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Abstract

Most behavioral training regimens in autism spectrum disorders (ASD) rely on reward-based reinforcement

strategies. Although proven to significantly increase both cognitive and social outcomes and successfully reduce

aberrant behaviors, this approach fails to benefit a substantial number of affected individuals. Given the enormous

amount of clinical and financial resources devoted to behavioral interventions, there is a surprisingly large gap in

our knowledge of the basic reward mechanisms of learning in ASD. Understanding the mechanisms for reward

responsiveness and reinforcement-based learning is urgently needed to better inform modifications that might

improve current treatments. The fundamental goal of this review is to present a fine-grained literature analysis of

reward function in ASD with reference to a validated neurobiological model of reward: the ‘wanting’/’liking’

framework. Despite some inconsistencies within the available literature, the evaluation across three converging sets

of neurobiological data (neuroimaging, electrophysiological recordings, and neurochemical measures) reveals good

evidence for disrupted reward-seeking tendencies in ASD, particularly in social contexts. This is most likely caused

by dysfunction of the dopaminergic–oxytocinergic ‘wanting’ circuitry, including the ventral striatum, amygdala, and

ventromedial prefrontal cortex. Such a conclusion is consistent with predictions derived from diagnostic criteria

concerning the core social phenotype of ASD, which emphasize difficulties with spontaneous self-initiated seeking

of social encounters (that is, social motivation). Existing studies suggest that social ‘wanting’ tendencies vary

considerably between individuals with ASD, and that the degree of social motivation is both malleable and

predictive of intervention response. Although the topic of reward responsiveness in ASD is very new, with much

research still needed, the current data clearly point towards problems with incentive-based motivation and learning,

with clear and important implications for treatment. Given the reliance of behavioral interventions on

reinforcement-based learning principles, we believe that a systematic focus on the integrity of the reward system in

ASD promises to yield many important clues, both to the underlying mechanisms causing ASD and to enhancing

the efficacy of existing and new interventions.

Keywords: Autism spectrum disorders, Reward, Social motivation, Ventral striatum, Ventromedial prefrontal cortex,
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Review

Introduction



Autism is currently defined by impairments in social

interactions, communication and restricted interests and

behaviors [1]. The core social and communicative

impairments (which will probably be collapsed into one

category in the forthcoming fifth edition of the Diagnostic

and Statistical Manual of Mental Disorders) can be conceptualized as a set of related skill deficits (including social reciprocity, social perception and memory, joint attention, and

perspective-taking). These deficits conspire to make it difficult for people with autism to develop and maintain social

relationships [2]. Considering the symptoms of autism

spectrum disorders (ASD) as developmental failure to acquire adequate social-communication skills brings into

focus the learning processes that underlie ASD. Such skillbased focus has concrete implications for treatment. Currently, there are no FDA-approved medications to treat the

core social and communicative skill impairments of ASD.

In fact, it is probably naive to expect that a medication is by

itself able to remediate a skill deficit, but it clearly might

have a role in potentiating or facilitating social skill learning.

At present, most interventions targeting socialcommunicative skill defects and other behavioral problems

in ASD rely on the principles of applied behavior analysis

(ABA), especially operant techniques, where desired behaviors are reinforced using a variety of rewards (for example, verbal praise, candy, or stickers). Accumulating

evidence from over 40 years of research indicates that

these reinforcement-based interventions significantly increase both cognitive and social outcomes, and successfully reduce aberrant behaviors [3]. Although it is well

established and has proven efficacious at the group level,

this approach fails to benefit a substantial number of individuals on the autistic spectrum [4-6]. It is not yet understood how and why behavioral approaches work well for

some people with ASD but not for others. As well as

factors such as lack of treatment fidelity, inadequate choice

of reinforcers, and absent generalization effects, reward

responsiveness might be a significant moderator of intervention outcome in the context of behavior-analysis treatment programs. Reward responsiveness most likely

mediates skill learning during these types of interventions

[4]. Thus, the variable treatment response rate of individuals with ASD might indicate that reward systems are

more efficient in those for whom behavioral interventions

are most effective than in those who profit only minimally

or not at all. Given the enormous amount of clinical and

financial resources devoted to reinforcement-based interventions, there is a surprisingly large gap in our knowledge

concerning the basic reward mechanisms in ASD. Understanding the mechanisms for reward-based learning is

urgently needed to better elucidate and inform modifications to the current standard of care.
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The aim of this paper was to review the biological

substrates of reward processing in ASD, including neuroimaging data, electrophysiological recordings, and

neurochemical measures. Because current ASD research

lacks a clear reference to any validated neurobiological

model of reward, we introduce a well-established framework of reward responsiveness formulated by Berridge

and colleagues: the ‘wanting’/’liking’ model [7,8]. With

reference to this model, we summarize what is currently

known concerning the neural correlates underlying reward responsiveness in ASD, with a special emphasis on

social reward versus other reward types. In this context, we

discuss how the available data may not only inform the

basic mechanisms of reward-based treatments in ASD, but

also variability in treatment response. Ultimately, such

knowledge could facilitate early diagnosis and future intervention approaches with potentially greater treatment benefits for a larger percentage of individuals with ASD. Finally,

we highlight several limitations in the current ASD reward

literature that probably contribute to discrepant study

findings and that should be resolved in future research.

A heuristic of reward responsiveness: the ‘wanting’/’liking’

model

The concepts of reward ‘wanting’ and reward ‘liking’



Most people associate reward with something pleasant

that they like, such as a piece of chocolate. However,

hedonic feelings are only one feature of reward. Research

has indeed shown that reward is not a unitary construct,

but is actually comprised of different components, which

can be dissociated both psychologically and neurobiologically [8]. One component is ‘liking’, which is related to

the pleasurable effect of reward consumption. The other

component is ‘wanting’ (also called ‘incentive salience’),

which corresponds to the motivational aspect of reward;

it is the anticipatory drive. Both reward components include conscious and unconscious levels of processing.

On a temporal dimension, the processing of reward can be

subdivided into two successive phases, with an appetitive

anticipation or ‘wanting’ period usually preceding a reward

consumption or ‘liking’ response (Figure 1). Typically,

rewards that are ‘liked’ are also ‘wanted’. Based on learning

experiences, previously neutral stimuli usually acquire

reward value either through the occurrence of hedonic sensations of ‘liking’ an unconditioned stimulus (UCS) when

consuming it (for example, the actual taste of chocolate) or

through associations of a conditioned stimulus (CS) that

predicts a reward (for example, picture of a chocolate bar).

After learning, ‘wanting’ is easily triggered by encounters

with an incentive CS or with a reward itself (for example,

UCS). Incentive CS themselves become strongly salient,

and function as motivational ‘magnets’ attracting attention,

because they take on incentive properties similar to the

reward they predict. This can even turn a previously
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Figure 1 A simplified view of the time course of reward processing and its underlying neural correlates (after Berridge and Kringelbach

[7]). Temporally, the processing of reward can be subdivided into two successive phases, with a ‘wanting’ period usually preceding a ‘liking’

response, each with a discrete neural basis. Although rewards that are ‘liked’ are typically also ‘wanted’, it seems that these two aspects of reward

are dissociable both psychologically and neurobiologically. Rewarding situations are characterized by an anticipation phase or the ‘wanting’ of a

reward, which often results in a phase of reward consumption or ‘liking’, with some rewards causing a peak level of subjective pleasantness (for

example, a lottery win, job promotion, encounter with an old friend, favorite meal or music, sexual orgasm, drug high). Many rewarding episodes

are followed by a period of satiation for the specific reward experienced. To our knowledge, there are currently no data available to suggest that

the ‘wanting’/’liking’ model would apply differently to social and non-social types of reward. However, some rewards lack satiation effects or result

in only short periods of satiation (for example, money). In general, physiological or drive states (for example, satiation, deprivation, stress, anxiety)

strongly modulate an individual’s responsiveness to reward. Both reward ‘wanting’ and reward ‘liking’ have been associated with discrete (and to

a specific extent with some overlapping) neural correlates. Whereas ‘wanting’ is mainly driven by phasic dopaminergic neural firing in the ventral

striatum (including the nucleus accumbens), ‘liking’ is largely influenced by the opioid system, and recruits the ventromedial prefrontal cortex

(vmPFC). As summarized in this paper, there is good evidence to suggest that reward ‘wanting’ is disrupted in ASD, particularly in the social

domain, whereas the available data for reward ‘liking’ are inconclusive (see below for details).



neutral stimulus into an instrumental conditioned reinforcer for which people will work to obtain and ‘consume’

(for example, money). Humans possess a general intrinsic

motivation system, which regulates approach behaviors towards pleasant stimuli and avoidance of threatening and

stressful events. The power of this ‘wanting’ system varies

from individual to individual, because of natural biological

differences in reward responsiveness and learned differences

in the value of different rewards.

Many rewarding episodes are followed by a period of

satiation for the specific reward that was consumed. To

our knowledge, there are no data available to suggest

that the ‘wanting’/’liking’ model would apply differently

to social and non-social types of reward. However, some

rewards lack satiation effects or result in only short periods

of satiation (for example, money). In general, physiological

or drive states (for example, satiation, deprivation) strongly

modulate an individual’s reward ‘wanting’ and ‘liking’

responses. For instance, food cues (for example, smell) are

very potent in eliciting desire for food when a person is

hungry, but are less salient when they have recently eaten a

meal. As noted above, both reward ‘wanting’ and ‘liking’

have been associated with some distinct (and to a specific

extent with some overlapping and interrelated) neural substrates, which are reviewed next.



The neurobiological substrates of ‘wanting’ versus ‘liking’



The neural circuit mediating reward-related behavior is a

complex network comprising, among others, the midbrain

(including the ventral tegmental area (VTA) and the substantia nigra (SN)), the amygdala, the ventral striatum (including the nucleus accumbens (NAcc)), and the

ventromedial prefrontal cortex (including the medial orbitofrontal cortex (OFC) and the ventral portion of the anterior

cingulate cortex (ACC)) [9] (Figure 2). Although several

brain structures contribute to the reward circuitry, the

central hub within this functional network is the ventral

striatum (VS) [10]. The VS receives major afferent input

from the OFC, the ACC, and the medial temporal lobe, including the amygdala. In addition, strong reciprocal fiber

projections exist between the VS and midbrain regions.

Although mostly based on anatomical research in nonhuman primates, recent developments in human brain

imaging, such as functional connectivity measures and

diffusion tensor imaging (DTI), confirm the complex

information transfer within this frontolimbic network

underlying reward processing [11].

Dopamine is the neurotransmitter predominately associated with reward processing [12]. Most dopaminergic

neurons within the core reward circuitry, particularly in

the VS, show short bursts of phasic activation in
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Figure 2 The neural circuitry of reward ‘wanting’ versus reward

‘liking’. The neural circuitry of reward ‘wanting’ comprises the

ventral striatum (VS; blue), while that for reward ‘liking’ comprises the

ventromedial prefrontal cortex, including the orbitofrontal cortex

(OFC) and the dorsal and ventral anterior cingulate cortex (dACC,

vACC) (green), which closely interacts with the amygdala

(AMY = orange) and the midbrain, including the ventral tegmental area

(VTA; purple). This complex network interfaces with motor-related areas

and other higher cognitive associative cortices (not shown here) to

translate basic reward information into appropriate goal-directed

action plans to achieve a desired reward.



response to reward and, after learning, in response to

conditioned cues that signal a potential reward [13].

Although dopamine had long been thought to mediate ‘liking’, recent evidence indicates that dopamine is neither necessary nor sufficient for generating ‘liking’ responses, but

plays a more important role in the motivational component

(‘wanting’) of reward [8]. More specifically, it has been suggested that the amount of phasic dopaminergic neuronal

firing encodes the incentive salience of appetitive environmental stimuli, and that such firing typically precedes motor

behavior to seek out, approach, and consume a reward. Animal research using in vivo neurochemical methods indicates

that phasic dopamine signals in the VS, potentially influenced by input from the midbrain, amygdala, and ventromedial prefrontal cortex (vmPFC), underlie non-social and

social reward-seeking behaviors, including eating, drinking,

reproduction, and other species-specific interactions [14].

By contrast, the hedonic effect of reward is primarily associated with the opioid and endocannabinoid system [15,16].

Recent research aims to disentangle the spatiotemporal

localization of both these reward-related components in

the human brain using functional magnetic resonance

imaging (fMRI) [17], although early fMRI studies primarily

focused on money. Cued anticipation of monetary gains

has been consistently found to recruit the VS, including

the NAcc, with greater VS activity for more salient incentives (for example, $1 versus $5; [18]). Similarly, animal

research suggests that cue-triggered VS activations precede reward consumption (for example, winning money)

and primarily reflect reward ‘wanting’ . This finding has
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been replicated with other appetitive stimuli such as biological and social rewards [19,20], suggesting that the

VS, particularly the NAcc, functions as a general, modalityindependent mediator of reward ‘wanting’.

Reward ‘liking’, by contrast, has been primarily associated with activations in vmPFC, particularly the medial

OFC and the ventral ACC [21]. Using prototypical fMRI

paradigms designed to investigate differential brain

responsiveness to reward consumption versus anticipation [18,22,23], the vmPFC has been repeatedly found to

be activated during the processing of pleasant outcomes,

including monetary and social rewards [24]. Insight into

the neural basis of reward ‘liking’ has also been gained

using pleasant-tasting food rewards. Diminished activity

in the OFC has been found after a specific food item has

been eaten to satiety, thereby decreasing its hedonic

value and subjective pleasantness [25,26]. More specifically, a medial–lateral hedonic gradient has been indentified within the OFC, which tracks the reward value of

different reinforcers with regard to its valence [27]. Medial

OFC activity is related to the positive value of reinforcers

(for example, winning money), whereas the lateral OFC is

associated with evaluating the unpleasant aspects of

reinforcement (for example, losing money). This medial–

lateral gradient interacts with a second hedonic gradient

along the posterior–anterior axis, which represents secondary reinforcers (such as money), more anteriorly in the

OFC than primary reinforcers (such as odors, food, touch,

sexual pleasure, or drugs) [15,28,29].

The ‘wanting’/’liking’ circuitry also interfaces with

category-specific brain areas, allowing information

about the type of reward to influence the circuit [21];

for example, social rewards such as affirmative smiles

recruit reward structures and ‘social brain’ pathways

[30]. This complex network interacts closely with

motor-related areas and other higher cognitive associative cortices to translate basic reward information into

appropriate goal-directed action plans to achieve the

desired reward [9].

Relevance to research into autism spectrum disorders



Although the human fMRI literature is arguably more

complex than the simple VS (‘wanting’) versus vmPFC

(‘liking’) dichotomy described above [31], this framework

provides a useful heuristic model to evaluate reward

responsiveness in individuals with ASD. To date, little is

known about reward function in ASD, and conflicting

evidence comes from intervention programs versus

experimental research.

On the one hand, behavior analytic intervention programs, which place reward-based reinforcement at the

heart of their treatment system, have been repeatedly

found to improve socially appropriate behavior and cognitive skills while diminishing dysfunctional activities
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[32]. Reward-based interventions draw on a variety of

reinforcers (food, tokens, sensory stimulation, toys, idiosyncratic preferred objects, praise [33]), which act as key

levers for learning. For instance, when a positive reinforcer

follows a desired behavior, the future frequency of that

behavior is enhanced under similar conditions. By contrast, when positive punishment (for example, disapproval)

follows an undesired behavior, the future frequency of that

behavior is decreased under similar conditions. On the

other hand, evidence from behavioral experiments suggests that individuals with ASD have diminished responsiveness to reward. Stimulus–reward association learning

has been repeatedly highlighted as an area of difficulty for

children with ASD [34,35], and variability in rewardlearning skills has been identified as an important predictor of social-communication abilities [36]. Interestingly,

the deficit in reward learning (and its link to social skills)

seems to persist through to adulthood, as evidenced by

impairments in the rapid formation of reward–stimulus

associations and its correlation with clinical symptoms of

social dysfunction [37-39].

Furthermore, both intervention research and behavioral

investigations have suggested that individuals with ASD

might be characterized by particularly low responsiveness

to social rewards such as facial expressions (for example,

smile), spoken language (for example, praise), and gestures

(for example, the thumbs-up gesture) [40,41]. In fact, in

behavioral treatment programs, young children with ASD

profit less from the use of social rewards than from nonsocial reinforcers [42,43], and several experimental studies

have confirmed that, relative to typically developing

children (TDC), the performance of children with ASD is

only minimally affected by social reinforcement [44-47].

To date, the paradoxical finding of efficacious treatments

rooted in reinforcement strategies in combination with

weaker reward systems in ASD has received little attention

in the field. This highlights a gap in our understanding of

the underlying cognitive and biological processes that contribute to treatment response. In particular, a potentially

important limitation of current experimental and intervention research in ASD is that it tends to construe reward as

a unitary phenomenon, lacking a clear reference to any

validated neurobiological model of reward; however, a critical examination of reward function in ASD requires a

more fine-grained analytic approach. For instance, lower

responsiveness to social reward as evident at the behavioral level could be the result of diminished ‘wanting’

or ‘liking’, or both. More specifically, reward ‘liking’

usually triggers and directs reward ‘wanting’ so that the

extent to which a reward is wanted typically depends on

the degree to which it has been liked [7]. However, in some

psychiatric disorders, such as addiction, schizophrenia, and

depression, ‘wanting’ and ‘liking’ can become uncoupled as

a result of circumscribed neurobiological dysfunctions [48].
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For example, a disruption in dopamine function might

cause diminished ‘wanting’ and approach behavior to obtain

a specific rewarding stimulus, even if the ‘liking’ response to

that particular reward is preserved. In the case of schizophrenia, anhedonia (the reduced capacity to experience

pleasure or ‘liking’), has long been considered to be a cardinal symptom of patients with this disorder [49]. However,

recent studies using a range of pleasant stimuli, including

positive words, faces, sounds, film clips, erotic pictures, and

sweet drinks, have highlighted that the ability to experience

pleasure is generally intact in individuals with schizophrenia, whereas the capacity to pursue and achieve a pleasurable goal (that is, the ‘wanting’ component of reward), is

significantly disrupted [50]. Several authoritative reviews

thus concluded that anhedonia (diminished ‘liking’) is a less

prominent feature of schizophrenia than avolition

(diminished ‘wanting’) [49,51-53].

This example clearly illustrates that consulting the

‘wanting’/’liking’ model is particularly helpful to identify

which aspect of reward function is compromised or preserved in different psychopathologies. Such information

might facilitate efforts at early identification and could

have important implications for prevention and intervention programs. In the case of ASD, an improved understanding of distinct reward functions and their respective

disruption may help to isolate discrete reward subprocesses (‘wanting’ versus ‘liking’) and their associated biological substrates (VS versus vmPFC) as treatment

targets.

Given that there are currently no objective behavioral

markers of ‘liking’ and ‘wanting’, it is necessary to draw

on neurobiological measures. Three sets of data are

considered in this review: 1) functional neuroimaging

signals, 2) electrophysiological recordings, and 3) neurochemical data. Several preliminary predictions can be

made with respect to the ‘wanting’/’liking’ model. If

‘wanting’ is compromised in ASD we would expect to

see 1) aberrant brain responses in the VS, 2) atypical

event-related brain potentials (ERPs) and EEG patterns

associated with the anticipatory aspect of reward, and

(3) disrupted dopamine function. On the other hand, if

‘liking’ is negatively affected, we would predict 1) aberrant brain activation in the vmPFC, 2) atypical ERP and

EEG responses related to reward outcome processing, and

3) disrupted opioid function. Considering the core social

phenotype of ASD (for example, ‘lack of spontaneous

seeking to share enjoyment, interests, or achievements with

other people’ [1]), it can be speculated that both ‘wanting’

and ‘liking’ of social reward is compromised in this disorder, with the most pronounced disruptions to be

expected for social reward ‘wanting’ (that is, social motivation). In the following sections, we evaluate the extent to

which the proposed predictions are supported by the available data.
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Reward responsiveness at the neurobiological level in ASD

Functional magnetic resonance imaging



Although the involvement of the mesocorticolimbic

reward circuitry in the psychopathology of ASD has been

discussed in the literature for many years [40,41,54-58],

only recently has research begun to systematically evaluate

potential malfunctions within this circuitry. In the following

section, we review the handful of studies that used fMRI to

compare the blood oxygen level-dependent (BOLD) signal

in response to different types of reward in children and

adults with ASD relative to typically developing controls.

There are complex sets of data reported across the different

studies, but in this paper, we focus exclusively on the VS

and the vmPFC as the neural substrates of reward ‘wanting

and ‘liking’ respectively. Further, because the amygdala

forms a unique microcircuitry with the VS and the vmPFC

to promote reward-seeking behaviors [59], and has been

repeatedly suggested to be dysfunctional in ASD [41], we

also review the amygdala-related findings in more detail.

The ventral striatum and reward ‘wanting’



The available data suggest that ‘wanting’ (the motivational

drive to achieve reward) is compromised in ASD. Four out

of five published fMRI studies reported diminished VS

activation in individuals with ASD compared with TDC

when processing either social or monetary reward versus

non-reward [30,60-62]. In two studies, Dichter and colleagues compared neural activation in samples of adults with

and without ASD during a delayed anticipation task with

two different reward contingencies. First, they tested brain

responses to money and typical autism-specific objects of

interest (for example, trains, cars, plastic bricks) and found

decreased VS activation in ASD during periods of money

anticipation and outcome, whereas VS activity was present

for typical autism-specific objects of interest [60]. In a follow-up study applying the same paradigm but with a focus

on social (for example, faces) versus monetary reward,

adults with ASD again showed lower brain activation in

the VS during money anticipation, but did not reveal VS

hypoactivation for face rewards [61]. An early study by

Schmitz and colleagues applied a monetarily rewarded

sustained attention task to adults with and without ASD,

but did not report VS activation in either group [63].

Scott-Van Zeeland and colleagues [62] were the first to

compare BOLD responses to both monetary and social reward (for example, smiling face combined with verbal

praise) in children with and without ASD performing an

implicit learning task. In this study, the ASD group displayed diminished activation in the VS for social reward,

but not for monetary reward. In addition, VS activation to

social reward predicted social capacities (as measured by

the Social Responsiveness Scale) within the TDC group,

but not the ASD group. Kohls et al. [30] also tested children with and without ASD, and investigated BOLD
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responses to social and monetary reward in the context of

an incentive go/no-go paradigm. Similar to the stimuli by

Scott-Van Zeeland and colleagues [62], approving faces that

were contingent on accurate task performance were used

as social reinforcers. Despite normal reward responsiveness

at the behavioral level, participants with ASD showed

hypoactivation in the VS under monetary reward conditions that required an active response to obtain a reward.

Contrary to the authors’ predictions and to the results of

the previous study [62], significantly reduced VS responses

during social reward processing were not seen, but these

findings are consistent with results from Dichter et al. [61].

Taken together, blunted VS activity is a replicated

phenomenon in children and adults with ASD, and

might represent a neurobiological marker for diminished

incentive salience (‘wanting’) related to social and/or

monetary reward. Compromised ‘wanting’ possibly disrupts the tendency in ASD to self-initiate goal-directed

actions to seek out specific environmental rewards (for

example, social incentives), whereas motivational tendencies towards strongly preferred idiosyncratic rewards

seem to be preserved; typical autism-specific objects of

interest led to normal VS activation suggestive of intact

‘wanting’ for this type of incentive. However, it should be

acknowledged that the reviewed data provide a somewhat inconsistent picture about the specificity of VS disruption to social versus monetary reward. It is beyond

the scope of this paper to speculate upon the diverse

subject- and method-related factors that might have contributed to these inconsistencies (for a thorough discussion, see Kohls et al. [30]). Importantly, however,

although monetary reinforcers have predominantly been

operationalized and used as non-social stimuli, money is

imbued with social connotations and exerts a substantial

influence on pro-social behavior [64-66]. In this regard,

aberrant VS responses to monetary incentives would not

necessarily be at odds with the autism social phenotype.

In addition, different potencies of social reward have

been applied across studies, which could explain the discrepant results with respect to this type of reward. A picture of a smiling face paired with verbal praise was used

as social reinforcement by Scott-Van Zeeland et al.,

whereas Dichter et al. and Kohls et al. chose static face

rewards without praise. It seems likely that the combination of facial rewards with praise may represent a stronger social incentive with correspondingly greater reward

system responsiveness, primarily in TDC, making it

more probably that activation differences are detected

between individuals with and without ASD within the

VS. Future research should address these issues.

The ventromedial prefrontal cortex and reward ‘liking’



Regarding the vmPFC as the mediator of reward valuation

or ‘liking’, the available imaging data are rather mixed. For
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the vmPFC (including rostral–ventral ACC and medial

OFC), two studies reported stronger activation [62,63] and

two reported lower activation [30,61] in ASD compared

with TDC in response to monetary reward. In Schmitz’s

study [63], ventral ACC activity correlated positively with

social symptom severity (ADI-R), suggesting a possible

link between atypical reward consumption and social functioning. Another study showed diminished activation in

the vmPFC under social reward conditions [30], which is

in contrast to data from Dichter et al. [61] and Scott-Van

Zeeland et al. [62]. Lastly, one investigation found greater

activation in the vmPFC in response to autism-specific

objects of interest in individuals with ASD relative to typical

control participants [60].

In summary, the current ASD imaging literature presents no clear pattern of results with respect to possible

differences from controls for reward consumption or

‘liking’. Interestingly, however, enhanced activation in

the vmPFC in response to high autism-interest objects

suggests that the hedonic value of such objects is greater

in individuals with ASD than in TDC. This idea is in line

with literature showing that certain classes of objects

and topics, which often constitute circumscribed interests,

are perceived as pleasurable by many affected individuals

[67], and the use of such items in behavior-analysis intervention programs has been found to be therapeutically

effective [68,69]. However, on a day-to-day basis, these

strongly ‘liked’ circumscribed interests are likely to interfere with social functioning.

The amygdala as a salience detector



The amygdala is thought to influence and amplify the

perception of emotionally and motivationally potent

stimuli at very early stages in their processing. It tracks

relevant positive and negative events in the environment

and contributes to appropriate adaptation of behavior

(for example, approach or avoidance reactions [70]).

Additionally, amygdala function is crucial for making an

association between a specific stimulus (for example, face

of an unknown person) and the affective experiences

intrinsically associated with this stimulus (for example,

pleasant social interaction with this person), linking initially neutral environmental stimuli with motivational

significance [71].

The amygdala has been repeatedly linked to the social

deficits present in ASD [41,56]. For instance, in an interesting fMRI study, Grelotti and colleagues [72] found

weaker amygdala activation for faces than for cartoon

characters (for example, Digimon ‘Digital Monsters’) in

an autistic boy with a strong preoccupation with these

characters, whereas a matched typical control boy

showed the expected opposite neural activation pattern.

The strong amygdala engagement with the cartoon characters seemed to reflect the exaggerated motivational
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salience tagged to this idiosyncratic interest relative to

faces. Put another way, decreased amygdala activation

for faces might reflect a lack of proper appetitive value

assigned to this class of stimuli [41,73].

The study by Dichter and colleagues [61] on reward

processing revealed hyperactivation in the amygdala in

adult participants with ASD while they were anticipating

social reward. This activation correlated positively with

social symptom severity (Autism Diagnostic Observation

Schedule-Generic ADOS-G). By contrast, Kohls and coauthors [30] found hypoactivation in this brain area

under social reward conditions in children with the disorder. Both studies used very similar experimental task

designs with comparable reward contingencies. The

inconsistent finding might be due to the different ages

studied in the two papers, as other data suggest that

there could be an abnormal developmental trajectory of

amygdala reactivity to social incentives in ASD [74,75].

Systematic research is clearly needed to address this idea

and its implications for the development of aberrant socially motivated behavior in ASD.



Synopsis



In summary, the vmPFC–VS–amygdala circuitry seems

to be dysfunctional in ASD, and to form, at least partially, the basis for atypical reward responsiveness in

individuals with ASD. Preliminary evidence indicates that

the motivational component of reward (the ‘wanting’)

might be particularly compromised in individuals with

ASD. This is reflected in blunted VS activity, which,

however, seems to be dependent on the incentive at stake

(that is, low versus high autism-interest rewards).

Dysfunction within the vmPFC–VS–amygdala system,

such as an insufficient communication between the

amygdala and/or the vmPFC to the VS, has been proposed to underlie aberrant motivation to seek out detrimental substances at the expense of ‘natural’ rewards in

other psychopathologies (for example, addiction [76,77]).

It can therefore be hypothesized that an atypical pattern of

brain activity within this circuitry in individuals with ASD

may trigger strong seeking of salient, autism-specific

rewards at the cost of neglecting other essential environmental rewards, including social rewards. In fact, several

recent imaging studies on resting-state functional connectivity and DTI confirm disruptive neural activation

dynamics in ASD within the vmPFC–VS–amygdala circuitry [78-81]. These findings are also in line with the

idea of ASD as a neurofunctional disconnection syndrome [82-84], most likely mediated by complex genetic

factors (for example, synaptic cell adhesion plasticity

[85]), which affect efficient information transfer within

the mesocorticolimbic reward circuitry and may cause

aberrant motivation, that is, affect ‘wanting’ tendencies.
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Event-related brain potentials and resting-state EEG



affirmative faces) elicited robust P3 and FRN responses

comparable with those evoked by monetary rewards

[92,93]. Additionally, different personality dimensions,

including reward dependence, seem to determine the extent to which both waveforms are modulated by reward

in the normal population [94,95].

According to the locus coeruleus norepinephrine (LCNE) P3 hypothesis, the P3 component reflects a short,

phasic signal of the widely distributed and synchronously

active LC-NE system, which closely interacts with the reward circuitry (for example, vmPFC, amygdala) to evaluate

the salience of an incoming stimulus and, as a result, to

optimize active reward-seeking (‘wanting’) behaviors [89].

By contrast, the FRN can be understood as a general manifestation of a reward-monitoring system that recognizes discrepancies of outcome expectancies during reward

consumption, for example, if a ‘liked’ reward is expected but

not delivered, it elicits a ‘disliking’ signal, which is reflected

in a negative ERP response. Such a mechanism enables an

individual to adjust their behavior adequately so that the reward benefit can be maximized in the future. The vmPFC

(that is, ACC) and the striatum have both been suggested

as potential sources for the scalp-recorded FRN response

[96-98]; however, the involvement of the striatum is less

likely [99].



Despite the fine spatial resolution of functional MRI, one

major limitation is its restricted temporal precision. For

instance, the BOLD signal in the VS evoked by rewardpredicting cues has been shown to rise at 2 seconds, to

peak between 4 and 6 seconds, and to fall back to baseline after 10 to 12 seconds [86]. In contrast to the relative slowness of the brain’s BOLD response as measured

by fMRI, electrophysiological recordings such as electroencephalography (EEG) and ERP provide measures with

exquisite real-time temporal resolution on the scale of

milliseconds [87]. Thus, EEG and ERP might be specifically suited to address the question about the extent to

which temporal phase of reward processing might be

compromised in ASD (reward anticipation/’wanting’

versus reward consumption/‘liking’). In the next section,

we summarize the current knowledge with regard to

electrophysiological correlates underlying reward responsiveness in individuals with ASD relative to controls.

Event-related brain potentials components related to

‘wanting’ and ‘liking’



Two ERP components are especially relevant to the

‘wanting’/’liking’ framework: the feedback-related negativity (FRN) and the P3 component. Although these two

ERP correlates are associated with well-described functional roles in the cognitive neuroscience literature (FRN

with external reward monitoring; P3 with selective attention allocation), both have been repeatedly described as

indirect neural indices of reward responsiveness. The P3

and the FRN can be elicited by reward-predicting cues

and reward outcome. However, research and theory suggests that the P3 is more closely related to reward-seeking

behaviors (‘wanting’) and the FRN to reward consumption

(‘liking’ or ’disliking’) [88,89].

The P3 is a positive ERP component with a maximum

deflection at parietocentral electrodes (for example, Pz),

whereas the FRN is a negative deflection, which has its

largest amplitudes at frontocentral sites (for example,

FCz). Each component peaks around 300 ms after the

onset of a critical stimulus. However, whereas the P3 has

been found to be sensitive to reward magnitude (that is,

larger amplitudes for high versus low reward) and reward

valence (that is, larger amplitudes for reward gain versus

loss), the FRN is modulated almost exclusively by reward

valence, with more negative waveforms in response to

non-reward outcome relative to reward gain [90]. Moreover, both components are influenced by an individual’s

task engagement, so that larger amplitudes result from

active goal-directed responding to achieve a reward compared with the passive receipt of a reward [91]. Although

most normative studies have focused on the effect of

monetary reward on these components, more recently,

two reports showed that social rewards (for example,



Feedback-related negativity, P3, and reward responsiveness



The field of ASD has a long and rich tradition of using

ERP measures to acquire detailed real-time information

about the dynamics and integrity of neural processes in

the brain of individuals with ASD [100]. However, research has just started to evaluate the clinical utility of

the P3 and the FRN as potential markers for abnormal

reward responsiveness in ASD. In the following sections,

we present recent relevant findings and interpret them

in the framework of reward anticipation (’wanting’)

versus reward consumption (’liking’).

Groen and colleagues [101] investigated ERP responses

in a mildly impaired group of children with pervasive

developmental disorder not otherwise specified (PDDNOS) while they performed a reinforcement-based learning task with performance feedback (winning or losing

points). There was a robust P3 effect in response to feedback outcome. A P3 related to feedback anticipation was

not reported. The participants with PDD-NOS did not

differ from a TDC group in their outcome-evoked P3,

suggesting that feedback processing was intact in this patient group. Interestingly, however, during the anticipation of positive feedback, the PDD-NOS group displayed

an atypical stimulus-preceding negativity (SPN), an ERP

component that is thought to index reward anticipation,

similar to the P3 [102].

Larson and colleagues [103] used a gambling task to

specifically elicit the FRN and P3 in response to
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monetary gain versus loss in children with and without

ASD. Reward anticipation was not assessed in this study.

Similar to the findings by Groen [101], the ERPs evoked

by reward outcome did not differ between the experimental groups. The authors concluded that the neural

response to concrete, external feedback, that is, monetary gain (‘liking’) and loss (‘disliking’), is intact in ASD,

reflected in normal FRN and P3 effects.

It should be noted that both Groen and Larson only used

one type of incentive in their studies, points and money respectively, which leaves unclear the extent to which their

findings may also be relevant for other fundamental types

of appetitive stimuli such as social rewards. Kohls and colleagues [92] were the first to compare the effect of social

(that is, affirmative faces) and monetary incentives on ERP

responses in children with ASD versus TDC. They adopted

a cued go/no-go paradigm from the animal literature,

which has been widely used to assess reward anticipation

(initiated by cue signals) followed by goal-directed behavior

(for example, button press or inhibitory response) and a

potential rewarding outcome [104]. The authors focused

on the P3 as the ERP component of interest; the task design was not suited to evoke the FRN. Consistent with the

findings of Groen et al. [102] and Larson et al. [103], the

outcome-related P3 did not differentiate between ASD and

TDC participants. However, whereas the TDC group exhibited an increased P3 in response to cues that signaled a potential social or monetary reward, relative to non-reward,

the ASD group did not show this enhancement effect, and

even showed diminished P3 activity in response to cues that

triggered a phase of social reward anticipation. Moreover,

P3 activity elicited by incentive cues in both social and

monetary reward conditions correlated negatively with social symptom severity (ADOS-G), suggesting that children

with ASD who had stronger social deficits had weaker

modulation of the go-cue P3 when reward was at stake.

Based on the LC-NE P3 theory, the authors concluded that

the ERP data indicate an attenuated state of motivated attention allocation, particularly towards signals that trigger

active reward-seeking (‘wanting’) behavior in individuals

with ASD [105].

Although it is premature to draw conclusions from only

three ERP reports, the evidence suggests that outcomerelated neural responses are less impaired in ASD (reflective

of relatively intact ‘liking’) than are brain potentials related

to the anticipatory period preceding reward consumption

(reflective of disrupted ‘wanting’), based on the incentives

used to date. This neural dysfunction involves both social

and non-social (for example, monetary) reward, with a

more pronounced deficit for social incentives.

Frontal alpha power asymmetries



The strength of reward approach tendencies can be

assessed across the age spectrum with active- and
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resting-state EEG by calculating hemispheric alpha

power asymmetries over the frontal cortex [106]. Individuals with greater frontal alpha activity on the left relative to the right hemisphere display more reward-seeking

behaviors than do individuals with greater activity on the

right side. The left vmPFC has been suggested as the

potential source for stronger left-sided alpha-band activity

[107]. Owing to the relatively limited spatial resolution of

EEG source localization techniques, it is not yet clear to

what extent other reward structures contribute to the

scalp-recorded alpha asymmetries. Because of its involvement in reward ‘wanting’, one likely candidate is the dopaminergic VS [108,109].

With regard to autism, Sutton and colleagues [110]

were the first to investigate the relationship between

resting-state frontal alpha asymmetry and symptom severity expression in ASD. Children with ASD who

showed left frontal EEG asymmetry were reported by

their parents to have fewer symptoms of social impairment compared with children with right frontal asymmetry; however, the former was accompanied by greater

levels of social anxiety and stress. These findings suggest

that children with ASD with left frontal asymmetry

might be more motivated to participate in social interactions, possibly because of stronger ‘wanting’ tendencies.

A stronger inclination to seek out social interactions

may make the appearance of social impairments less

severe, resulting in reduced reports of symptoms,

whereas, the motivation to interact with others, coupled

with an underdeveloped behavioral repertoire to do so,

might result in heightened levels of social stress and anxiety [111]. Interestingly, the left asymmetry subgroup of

children with ASD has a great resemblance to the ‘active-but-odd’ clinical subtype described by Wing and

Gould [112], whereas the right asymmetry group is more

consistent with the ‘passive’ or ‘aloof’ subtypes [111].

Dawson and colleagues [113] first noted differences in

frontal alpha power in children with ASD classified as

‘active-but-odd’ versus ‘passive’. This was replicated recently by Burnette and colleagues [114], who also found

that left frontal alpha asymmetry during resting state was

associated with later age of onset of ASD-specific symptoms based on parental report. This could indicate that

greater social interest (‘wanting’) may obscure social

symptom presentation in young children, resulting in

delayed identification.

In a first attempt to measure frontal alpha activity during

an active task, Kylliäinen and colleagues [115] recently

reported relatively greater left-sided frontal alpha activity

in TDC during viewing of faces with direct eye gaze,

reflective of motivational social approach [116], a pattern

that was absent in children with ASD. By contrast, no

group differences were detected in frontal alpha responses

to non-social control stimuli, such as automobiles. The
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