the options with high-loss frequency in the IGT-C, and (F) the
betrayal-minus-cooperation conditions from the PDG-C (see details in section 2.5).
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Table

Table 1. Means (s.d) and group differences in demographics and diagnosis symptoms.

N sample
Gender (males:females)
Matching measures
Age
Fluid intelligence
ASD symptoms (3di)
Social communication deficits (cuttoff: 10)
Resticted and repetitive behaviors (cuttoff: 3)
ADHD symtoms (CPRS-R:S)
Inattention (cuttoff: 9)

Monetary decision making (IGT-C)
Control
ADHD
ASD
21
18
28
13:8
12:6
27:1

p*
-

11.43 (2.40)

11.67 (2.45)

10.39 (2.06)

.13

39.10 (8.53)

39.89 (8.18)

40.14 (9.39)

.92

-

3.84 (3.79)

13.26 (4.17)

-

1.18 (1.69)

5.85 (2.54)

-

11.64 (4.27)

9.75 (4.62)

<
.001
<
.001
.24

Social decision making (PDG-C)
Control
ADHD
ASD
19
17
22
11:8
12:5
21:1
11.19 (2.33) 11.42 (2.52) 10.50 (1.99)
39.86
38.32 (8.42) 39.88 (8.70)
(10.23)
-

3.45 (3.70)

13.97 (4.02)

-

1.23 (1.80)

6.33 (2.30)

-

11.63 (4.32)

9.11 (4.73)

p*

.17
.84
<
.001
<
.001

.18
<
9.21 (4.42)
5.72 (3.41)
.01
10.09 (4.66)
5 (3.46)
Hyperactivity (cuttoff: 7)
.005
23.79 (6.72) 18.72 (7.01) .04
24 (7.42) 17.43 (7.09) .03
ADHD index (cuttoff: 20)
* ANOVA two-tail test. IGT-C: Iowa Gambling Task for Children; PDG-C: Prisoner's Dilemma Game for Children; 3di: Developmental, Diagnostic and
Dimensional Interview; CPRS-R:S: Conner’s Parent Rating Scale Revised: Short form.

