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Abstract

Multiple theories identify neural vulnerability factors that may increase risk for overeating and 

weight gain. Early cross-sectional neuroimaging studies were unable to determine whether 

aberrant neural responsivity was a risk factor for or a consequence of overeating. More recent 

obesity risk, prospective, repeated-measures, and experimental neuroimaging studies with humans 

have advanced knowledge of etiologic processes and neural plasticity resulting from overeating. 

Herein, we review evidence from these more rigorous human neuroimaging studies, in conjunction 

with behavioral measures reflecting neural function, as well as experiments with animals that 

investigated neural vulnerability theories for overeating. Findings provide support for the reward 

surfeit theory that posits that individuals at risk for obesity initially show hyper-responsivity of 

reward circuitry to high-calorie food tastes, which theoretically drives elevated intake of such 

foods. However, findings provide little support for the reward deficit theory that postulates that 

individuals at risk for obesity show an initial hypo-responsivity of reward circuitry that motives 

overeating. Further, results provide support for the incentive sensitization and dynamic 

vulnerability theories that propose that overconsumption of high-calorie foods results in increased 
reward and attention region responsivity to cues that are associated with hedonic reward from 

intake of these high-calorie foods via conditioning, as well as a simultaneous decrease in reward 

region responsivity to high-calorie food tastes. However, there is little evidence that this induced 

reduction in reward region response to high-calorie food tastes drives an escalation in overeating. 

Finally, results provide support for the theory that an initial deficit in inhibitory control and a bias 

for immediate reward contribute to overconsumption of high-calorie foods. Findings imply that 

interventions that reduce reward and attention region responsivity to food cues and increase 

inhibitory control should reduce overeating and excessive weight gain, an intervention theory that 

is receiving support in randomized trials.
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Obesity results in 2.8 million premature deaths worldwide annually (World Health 

Organization, 2013). However, treatments rarely result in lasting weight loss and virtually all 

obesity prevention programs have not reduced future obesity onset (Plotnikoff et al., 2015; 

Stice, Shaw, & Marti, 2006). An improved understanding of risk factors that predict future 

weight gain and effective weight regulation should advance knowledge regarding processes 

that give rise to obesity and guide the design of more effective preventive programs and 

treatments. Multiple models aim to explain appetitive behavior and weight regulation. These 

models typically fall into two general categories: 1) homeostatic regulation and, 2) 

hedonically motivated behavior. Homeostatic regulation is primarily founded in 

neuroendocrine mechanisms that maintain energy balance, such as the orexigenic hormone 

ghrelin and the adipokine leptin. Tight regulation of these appetitive hormones served as the 

basis of the long-standing theory of implicit regulation in the set point theory of obesity 

(Harris, 1990). Homeostatic regulation of appetite may act on a neural level to influence 

motivated behavior, including hedonically driving food intake (Burger & Berner, 2014). 

Theories of hedonically motivated eating behavior center on how aberrant reward processing 

in the brain contributes to overeating highly palatable energy-dense foods.

Several neural vulnerability factors theoretically increase risk for the excess energy intake 

that drives excess weight gain. For example, increasing evidence point to an association 

between elevated weight and altered neural functioning. For example, obese versus healthy 

weight individuals show decreased functional connectivity within prefrontal networks, 

reward networks (e.g., insula and caudate), and the salience network (García‐García, I. et al., 

2013, Geha et al., 2016). Obesity has also been associated with increased connectivity 

within the attention network (premotor areas, superior parietal lobule, and visual cortex), as 

well as, stronger hypothalamic-striatal and amygdala-insular connectivity (Lips et al., 2014). 

Collectively, these cross-sectional data suggest that elevated weight is associated with 

disruption in the functional integration of brain regions and networks that encode aspects of 

hedonically motivated behaviors and gustatory and attentional processing while at rest. 

These data are of importance as they are not in response to food stimuli, but may be priming 

individuals when food stimuli are present.

Experiments also indicate that high-calorie food intake activates regions implicated in 

reward processing, including the striatum, midbrain, amygdala, and orbitofrontal cortex 

(OFC; Kringelbach et al., 2003; Small et al., 2001; Stice, Burger, & Yokum, 2013). High-

calorie food intake likewise causes dopamine release in the dorsal striatum, with the amount 

released correlating with meal pleasantness ratings (Small et al., 2003) and caloric density of 

the food (Ferreira et al., 2012). Acute intake of glucose also results in a reduction in the 

binding potential of [11C]raclopride in men, suggesting an increase in dopamine release, 

though this effect was opposite in women, potentially because of the small sample size 

(Haltia et al., 2007). Further, peripheral blood glucose concentrations were significantly 

correlated with cerebrospinal fluid concentrations of the dopamine metabolite, homovanillic 

acid, suggesting that elevated intake of high-sugar foods may increase dopamine 

neuraltransmission (Umhau et al., 2003). Rodent studies confirm that the oral sensory 

properties of high-sugar and high-fat food consumption stimulate brain dopamine release 

(Hajnal et al., 2004; Liang et al., 2006). Interestingly, even intra-gastric infusion of glucose 

and fat, bypassing the oral cavity and gustatory stimulation, induces striatal (nucleus 
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accumbens) dopamine release in rodents compared to isocaloric infusion of amino acids 

(Ren et al., 2010; Tellez et al., 2013). Given these effects, etiologic theories have often 

focused on reward circuitry. Further, anticipated high-calorie food intake (O’Doherty, 

Deichman, Critchley, & Dolan, 2002; Small, Veldhuizen, Felsted, Mak, & McGlone, 2008; 

Stice, Yokum, Burger, Epstein, & Smolen, 2012) and food images and cues (Frank et al., 

2010; Van Meer, van der Laan, Adan, Viergever, & Smeets, 2015) activate regions 

implicated in incentive valuation, such as the OFC and amygdala, particularly after caloric 

deprivation (Leidy et al., 2011). These data have also prompted a focus on regions that 

encode the incentive valuation in etiologic theories for obesity. Figure 1 illustrates the main 

central nervous system (CNS) and perifrial organs involved in homeostatic and hedonic 

control over eating behavior.

It is important to note that high-calorie food intake, anticipated intake, and food cues have 

broad effects, activating regions implicated in visual processing/attention (inferior parietal 

lobe, posterior cingulate cortex), gustatory processing (insula and overlying operculum), 

motor response (precentral gyrus, cerebellum), somatosensory processing (postcentral 

gyrus), and inhibitory behavior (inferior frontal gyrus, ventrolateral prefrontal cortex) 

(Huerta, Sarkar, Duong, Laird, & Fox, 2014; Stice et al., 2012; Tang et al., 2012; van Meer 

et al., 2015).

Animal experiments suggest that dopamine signaling plays a larger role in reward learning, 

particularly the learning of reward-predictive cues, and that opioid peptide signaling plays a 

larger role in hedonic pleasure from food intake, largely on the basis that the effects of each 

neurotransmitter can be isolated experimentally (Berridge et al., 2010; Flegel et al., 2011). 

Consistent with this thesis, acute administration of an opioid antagonist reduced response in 

the caudate, anterior cingulate cortex, and medial frontal gyrus to the sight and taste of high-

calorie food relative to a placebo control condition (Murray et al., 2014). Yet, reward regions 

(e.g., the midbrain and striatum) contain both dopamine and opioid receptors (Ambrose, 

Unterwald, & Bockstaele, 2004; Pollard, Llorens-Cortes, & Schwartz, 1977) and μ opioid 

and dopamine receptor availability in the striatum and ventral tegmental area (VTA) are 

highly correlated in humans (Tuominen et al., 2015). Further, the two neurotransmitter 

systems exhibit crosstalk (Tuominen et al., 2015). Mesolimbic dopamine neurons are under 

tonic gamma aminobutyric acid-ergic (GABA) inhibition that can be lifted through 

activation of μ opioid receptors on GABAergic terminals in the VTA (Jalabert et al., 2011). 

Administration of alfentranil, a potent and highly selective μ-opioid receptor agonist, 

increased PET-assessed dopamine D2 receptor binding potential in the putamen and caudate 

in humans (Hagelberg et al., 2002). Conversely, amphetamine, which blocks the dopamine 

transporter that clears dopamine from synapses, thereby increasing dopamine levels, causes 

the release of opioids in the ventral striatum in humans (Colasanti et al., 2012; Mick et al., 

2014). Moreover, blocking striatal opioid receptors attenuates amphetamine-induced 

locomotion and impulsivity (Gonzalez-Nicolini et al., 2003; Wiskerke et al., 2011), whereas 

blocking dopamine D2 receptors attenuates the rewarding effects of morphine in opiate-

dependent rats (Laviolette, Nader, & Kooy, 2002). This crosstalk is consistent with the 

notion that dopamine signaling facilitates learning about hedonically rewarding experiences.
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Herein, we review the primary theories relating aberrations in responsivity of brain reward 

and incentive valuation regions, as well as regions that affect activation in these regions (e.g., 

inhibitory regions), to future weight gain. We briefly discuss behavioral foundations of 

overeating then move to multiple obesity theories and provide supporting data, ending in the 

presentation of an integrative model, which attempts to synthesize the initial theories. Data 

presented focus predominantly on prospective studies and randomized experiments with 

humans and animals, in addition to high-risk phenotype designs, to elucidate initial 

vulnerability factors for future weight gain. A summary of key studies and their relation to 

the various brain-based studies can be seen in Table 1. Lastly, we discuss clinical 

implications and future directions for research.

Behavioral origins of hedonically motivated food intake

Recent advances in functional neuroimaging in response to food stimuli provide insight to 

the dynamic processes of hedonically motivated food intake that serve as the basis of many 

of the conceptual models discussed below. Ultimately, hedonically motivated food intake, 

prior to weight gain, is a decision-making process influenced by reward learning, regulation 

of goal-directed behavior, and habit formation. Pavilion conditioning must occur during the 

early stages of overeating. Specifically, this is referring to the process wherein the reward-

related response from tasting an energy-dense, highly palatable food (reward surfeit theory) 

is repeated until a previously agnostic cue of the food elicits an increased attentional and 

dopaminergic response as stipulated in the incentive sensitization theory (see below). 

Subsequently, dopaminergic response during food intake and basal dopamine levels are 

diminished (reward deficit theory), which may contribute to increase impulsivity. The 

dynamic process has been repeatedly demonstrated in animal models independent of weight 

status (Johnson & Kenny, 2010; Phillips, Stuber, Heien, Wightman, & Carelli, 2003; 

Schultz, 1998). Further, it has emerged in an single scanning session over 16 exposures 

(Burger & Stice, 2014) and using objective measures of caloric intake over a 2-week period 

(Burger & Stice, 2013). More importantly, these processes have resulted from daily sugary 

beverage consumption in a small randomized controlled trial (Burger, 2017). These findings 

become generalizable to free living food intake given that after a short fast the degree of 

midbrain and medial OFC response to a palatable food predicted subsequent ad lib intake 
(Nolan-Poupart, et al., 2013).

Incentive Sensitization Theory of Obesity

The incentive sensitization model of obesity posits that repeated intake of high-calorie foods 

results in an elevated responsivity of regions involved in incentive valuation to cues that are 

associated with hedonic reward from intake of these foods via conditioning, which prompts 

craving and overeating when these cues are encountered (Berridge et al., 2010). Animal 

experiments indicate that firing of striatal and ventral pallidum dopamine neurons initially 

occurs in response to receipt of a novel high-calorie food, but that after repeated pairings of 

high-calorie food intake and cues that signal impending receipt of that food, dopamine 

neurons begin to fire in response to food-predictive cues and no longer fire in response to 

food receipt (Schultz et al., 1997; Tindell et al., 2004; Tobler et al., 2005). Theorists posit 

that this shift during cue-reward learning serves to update knowledge regarding the 
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predictive cues or attribute reward value to the cues themselves, thereby guiding behavior 

(Balleine et al., 2008; Robinson & Berridge 1993). This theory implies that a period of 

overeating high-calorie foods may be necessary for the conditioning process that gives rise 

to hyper-responsivity of reward regions to food cues, suggesting that this might be better 

viewed as a maintenance model of overeating. Alternatively, it is possible that individual 

difference factors, such as a genetic propensity for greater dopamine signaling, render some 

people more likely to attach incentive value to cues for high-calorie foods.

Obese versus lean humans show greater responsivity of brain regions associated with reward 

and motivation (striatum, amygdala, OFC) to pictures of high-calorie foods versus low-

calorie foods and control images in both fasted and fed states (e.g., Bruce et al. 2010; 

Dimitropoulos, Tkach, Ho, & Kennedy, 2012; Frankort et al., 2012; Holsen et al., 2012; 

Martin et al., 2010; Stice, Yokum, Bohon, Marti, & Smolen, 2010b). Similarly, humans with 

versus without a range of various substance use disorders show greater activation of regions 

implicated in reward and motivation to substance use images (e.g., Due, Huettel, Hall, & 

Rubin, 2002; Myrick et al., 2004; Tapert et al., 2003). However, these cross-sectional data 

provide no evidence of temporal precedence, and are therefore of limited inferential value.

There is emerging evidence that visual, olfactory, and auditory cues for high-calorie foods 

result in increased future choice and ad lib intake of those high-calorie foods in humans 

(Chambaron, Chisin, Chabanet, Issanchou, & Brand, 2015; Coelho, Polivy, Herman, & 

Pliner, 2009; Gaillet, Sulmont-Rosse, Issanchou, Chabanet, & Chambaron, 2014). Indeed, 

elevated responsivity in the ventral striatum (Lawrence, Hinton, Parkinson, & Lawrence, 

2012) and amygdala (Mehta et al., 2012) during exposure to food images also predicted 

greater subsequent ad lib high-calorie food intake. Likewise, elevated activation in the 

medial prefrontal cortex (mPFC) to being informed that participants had won food versus 

money, as well as greater amygdala and dlPFC response to being informed that participants 

had won food versus money, predicted greater intake of high-calorie foods (Adise et al., 

2018). Of note, healthy weight adolescents who were eating beyond objectively measured 

basal metabolic needs showed greater response during cues predicting impending palatable 

food receipt in regions that encode visual processing and attention (visual and anterior 

cingulate cortices), salience (precuneus; Frohlich, 1994), and reward and motivation 

(striatum), as well as a region in the primary gustatory cortex (frontal operculum; Burger & 

Stice, 2013), suggesting that overeating, even if it has not yet resulted in excess weight gain, 

may be accompanied by elevated responsivity of reward, attentional, and gustatory regions 

to food predictive cues.

Prospective fMRI studies that used moderate-sized samples have found that elevated nucleus 

accumbens response to palatable food images (Demos et al., 2012), elevated caudate 

response to palatable food commercials (Yokum, Gearhardt, Harris, Brownell, & Stice, 

2014), and elevated orbitofrontal cortex (OFC) response to cues that predict palatable food 

image presentation (Yokum et al., 2011) predicted future weight gain. However, one study 

did not find a main effect between elevated responsivity of brain regions implicated in 

reward to food cues/images and future weight gain (Stice et al., 2010). Obese individuals 

who evidenced greater reward and attention region response to high-calorie food images 

showed a poorer response to behavioral weight loss treatment (Murdaugh et al., 2012), 
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consistent with the notion that hyper-responsivity of these regions maintain overeating. Yet, 

as the samples from those studies included overweight individuals, it is possible that a 

history of overeating might have caused the elevated reward region responsivity to palatable 

food images. One study recruited healthy weight adolescents to test the thesis that youth 

who show greater reward region response to palatable food tastes and cues that signal 

impending palatable food tastes are at risk for initial excessive weight gain; elevated OFC 

response to cues signaling impending milkshake receipt predicted initial excessive body fat 

gain (Stice, Burger, & Yokum, 2015), an effect that replicated in split halves of the sample, 

indicating a robust, stable effect. One repeated-measures fMRI study may have captured the 

emergence of the incentive sensitization process; it found that adolescents who engaged in 

overeating over a 3-year period showed an increase in reward valuation region response 

(putamen, mid-insula) to cues for a high-calorie beverage versus a non-caloric beverage 

compared to adolescents who were weight stable or who lost weight (Stice & Yokum, 2016).

Interestingly, obese versus lean individuals also show attentional bias for high-calorie food 

images according to the Stroop test (Braet & Crombez, 2003; Nijs et al., 2010a) and eye 

tracking (Castellanos et al., 2009; Graham et al., 2011) and attentional bias for high-calorie 

food in a fed state, predicts greater ad lib food intake (Nijs, Muris, Euser, & Franken, 2010b; 

Werthmann, Field, Roefs, Nederkoorn, & Jansen, 2014) and future weight gain (Calitri, 

Pothos, Tapper, Brunstrom, & Rogers, 2010). Obese versus lean individuals likewise show 

greater recruitment of motor response regions when exposed to high-calorie food images 

(Brooks et al., 2013; Jastreboff et al., 2013), suggesting an elevated motor approach 

tendency.

The finding that elevated reward and attention region responsivity predicts future weight 

gain converges with evidence from controlled trials that weight loss reduces reward region 

(e.g., parahippocampal gyrus, parietal cortices, putamen, insula, visual cortex) responsivity 

to highcalorie food images (Cornier, Melanson, Salzberg, Bechtell, & Tregellas, 2012; 

Deckersbach et al., 2014; Rosenbaum, Pavlovich, Leibel, & Hirsch, 2008), an effect not 

impacted by acute hunger. Weight loss has also been associated with concurrent reductions 

in food preference ratings for high-calorie foods relative to changes observed in waitlist 

controls (Deckersbach et al., 2014). Yet it is important to acknowledge that these effects 

might be driven by changes in afferent regulation pathways (e.g., glucose/insulin signaling 

from fat tissue).

The above findings imply that some individuals may show an elevated propensity to 

associate reward from high-calorie food intake with cues repeatedly paired with such food 

reward, which drives elevated responsivity of reward regions to food cues. As noted, animal 

experiments indicate that after repeated pairings of palatable food receipt and cues that 

predict palatable food receipt, dopamine signaling increases in response to predictive cues 

but decreases in response to food tastes (Schultz et al., 1997; Tindell et al., 2004; Tobler et 

al., 2005). One functional MRI study documented an increase in caudate response to cues 

predicting impending milkshake receipt over repeated pairings of the predictive cues and 

milkshake receipt, demonstrating a direct measure of in vivo cue-reward learning in humans 

(Burger & Stice, 2014). This effect was not impacted by hunger, as in theory the association 

would be more rapid in a fasted state. Further, that study observed a simultaneous decrease 
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in putamen and ventral pallidum response during milkshake receipt that occurred over 

repeated pairings of the cue and milkshake receipt, mirroring the reduction in dopamine 

release in response to food reward after it is repeatedly paired with a cue that signals 

impending food receipt (Zellner & Ranaldi, 2010). The reduction in putamen and ventral 

pallidum signal may reflect reinforcer satiation. Another human fMRI study found an 

increase in striatal response to visual cues that predict the possibility of winning money, and 

a simultaneous decrease in striatal response to winning money, as participants played a slot-

machine game (Shao, Read, Behrens, & Rogers, 2013). Critically, participants who 

exhibited the greatest escalation in ventral pallidum responsivity to cues and those who 

exhibited the greatest decrease in caudate response to milkshake receipt showed significantly 

larger increases in BMI over 2-year follow-up (r = .39 and −.69 respectively; Burger & 

Stice, 2014). These results provide evidence that there are important individual differences 

in food cue-reward learning and food reinforcer satiation that may give rise to elevated 

reward region responsivity that underlies the incentive sensitization process. These 

individual difference factors may explain why only some people show obesity onset in 

response to the current obesogenic environment in western cultures.

In sum, heightened reward region responsivity to food cues or anticipated receipt predicted 

future weight gain and poorer response to a weight loss intervention. Studies also found that 

weight loss is associated with a reduction in reward region responsivity to high-calorie food 

images. Another study found that there are individual differences in cue-reward learning and 

food reinforcer satiation, and that individuals who show the most potent reward-cue learning 

and food reinforcer satiation show elevated future weight gain. Findings from these 

prospective studies and randomized experiments provide strong support for the incentive 

sensitization theory of obesity.

Reward Surfeit Theory of Obesity

It has been theorized that individuals who show greater reward region responsivity to food 

intake, which is presumably an inborn characteristic, are at elevated risk for overeating 

(Davis, Strachan, & Berkson, 2004; Loxton & Dawe, 2006), which we refer to as the reward 

surfeit model of overeating. An initial heightened reward-related response to palatable food, 

as proposed here, might amplify the aforementioned Pavlovian conditioning process.

Studies evaluating risk factors for obesity have generated findings consistent with the thesis 

that elevated reward region response to high-calorie food receipt, rather than elevated reward 

region response to cues for high-calorie foods or decreased reward region response to high-

calorie food receipt, constitutes the initial vulnerability factor that increases risk for initial 

overeating. Healthy weight adolescents at high- versus low-risk for future weight gain based 

on parental obesity status showed greater activation of regions implicated in encoding 

reward (caudate, putamen, OFC) in response to receipt of high-calorie food and monetary 

reward, but did not show elevated reward region response to visual cues signaling impending 

tastes of high-calorie foods or impending monetary reward (Stice et al., 2011). An 

examination of an independent sample likewise found that healthy weight adolescents with 

versus without parental obesity showed elevated caudate response of tastes of a high-sugar 

food, but not to images of high-calorie foods (Shearrer, Stice & Burger, 2018). These results 
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converge with evidence that individuals who rate high-calorie foods as high versus low in 

pleasantness show greater future weight gain (e.g., Salbe et al., 2004).

Prospective studies have examined the relation between neural response to receipt of high-

calorie foods and future weight gain. Elevated response to high-calorie milkshake tastes in 

the midbrain, thalamus, hypothalamus, ventral pallidum, and nucleus accumbens in 15 

adults predicted elevated weight gain over 1-year follow-up (Geha et al. 2013). These results 

appear to converge with evidence that elevated resting state activation in reward regions 

(e.g., vmPFC) predicted future weight gain (Dong et al., 2014). However, three larger studies 

did not find a main effect between reward region response to high-calorie food receipt and 

future weight gain (Stice, Spoor, Bohon, & Small, 2008a; Stice, Burger, & Yokum, 2015; 

Sun et al., 2015). There is also evidence that individuals who show greater recruitment of 

reward-related regional response (e.g., striatum) to tastes of high-calorie milkshakes show 

greater future weight variability, operationalized as greater observed deviation of 

participants BMI over time around their average BMI (Winter et al., 2017). Weight 

variability may better capture the cumulative effects of repetitive periods of weight gain, 

which are often countered by periods of weight loss.

Elevated reward region responsivity has also been theorized to increase risk for substance 

abuse (Davis & Claridge, 1998). Consistent with this thesis, non-substance using adolescents 

at high- versus low-risk for future substance use disorders, based on parental substance use 

disorder, showed greater activation of a key reward region (midbrain) in response to receipt 

of high-calorie food (Stice & Yokum, 2014). Further, elevated reward region responsivity 

(caudate, putamen) in response to monetary reward predicted future substance use onset 

(Stice, Yokum, & Burger, 2013). These data suggest that reward region hyper-responsivity 

may increase risk for a range of appetitive problems and that there may be parallels in neural 

vulnerability factors that increase risk for obesity and substance use.

In sum, healthy weight adolescents at high-risk for future weight gain by virtue of parental 

obesity showed greater reward region responsivity to palatable food receipt and monetary 

reward than their low-risk counterparts in two studies, individuals who evidenced elevated 

reward region responsivity to palatable food receipt showed greater future weight gain, 

though this finding did not replicate in three other studies, and greater resting state activation 

in a network including a region implicated in reward processing predicted future weight 

gain. Thus, extant findings provide moderate support for the reward surfeit theory of obesity.

Reward Deficit Theory of Obesity

The reward deficit model of obesity posits that individuals with lower sensitivity of 

dopamine-based reward regions overeat to compensate for this reward deficiency (Wang et 

al., 2002). This theory was based on evidence that drugs that block dopamine D2 receptors 

increase appetite and result in weight gain, whereas drugs that increase brain dopamine 

concentrations reduce appetite and produce weight loss (Wang et al., 2001). However, all 

psychoactive drugs, including stimulants, barbiturates, benzodiazepines, opioids, and 

marijuana, increase dopamine signaling in reward circuitry (Wise & Rompre, 1989), but 

only stimulants are associated with weight loss. Further, “dopaminergic” drugs, such as 
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amphetamine, increase neurotransmission of dopamine, serotonin, norepinephrine, 

epinephrine, histamine, acetylcholine, opioids, and glutamate (Eiden & Weihe, 2011; 

Loseth, Ellingsen, & Leknes, 2014; Miller, 2011), making it difficult to conclude that the 

increase in dopaminergic signaling in particular causes weight loss. Likewise, 

“antidopaminergic” drugs affect neurotransmission of dopamine and serotonin, also show 

affinity for adrenergic, opioidergic, and glutamate receptors (Meltzer, 2002; Miller, 2009), 

making it difficult to conclude that it is the decrease in dopamine signaling that cause weight 

gain. Indeed, a randomized trial that directly compared the effects of haloperidol, an 

antipsychotic with very high affinity for dopamine D2 receptors, to clozapine and 

olanzapine, which are atypical antipsychotic medications with lower affinity for dopamine 

D2 receptors, found that only the atypical antipsychotics resulted in weight gain; haloperidol 

did not (Krakowski, Czobor, & Citrome, 2009).

Although some cross-sectional data are consistent with the thesis that obese versus lean 

individuals show less activation of reward circuitry from high-calorie food intake (Babbs et 

al., 2013; Frank et al., 2012; Green et al., 2011; Stice et al., 2008a, b), repeated-measures 

fMRI studies with humans and experiments with animals suggest that overeating causes a 

reduction in reward region responsivity. Young women who gained weight over a 6-month 

period showed a reduction in striatal responsivity to palatable food receipt versus women 

who remained weight stable (Stice, Yokum, Blum, & Bohon, 2010a). Further, 

experimentally induced consumption of a high sugar beverage caused decreases in striatal 

response to tastes of that beverage (Burger, 2017). These finding converge with numerous 

overfeeding experiments with animals; rats randomized to overeating conditions that result 

in weight gain versus control conditions show down-regulation of post-synaptic D2 

receptors, and reduced D2 sensitivity, extracellular dopamine levels in the nucleus 

accumbens and dopamine turnover, and lower sensitivity of dopamine reward circuitry to 

food intake, electrical stimulation, amphetamine administration, and potassium 

administration (Bello et al., 2002; Davis et al., 2008; Geiger et al., 2009; Kelley et al., 2003; 

Johnson & Kenny et al., 2010; Thanos et al., 2008). One experiment randomized rats to a 

40-day period of unlimited access to a high-calorie diet, to limited access to a high-calorie 

diet, or unlimited access to rat chow; they then randomized rats in each condition to 

exposure to a light cue that was associated with a foot shock or the light cue only, finding 

that on a subsequent test day, exposure to the light cue reduced caloric intake in rats that had 

experienced limited access to the high-calorie diet or unlimited access to the chow diet, but 

not in those that had previously had unlimited access to the high-fat/sugar diet (Johnson & 

Kenny, 2010). These authors concluded that habitual intake of energy dense diets may 

induce a compulsive-style of eating that is resistant to subsequent punishment learning. 

These findings were replicated in a study by an independent team (Thompson et al., 2017), 

which also found that intermittent access to a high-calorie diet resulted in decreased spine 

density in basal dendrites of layer II/III lateral OFC neurons, suggesting that inhibitory 

inputs to lateral OFC pyramidal neurons are diminished in rats with extended access to a 

cafeteria diet. Pigs randomized to a weight gain intervention versus a stable weight condition 

showed reduced resting activity in the midbrain and nucleus accumbens (Val-Laillet et al., 

2011). The reduced dopamine signaling capacity appears to occur because habitual intake of 

high-fat diets decreases synthesis of oleoylethanolamine, a gastrointestinal lipid messenger 
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(Tellez et al., 2013). Experiments also indicate that humans randomized to consume high-

calorie foods daily over 2–12 week periods report reduced “liking” of the foods relative to 

baseline and control high-calorie foods not consumed daily (Clark et al., 2010; Hetherington 

et al., 2000; 2002; Temple et al., 2009; Tey et al., 2012).

The evidence that weight gain is associated with down-regulation of dopamine-based reward 

circuitry dovetails with evidence that weight loss increases D2 receptor availability in 

humans (Steele et al., 2010) and rats (Thanos et al., 2008), and responsivity of reward 

circuitry to food cues (Cornier et al., 2012; Deckersbach et al., 2014; Rosenbaum et al., 

2008). However, one study reported that weight loss was associated with a reduction in D2 

receptor availability (Dunn et al., 2010); the inconsistent findings are likely to due the very 

small samples used in PET studies.

One experiment found that intake of high-fat/high-sugar food resulted in down regulation of 

striatal D1 and D2 receptors in rats relative to isocaloric intake of low-fat/low-sugar rat chow 

(Aliso et al., 2010), implying that it is intake of energy dense foods versus a positive energy 

balance per se that causes plasticity of reward circuitry. Another study found that mice that 

received chronic intra-gastric infusion of fat showed reduced striatal dopamine signaling 

from food intake relative to chow fed weight-matched control mice (Tellez et al., 2013), 

providing further evidence that habitual consumption of fat can reduce dopamine response to 

food intake, independent of weight gain.

The evidence that overeating results in down-regulation of dopamine-based reward circuitry 

seems to converge with data suggesting that habitual substance use, which also causes acute 

increases in dopamine-signaling, likewise leads to down-regulated reward circuitry. For 

instance, lower dopamine release in the nucleus accumbens in response to methylphenidate 

has been observed in cocaine-dependent and alcohol-dependent individuals relative to 

healthy controls (Volkow et al., 1997, 2007). Indeed, even adolescents with a relatively short 

history of substance use showed less caudate response to monetary reward than adolescents 

who had not initiated substance use (Stice et al., 2013).

Given that animals that have shown down-regulation of reward circuitry because of habitual 

drugs use will work to keep dopamine levels in the nucleus accumbens above a certain level 

(Wise et al., 1995; Ranaldi et al., 1999), Geiger and associates (2009) speculate that rats that 

have experienced diet-induced down-regulation of dopamine circuitry may overeat to 

increase dopamine signaling. However, a study found that mice in which reduced striatal 

dopamine signaling from food intake was experimentally induced through chronic intra-

gastric infusion of fat worked less for acute intra-gastric infusion of fat and consumed less 
rat chow ad lib than control mice (Tellez et al., 2013). These animal findings converge with 

evidence that experimentally induced dopamine depletion in humans resulted in decreased 

hunger ratings and less ad lib caloric intake relative to the control condition, though the later 

effect was only marginal because of the small sample (Hardman, Herbert, Brunstrom, 

Munafo, & Rogers, 2012). Further, genetically engineered dopamine-deficient mice are 

unable to sustain appropriate levels of feeding and dysregulation of dopamine signaling in 

the dorsal striatum in particular is sufficient to induce hypophagia (e.g., Sotak et al., 2005; 

Zhou & Palmiter, 1995). These data converge with the finding that experimental 
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administration of 6-hydroxydopamine, a neurotoxin that selectively destroys dopaminergic 

and noradrenergic neurons, at any of several points along the nigrostriatal dopamine 

pathway between the substantia nigra and the caudate-putamen results in severe aphasia 

(Robbins & Everitt, 1999). These findings seem incompatible with the notion that an 

induced down-regulation of dopamine reward circuitry leads to compensatory overeating.

Prospective fMRI studies that have examined neural responsivity that predicts future weight 

gain have also produced little support for the reward deficit theory. None of the 8 prospective 

studies that examined the relation of BOLD response to high-calorie palatable food images/

cues, anticipated palatable food receipt, and palatable food receipt to future weight gain 

reviewed above found a main effect between reduced reward region responsivity to these 

food stimuli and greater future weight gain (Demos et al., 2012; Geha et al. 2013; Stice et 

al., 2008a, 2010b, 2015; Sun et al., 2015; Yokum et al., 2011, 2014). Further, lean youth at 

risk for future obesity by virtue of parental obesity show hyper-responsivity of reward 

regions to palatable food receipt and monetary reward, and no evidence of hypo-responsivity 

or reward regions (Shearrer et al., 2018; Stice et al., 2011).

In sum, research provides little prospective or experimental support for the thesis that 

individuals who show reduced responsivity of reward circuitry to food stimuli overeat to 

compensate for this deficit. Adolescents at high- versus low-risk for future weight gain 

showed elevated reward region responsivity to food and no evidence of blunted reward 

region response and none of the eight prospective studies found a main effect wherein lower 

reward region response to food stimuli predicted future weight gain. Indeed, most of these 

prospective studies found that elevated responsivity of reward circuitry, including the 

amygdala, midbrain, ventral pallidum, nucleus accumbens, and striatum, to food images/

cues and anticipated palatable food receipt predicted future weight gain. Moreover, 

experimentally induced down-regulation of dopamine response to fat intake in mice reduced 

caloric intake and the motivational value of high-calorie food compared to control mice, 

experimentally-induced dopamine depletion was associated with less ad lib food intake in 

humans, and dopamine-deficient mice are unable to sustain appropriate levels of feeding.

Inhibitory Control Deficit Theory of Overeating

It has been proposed that individuals with inhibitory control deficits, and lower responsivity 

of brain regions implicated in inhibitory control, are more sensitive to food cues and more 

vulnerable to the pervasive temptation of appetizing foods in our environment, which 

increases overeating (Nederkoorn et al., 2006). Trait impulsivity putatively results in greater 

sensitivity to reward-predictive cues, which may contribute to elevated food intake 

(Diergaarde et al., 2009).

Inhibitory control deficits in response to high-calorie foods in delay discounting tasks, which 

reflects an immediate reward bias, has reliably predicted future weight gain (Evans, Fuller-

Rowell, & Doan, 2012; Francis & Susman, 2009; Schlam, Wilson Shoda, Mischel, & 

Ayduk, 2013; Seeyave et al., 2009). Similar results have emerged from studies that examined 

self-report measures of inhibitory control (Anzman & Birch, 2009; Duckworth, Tsukayama, 

& Geier, 2010; Sutin, Ferrucci, Zonderman, & Terracciano, 2011). Functional connectivity 
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between weight discordant twins and matched, unrelated samples revealed that a network 

compromised of gustatory processing regions, a visual processing network, and the default 

mode network all correlate with weight status (Sadler et al., 2018). This study also found 

that lower weight was associated with greater integration of regions that encode reward 

learning and executive control, and underpin hedonically motived behaviors. It is possible 

that differences in network connectivity may contribute to better behavioral control when 

lean individuals are faced with highly palatable foods. Individuals with inhibitory control 

deficits show poorer response to weight loss treatment and poorer weight loss maintenance 

(Nederkoorn et al., 2007; Weygandt et al., 2013; Weygandt et al., 2015), though the former 

effect did not emerge in one study (Jonsson, Bjorvell, Levander & Rossner, 1986). Further, 

rats that showed behavioral disinhibition in response to food reward on a serial reaction time 

task exhibited greater future sucrose seeking behaviors and sensitivity to sucrose-associated 

stimuli after extinction, relative to rats that exhibited behavioral inhibition (Diergaarde et al., 

2009).

With regard to neuroimaging findings, obese versus lean teens showed less activation of 

prefrontal regions (dorsolateral prefrontal cortex [dlPFC], ventral lateral prefrontal cortex 

[vlPFC]) when trying to inhibit responses to high-calorie food images and behavioral 

evidence of reduced inhibitory control (Batterink et al., 2010), though participants who 

showed less recruitment of inhibitory regions did not show elevated future weight gain. 

Another study found that participants who showed less recruitment of inhibitory control 

regions (inferior, middle, and superior frontal gyri) during difficult versus easy choices on a 

delay-discounting task showed elevated future weight gain (Kishinevsky et al., 2012). A 

third prospective study found that individuals who showed less activation of the pre-

supplementary motor area in response to tastes of milkshake, which might reflect lower 

inhibition of motor response to high-calorie food, showed greater future weight gain (Stice 

& Yokum, 2018). Further, individuals that showed less recruitment of inhibitory control 

regions (dorsolateral prefrontal cortex) during a delay discounting task showed significantly 

less weight loss in response to weight loss treatment (Weygandt et al., 2013) and less weight 

loss maintenance over a 1-year follow-up (Weygandt et al., 2015). These results converge 

with evidence that obese versus lean adults showed less grey mater volume in the prefrontal 

cortex (Pannacciulli et al., 2006), a region that modulates inhibitory control, and with a 

marginal trend for reduced grey matter volume in the prefrontal cortex to predict weight gain 

over 1-year follow-up (Yokum, Ng, & Stice, 2012). Further, lower dlPFC response to high-

calorie food images predicted greater ad lib food intake over the next 3 days (Cornier et al., 

2010) and individuals reporting chronic stress showed less recruitment of frontal regions in 

response to images of high-calories foods as well as greater ad lib caloric intake (Tryon, 

Carter, DeCant, & Laugero, 2013). The findings from the latter two studies are noteworthy 

because they emerged in paradigms lacking a behavioral response component. These 

findings may be explained by the fact that the primary motor area received a very dense 

innervation from dopamine-containing fibers originating in the midbrain (Berger, Gaspar, & 

Verney, 1991). Indeed, participants have shown activation of motor regions, as assessed via 

electromyography, in response to palatable food images (Gupta & Aron, 2011).

It is noteworthy that elevated impulsivity has also predicted future onset of (Ernst et al., 

2006; Leeuwen et al., 2011; Malmberg et al., 2012; McGue et al., 2001) and increases in 
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substance use (Krank et al., 2011; Stice et al., 1998). Further, adolescents who showed less 

prefrontal inhibitory region recruitment during a go/no-go task were more likely to show 

onset of heavy alcohol use (Norman et al., 2011).

It is important to note that there is emerging evidence from animal experiments that habitual 

intake of high-calorie foods may contribute to increased impulsivity, which may drive a 

further escalation in overeating. Specifically, experiments have found that rats randomized to 

consume a high-calorie diet versus a low-calorie diet, which results in greater weight gain 

and greater overeating, showed greater impulsivity, operationalized by an immediate reward 

bias for high-calorie foods, after receiving haloperidol (Boomhower & Rasmussen, 2014; 

Roberson et al., 2017, Roberson & Rasmussen, 2017).

In sum, individuals with a preference for immediate food reward show elevated weight gain, 

with similar results emerging from studies that used self-report measures of inhibitory 

control. Data also indicate that individuals with inhibitory control deficits show a poorer 

response to weight loss treatment and poorer maintenance of weight loss after treatment. 

One imaging study found that individuals who show less recruitment of inhibitory control 

regions in tasks that require inhibition showed elevated future weight gain, but this effect did 

not emerge in a second study that used a different inhibitory control paradigm. One study 

suggested that individuals who exhibited lower recruitment of a region implicated in motor 

inhibition in response to high-calorie beverage receipt showed greater future weight gain, 

and another found that individuals that showed less recruitment of inhibitory control regions 

during a delay discounting task showed significantly less weight loss in response to a 

negative energy balance diet. Collectively, these data provide prospective support for the 

inhibitory control deficit theory of obesity, though many of the predictive effects were small 

and findings were somewhat mixed.

Genetic Predisposition for Reward-Related Obesity

There are also genetic findings that appear to provide support for various etiologic theories 

introduce previously. First, individuals with a genetic propensity for elevated dopamine 

signaling capacity in reward circuitry showed elevated future weight gain in three samples, 

as well as significantly less weight loss in response to obesity treatment (Yokum, Marti, 

Smolen, & Stice, 2015). That study examined a multilocus score because it relates more 

strongly to reward region responsivity than the individual alleles used to calculate the 

composite genetic risk score (Nikolova, Ferrel, Manuck, & Hariri, 2011; Stice et al., 2012). 

Theoretically, this is because the greater number of these genotypes, regardless of the 

particular combination, the greater the dopamine signaling. These findings appear consistent 

with the reward surfeit model of obesity.

There are also some interactive findings that warrant mention. Two studies found significant 

interactions wherein elevated caudate response to milkshake receipt predicted future weight 

gain for adolescents with a genetic propensity for greater dopamine signaling by virtue of 

possessing the TaqIA A2/A2 allele, but lower caudate response predicted weight gain for 

adolescents with a genetic propensity for lower dopamine signaling by virtue of possessing 

one or more TaqIA A1 allele (Stice et al., 2008a; Stice et al., 2015). However, we were 
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unable to replicate this interactive effect in a third prospective study (Stice & Yokum, 2018). 

Another study found a significant interaction wherein elevated amygdala response to 

milkshake receipt predicted future weight gain for adults with a genetic propensity for 

greater dopamine signaling by virtue of possessing the TaqIA A2/A2 allele, but lower 

amygdala response predicted weight gain for adults with a genetic propensity for lower 

dopamine signaling by virtue of possessing one or more TaqIA A1 allele (Sun et al., 2015). 

However, this study likewise did not replicate the interaction between TaqIA allele status 

and caudate response to milkshake receipt in the prediction of future weight gain. Another 

study found that adolescents who showed elevated striatal and OFC response to palatable 

food images and who had a genetic propensity for greater dopamine signaling due to 

possessing an A2/A2 TaqIA allele showed greater future weight gain, whereas adolescents 

who showed weaker putamen and OFC response to palatable food images and who had a 

genetic propensity for weaker dopamine signaling due to possessing the TaqIA A1 allele 

also showed greater future weight gain (Stice et al., 2010b). Further, individuals with both 

the fat mass and obesity-associated (FTO) gene and TaqIA A1 polymorphism are insensitive 

to negative reward learning, exhibit reduced connectivity between the nucleus accumbens 

and medial prefrontal cortex, and reduced connectivity between the ventral tegmental area 

(VTA) and substantia nigra in a “dose by gene response” (Sevgi et al., 2015). The interactive 

effects observed in these studies suggest the possibility of qualitatively distinct reward 

surfeit and reward deficit pathways to obesity. It is possible that the reward surfeit model 

may apply to individuals with a genetic propensity for greater dopamine signaling capacity 

and that the reward deficit model may apply to those with a genetic propensity for weaker 

dopamine signaling. These data may imply that too much or too little dopamine signaling 

capacity and reward region responsivity may both increase risk for overeating, potentially 

because each perturbs homeostatic processes that maintain a balance between caloric intake 

and caloric expenditure. There are other examples of such inverted U-shaped relations 

between neurotransmitters and neural function, such as the evidence that too little or too 

much epinephrine and norepinephrine impair memory formation (Eichenbaum et al., 1999).

Dynamic Vulnerability Model of Obesity

Our team has attempted to synthesize the above theories into a unifying etiologic model 

regarding neural vulnerability factors that increase risk for overeating, and changes in neural 

responsivity that result from overeating that may contribute to future escalations in caloric 

intake. This working model, referred to as the dynamic vulnerability model (Stice & Yokum, 

2016), is summarized in Figure 2. Thick black arrows represent well-established relations 

and thinner black arrows represent relations with a more provisional degree of empirical 

support.

According to this integrative model, individuals who show greater responsivity of reward 

regions to high-calorie foods are at increased risk overeating and consequent weight gain, 

consistent with the reward surfeit model of obesity. This is based on evidence that 

adolescents at high- versus low-risk for future weight gain because of parental obesity 

showed greater responsivity of reward regions to palatable food tastes (Shearrer et al., 2018; 

Stice et al., 2011), as well as the evidence that elevated reward region response to high-

calorie food predicted future weight gain (Geha et al., 2013). Regular consumption of high-
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calorie foods is thought to result in an increase in the valuation of cues that predict high-

calorie food availability via the conditioning process described in the incentive sensitization 

model of obesity, and elevated reward region response to cues for high-calorie food 

availability is theorized to increase risk for overeating when these cues are encountered. 

These predictions are based on animal experiments that show that regular intake of high-

calorie foods results in increased incentive value of cues that predict high-calorie food 

availability (Schultz et al., 1997; Tindell et al., 2004; Tobler et al., 2005), on evidence that a 

period of overeating results in elevated reward region responsivity to food cues compared to 

humans who do not overeat (Stice & Yokum, 2016), and on evidence that elevated reward 

region response to food cues predicts future weight gain (Demos et al., 2012; Stice et al., 

2010b, 2015; Sun et al., 2015; Yokum et al., 2011, 2014). Based on the aforementioned 

studies, hyper-responsivity of reward valuation regions to food cues appears to be a more 

potent driver of overeating than the initial hyper-responsivity of reward regions to palatable 

food intake. With this in mind, obesity can be conceptualized as resulting from aberrant 

reinforcement learning processes. Theoretically, these reinforcement-based learning 

processes are more likely for individuals with a propensity for reward cue learning and food 

reinforcement satiation, based on evidence that elevated reward-cue learning and food 

reinforcement satiation are associated with habitual consumption (Burger & Stice, 2014; 

Burger 2017).

The dynamic vulnerability model also hypothesizes: 1) that a genetic propensity for higher 

dopamine signaling directly increases risk for overeating, and 2) moderates the predictive 

effects of greater reward region responsivity to high-calorie food tastes and greater reward 

valuation region responsivity to food cues on future weight gain. This model posits that 

individuals who show stronger reward region responsivity to food intake will exhibit greater 

weight gain if they have a genetic propensity for elevated dopamine signaling, but 

individuals who show a weaker reward region responsivity to food intake will exhibit greater 

weight gain if they have a genetic propensity for weaker dopamine signaling. These 

predictions are based on the evidence that individuals with a genetic propensity for greater 

dopamine signaling showed greater future weight gain in three samples (Yokum et al., 2015) 

and on the interactions observed in three out of four studies (Stice et al., 2008a, 2015, 2018; 

Sun et al., 2015) which imply that there may be two qualitatively distinct pathways to 

obesity that conform to the reward surfeit and reward deficit models.

The emergence of habitual overeating is theorized to lead to a reduction in dopamine, D2 

receptors, D2 receptor gene expression, and striatal responsivity to palatable food intake, 

primarily based on animal overfeeding experiments (e.g., Davis et al., 2008; Geiger et al., 

2009; Johnson & Kenny et al., 2010; Thanos et al., 2008; Vucetic et al., 2012). Human 

imaging studies show similar effects where experimental manipulation of food intake caused 

decreases in striatal response to receipt (Burger 2017) and weight gain was associated with a 

decrease in striatal response to palatable food (Stice et al., 2010a). The emergence of 

habitual overeating is also thought to increase incentive valuation region responsivity to food 

cues repeatedly associated with palatable food intake, in line with the incentive sensitization 

model. Conditioning experiments with primates and rodents have documented an increase in 

dopamine signaling in reward regions, such as in the midbrain dopamine neurons in 

response to stimuli repeatedly paired with palatable food receipt (Mackintosh, 1974; 
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Mirenowicz & Schultz, 1994; Stuber et al., 2008; Zellner & Ranaldi, 2010), which has been 

documented acutely using neuroimaging with humans in one study (Burger & Stice, 2014). 

This prediction is also supported by evidence that weight gain in humans was associated 

with an increased striatal response to cues for high-calorie food receipt (Stice & Yokum, 

2016).

Available findings also suggest that a bias for immediate reward also constitutes an 

important risk factor for overeating and subsequent weight gain (e.g., Evans et al., 2012; 

Schlam et al., 2013; Seeyave et al., 2009). Given the evidence that a bias for immediate food 

reward in childhood predicts future weight gain over very long-term follow-up, this may 

constitute another key initial vulnerability factor for obesity. The development of reflexive, 

immediate (habit-like) bias to food cues has been observed in humans, where daily 

consumption of a high-sugar beverage with a logo resulted in a decrease in reaction time 

toward that logo (Burger 2017). Notably, this decrease was correlated to decreases in the 

prefrontal cortex during logo exposure. As such, this vulnerability factor presumably has a 

neural basis, but few neuroimaging studies with humans have tested whether reduced 

recruitment of inhibitory regions in response to tasks involving inhibition to food stimuli 

predicts future weight gain. This immediate reward bias may contribute to the initial 

emergence of habitual overeating that contributes to the incentive sensitization process. One 

might hypothesize that elevated reward region responsivity to palatable food and a bias for 

immediate reward might interact in an amplifying fashion in the prediction of overeating. 

However, to date no prospective data has tested this interactive hypothesis.

Clinical Implications

Results from this review have a several implications for the prevention and treatment of 

obesity. With regard to the former, results imply that interventions that reduce habitual 

intake of high-calorie foods during childhood and adolescence might reduce elevated 

incentive valuation region responsivity to food cues that appears to drive overeating. A 

related policy implication is that reducing the presence of cues for high-calorie foods, such 

as advertisements for fast foods, should also reduce overeating in those with this 

vulnerability factor. Further, prevention programs that promote executive function and 

inhibitory control, which includes resisting temptation (e.g., Diamond, Barnett, Thomas, & 

Munro, 2007), might reduce the immediate reward bias that increases risk for overeating.

In terms of treatment implications, response training might prove useful in reducing 

valuation of food cues and promoting inhibitory responses to food cues (Stice, Lawrence, 

Kemps, & Veling, 2016). Response training experiments show that repeatedly presenting 

high-calorie food images with signals indicating that participants should withhold a 

prepotent behavioral response in stop-signal or go/no-go tasks decreases later consumption 

of that food versus high-calorie foods not repeatedly paired with inhibitory signals (Houben, 

2011; Houben & Jansen, 2011; Lawrence et al., 2014). There is also evidence that response 

training produces weight loss (Lawrence et al., 2014; Veling, Koningsbruggen, Aarts, & 

Stroebe, 2014). Experiments have also found that completing computer-based tasks that train 

attention away from high-calorie foods using modified dot-probe tasks may also reduce 

valuation of high-calorie food cues. Specifically, participants who complete attend-away 
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from high-calorie food images versus attend-to high-calorie food images reduces attentional 

bias for high-calorie foods, high-calorie food craving, and high-calorie food intake versus 

participants in the chocolate respond-toward training condition (Kakoschke et al. 2014; 

Kemps et al., 2014a 2014b; Kemps, et al., 2015). A pilot trial tested the hypothesis that a 

multi-faceted food response and attention training with personalized high- and low- calorie 

food images would produce changes in behavioral and neural responses to food images and 

body fat compared to a control training with non-food images among community-recruited 

overweight/obese adults (Stice, Yokum, Veling, Kemps, & Lawrence, 2017). Compared to 

changes observed in controls, completing the intervention was associated with significant 

reductions in reward and attention region response to high-calorie food images, behavioral 

evidence of learning, reductions in palatability ratings and monetary valuation of high-

calorie foods, and greater body fat loss over a 4-week period, though body fat effects were 

not significant by 6-month follow-up.

Another treatment implication is that it might be possible to use brain imaging to predict 

response to obesity treatment, which could allow clinicians to focus on those individuals 

most likely to show a positive response to weight loss treatment. Individuals who show less 

reward and attention region response to high-calorie food images (Murdaugh et al., 2012) 

and individuals who show greater recruitment of inhibitory control regions (dorsolateral 

prefrontal cortex) during a delay discounting task (Weygandt et al., 2013, 2015) exhibited a 

more positive response to behavioral weight loss treatment. Likewise, individuals with a 

genetic propensity for lower dopamine signaling capacity in reward circuitry showed a more 

positive response to behavioral weight loss treatment (Yokum et al., 2015).

The evidence of individual variability in risk factors describe previously suggests that 

tailored treatments might improve the overall yield of treatment efforts (Klonoff, 2009). For 

individuals who show elevated reward region response to energy dense food receipt, it might 

be optimal to prescribe Naltrexone, which attenuates reward region responsivity (Murrey et 

al., 2014). Interestingly, bromocriptine (Cycloset™), a dopamine D2 receptor agonist used 

for the treatment of type 2 diabetes (T2DM) may offer another unique treatment strategy. 

Notably, presence of the TaqIA A1 allele is disproportionately prevalent in the T2DM 

population (Barnard et al., 2009; Noble, Blum, Ritchie, Montgomery, & Sheridan, 1991). In 

T2DM treatment, bromocriptine is thought to augment low hypothalamic dopamine and 

suppress hepatic glucose production, lipolysis and lipogenesis, ameliorating T2DM 

independent of insulin action. In support of this mechanism, destruction of hypothalamic 

dopamine neurons causes insulin resistance, and insulin resistance is associated with low 

dopamine levels in animal models (Albert & Anthony, 1998; Luo, Liang, & Cincotta, 1999). 

In theory, pharmacological augmentation of low dopamine D2 also may impact hedonic 

responsivity to food stimuli (e.g., ad lib food intake) and this effect may be amplified in 

those with the TaqIA A1 allele. While no publications report directly assessing this in 

humans, bromocriptine impacts hedonic aspects of food intake in animal models, where the 

agonist increased food reinforcement and decreased chow intake (Thanos et al., 2011). 

Further, TaqIA status significantly moderated the effectiveness of acute bromocriptine 

administration on striatal functioning and behavioral performance during a reward/

punishment gambling-style task where participants won and lost theoretical money (Kirsch 

et al., 2006). Specifically, presence of a TaqIA A1 allele, ‘corrected’ striatal response and 
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performance to be equivalent with those with the A2/A2 allele. Although bromocriptine 

treatment may not result in clinical meaningful weight loss, as individual risk factors 

become more reliably identified, these can be capitalized on for new opportunities for 

personalized treatments.

The evidence that habitual intake of high-calorie foods results in a simultaneous increase in 

reward region responsivity to food cues and reduced reward region responsivity to high-

calorie food tastes from studies with humans (Stice et al., 2010, 2016) and other animals 

(e.g., Davis et al., 2008; Geiger et al., 2009; Johnson & Kenny et al., 2010; Thanos et al., 

2008) is striking. Habitual use of psychoactive substances appears to induce parallel neural 

changes with regard to reward region response to substance use cues and receipt (e.g., Due et 

al., 2002; Myrick et al., 2004; Tapert et al., 2003; Volkow et al., 1997, 2007). These findings 

suggest that there are parallels in how reward circuitry responds to habitual engagement in 

activities that are hedonically pleasurable, and that response may increase the likelihood of 

engaging in those activities more in the future (Ivezaj et al., 2017). The fact that relapse rates 

from obesity treatment exceed 90% within 2-years likewise implies that a period of 

overeating markedly increases the likelihood of continued overeating in the future. Although 

it is tempting to suggest that high-calorie food may be addictive, it is important to note that 

many people who consume high-calorie foods do not experience habitual overeating of those 

foods, just as most people who smoke cigarettes do not become regular smokers. This 

suggests that future research is needed is to investigate individual difference factors that 

increase risk for habitual overconsumption of high-calorie foods (Ivezaj et al., 2017).

Limitations

The reproducibility of scientific results is of increased concern in recent years, prompting a 

focus on the reliability and false positive likelihood of findings. This is particularly relevant 

to neuroimaging, as methodological constraints of imaging research can contribute to 

concerns. These factors include general study design that may inadvertently introduce bias, 

low statistical power, and inconsistencies in data collection approaches, for example whether 

participants are fed or fasted during the scan, the time of day of the scan) as well as 

differences in analytic methods.

Hardware and data collection methods used in fMRI also can be problematic. Spatial and 

temporal resolution, or the spatial clarity of the images and how quickly it can assess 

repeated images respectively, is lacking. Further, fMRI is a measuring a proxy of cerebral 

blood flow (CBF) blood flow, not CBF/receptor binding itself. Head motion acts as a 

confound, and affects the researcher’s ability to test hypotheses.

The elimination of scans/runs/subjects due to motion also contributes to a pervasive issue in 

fMRI research: inadequate power. The most common approach to neuroimaging analysis 

involves mass univariate testing in which a separate hypothesis test is performed for each 

voxel. In mass univariate testing in fMRI, the false positive rate will be inflated if there is no 

correction for multiple tests. The problem of multiplicity in neuroimaging analysis was 

recognized very early, and the past 25 years have seen the development of well-established 
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and validated methods for correction of multiple comparisons and false-discovery rates in 

neuroimaging data.

Utilizing brain response to investigate aspects of eating behavior and weight regulations 

brings forth a unique confound, specifically physiology and the metabolic processes that are 

known to act on brain response. The impact of excess fat tissue, circulating appetitive 

hormones, and insulin and blood glucose regulation on BOLD response is an infrequently 

discussed concern. Observation and manipulation of specific physiological states, e.g., leptin 

replacement, has been studied, yet in the larger body of literature, this point is rarely 

assessed (Burger & Burn, 2014).

Akin to the above, individual variability in insulin regulation relates to neural functioning 

and BOLD response, in particular dopamine functioning. Although best known for its action 

in glucose metabolism in the liver and muscle, insulin is critical within the CNS for glucose 

metabolism, satiety signaling, and possibly, reward signaling (Kroemer & Small, 2016; 

Murray et al., 2014). Insulin receptors are found within the hypothalamus and within the 

striatum, among other regions (Kroemer & Small, 2016; Murray et al., 2014b). Peripheral 

and central Insulin concentrations and receptor activity has been shown to influence 

dopamine metabolism, concentration, and receptor availability (Kroemer & Small, 2016). 

Insulin has been shown to decrease dopamine concentrations via up-regulation of dopamine 

transport synthesis in the VTA (Figlewicz, et al., 1994). The relation between dopamine and 

insulin appears to extend beyond the central nervous system, for example, at high levels, 

peripheral insulin was correlated with suppressed dopamine release (Potter et al., 1999).

The lack of assessment of appetitive hormones and insulin sensitivity is likely due to 

increased cost of the blood draws and blood processing as well as the participant burden. 

Nevertheless, these assessments are an important point for discussion when evaluating these 

theories. Frequently, paying close attention to other design consideration or relevant study 

hypotheses scan alleviate this concern. For example, use of repeated measure scans allows 

for control of within-subject variability; Study of eating behavior in non-overweight 

individuals (relative the examination of obese vs. healthy weight) provides an opportunity to 

control for alterations in neuroendocrine function that are associated with higher BMI.

Future Research Directions

Although the prospective studies reviewed above have advanced our understanding of the 

risk processes that predict future weight gain, perhaps the most important direction for 

future research is for additional research teams to conduct larger sample prospective studies 

on neural vulnerability factors that predict future overeating and weight gain, as independent 

replication is vital for confirming the reliability of the findings from the initial prospective 

studies. These new large-sample prospective studies would also provide a unique 

opportunity to test novel hypotheses, such as whether inhibitory control deficits interact in 

an amplifying fashion with elevated reward region responsivity to food tastes and food cues 

in the prediction of future weight gain.
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It would be useful for large prospective studies to test whether individuals who show more 

pronounced food reward-cue learning, captured during an fMRI scan are at elevated risk for 

future weight gain, as well as whether elevated reward region response to palatable food 

predicts greater reward-cue learning. It would also be useful to conduct repeated-measures 

imaging studies to document that overeating that results in weight gain leads to greater 

reward region response to food cues, as suggested by the incentive sensitization model and 

animal experiments, because there is limited evidence regarding the processes that give rise 

to elevated reward region response to food cues.

Further, it will be important for future studies to test whether genotypes that affect dopamine 

signaling capacity moderate the relation of reward region responsivity to future weight gain. 

Future studies should also investigate whether these genotypes, alone or in combination in a 

multilocus score, predict future weight gain, based on the findings from Yokum and 

associates (2015). In addition, it might be useful for future studies to investigate whether a 

genetic propensity for greater opioid signaling predicts future weight gain and amplifies the 

relation between reward region responsivity and subsequent weight gain.

Conclusion

Early cross-sectional brain imaging studies that could not differentiate precursors from 

consequences of overeating and did not examine responsivity to food intake were 

inconclusive regarding neural vulnerability factors that might drive overeating. More recent 

prospective imaging studies have now begun to identify considerable insight into the neural 

vulnerabilities that predict future weight gain and have begun to document neural plasticity 

associated with overeating. Elevated response of brain regions implicated in reward 

(dopaminergic midbrain, nucleus accumbens) and incentive valuation (medial orbitofrontal 

cortex) in response to anticipatory and visual food cues have been found to predict future 

weight gain and poorer response to behavioral weight loss treatment. These findings 

converge with evidence that healthy weight adolescents at high- versus low-risk for future 

weight gain show greater reward region responsivity to receipt of high-calorie food, 

adolescents with a genetic propensity for greater dopamine signaling in reward circuitry 

showed greater weight gain, and adolescents who show more pronounced food reward-cue 

learning showed greater future weight gain. Although animal experiments and experimental 

and repeated-measures human imaging studies indicate that overeating reduces reward 

region response to high-calorie foods, reduced reward region responsivity is associated with 

lower caloric intake, converging with a general lack of evidence that weaker reward region 

responsivity in humans predicts future weight gain. Thus, prospective and experimental data 

provide strong support for the incentive sensitization theory of obesity, and moderate support 

for the reward surfeit theory, inhibitory control deficit theory, and dynamic vulnerability 

model of obesity. The predictive effects for reward region responsivity are relatively large, 

suggesting it will be important to continue to conduct research on the neural vulnerability 

factors that increase risk for future weight gain.
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Highlights:

• Youth at risk for weight gain show greater reward region response to food 

tastes.

• Elevated brain reward region response to food cues predicts future weight 

gain.

• A genetic propensity for greater dopamine signaling predicts weight gain.

• Youth who show greater food reward-cue learning show greater weight gain.

• Overeating reduces reward region response to high-calorie foods.

• Data provide strong support for the incentive sensitization theory of obesity.
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Figure 1. 
Integrative signaling of homeostatic and hedonic feeding in the CNS. Major monosynaptic 

connections are shown, emphasizing the extensive anatomical interconnectivity of functional 

sets of circuitry that mediate aspects of feeding. Teal-framed boxes represent medial 

hypothalamic sites (PVN, ARC) that had historically been considered key sites for energy 

homeostasis, coordinating the regulation of body weight, metabolism, and short- and long-

term feeding. Purple-framed boxes represent the central dopaminergic cell bodies (VTA/

SNC) and mesolimbic projections (striatum/NAcc), historically considered the major 

regulatory sites of motivated behaviors. The dopaminergic circuitry is connected with 

hypothalamic circuitry as well as limbic circuitry (amygdala/hippocampus/cortical areas). 

All regions shaded in pale blue represent CNS sites that are direct receptive targets of the 

endocrine signals of caloric abundance (insulin, leptin) and caloric need (ghrelin). These 

include brainstem (PBN/NTS: key relay nuclei for sensory and motor aspects of feeding); 

hypothalamic, dopaminergic, and limbic regions. Brain regions highlighted with magenta 

labelling are direct target regions for mu opioid stimulation of feeding. Cortex areas are a 

major focus of current animal and clinical studies and contributing sub-regions differ 

between rodents and humans; however the OFC and subareas of the PFC are implicated for 

both.

ARC, arcuate nucleus; PVN, paraventricular nucleus of the hypothalamus; LH, lateral 

hypothalamic area; NAcc, nucleus accumbens; VTA, ventral tegmental area; SNC, 

substantia nigra pars compacta; NTS, nucleus of the tractus solitarius; PBN, parabrachial 
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nucleus; dlPFC, dorsolateral prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; 

vmPFC, ventromedial prefrontal cortex; PPTN, pedunculopontine tegmental nucleus; OFC, 

orbitofrontal cortex.

Reproduced with permission from Stice et al., 2013.
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Figure 2. 
Presentation of a refined version of the Dynamic Vulnerability Model of Obesity
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Table 1.

An abridged summary of fMRI studies investigating features of the multiple brain-based theories of weight 

gain and obesity.

Study Design summary; 
sampling frame

Followup (mo.) Findings Theory: support +; no 
support −

Randomized Controlled Experiments

Burger 2017 Participants were 
randomized to daily 
consumption of one 
of two branded, sugar 
sweetened beverages 
over a three-week 
period. were scanned 
before and after the 
intervention;
Data were analyzed 
using whole brain 
analysis; 20 
participants

3 weeks Daily beverage consumption resulted in 
decreases in dorsal striatal response during 
receipt of the consumed beverage (r = −0.46), 
and decreased ventromedial prefrontal 
response during logo-elicited anticipation of 
the consumed beverage (r = −0.44). This 
decrease in prefrontal response correlated with 
increases in behavioral disinhibition toward the 
logo of the consumed beverage (r = 0.54; P = 
0.02). Daily beverage consumption also 
increased precuneus response to both juice 
logos when compared to a tasteless control (r = 
0.45).

Incentive sensitization: +
Reward deficit: +
Inhibitory control deficit: +

Cornier et al., 
2012

Participants were 
scanned before and 
after completing a 
24-week exercise 
intervention (no 
control group); Data 
were analyzed using 
whole-brain analyses; 
12 participants

6 Change in insula BOLD activity in response to 
positively hedonic food vs nonfood objects 
from pre- to post intervention positively 
correlated with changes in fat mass (r = .78) 
and body weight (r = .76).

Incentive sensitization: +

Deckersbach et 
al., 2014

Participants were 
randomized to a 
6month weight-loss 
intervention vs 
control group;
Data were analyzed 
using regions-
ofinterest analysis; 13 
participants

6 Participants in the weight loss intervention 
compared to those in the control group showed 
increases in putamen BOLD activity in 
response to low-calorie food images vs high-
calorie food images (r = .71) and attenuation in 
putamen BOLD activity in response to high-
calorie food vs lowcalorie food images (r = −.
54).

Incentive sensitization: +

Murdaugh et 
al., 2012

Participants scanned 
before and after 
completing a 12-
week weight loss 
intervention;
Data were analyzed 
using both regionsof-
interest and whole-
brain analyses; 25 
participants

9 Greater BOLD activity in nucleus accumbens 
(r = .61) and insula (r = .68) in response to 
high-calorie food images vs car images at 
baseline predicted increases in BMI.

Incentive sensitization: +

Weygandt et 
al., 2013

Participants were 
scanned before 
completing a 12week 
weight loss 
intervention;
Data were analyzed 
using regions-
ofinterest analysis; 16 
participants

3 Subjects with limited food delay gratification 
lost less weight over follow-up (r = −.42). 
BOLD activity in the ventromedial prefrontal 
cortex (r = .86) and dorsolateral prefrontal 
cortex (r = .82 and r = .85) in response to 
subjective value of delayed meals positively 
correlated with weight loss. Activation in the 
anterior insula (r = −.82 and r = −.85) in 
response to subjective value of delayed meals 
negatively correlated with weight loss. BOLD 
activity in a region of the dorsomedial 
prefrontal cortex in response to subjective 
value of delayed meals positively correlated 
with weight loss (r = .87) and BOLD activity in 
another region was negative correlated with 
weight loss (r = −.87).

Inhibitory control deficit: +

Repeated Measure Studies
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Study Design summary; 
sampling frame

Followup (mo.) Findings Theory: support +; no 
support −

Stice et al., 
2010a

Data were analyzed 
using regions-
ofinterest analysis; 26 
females

6 Females who gained weight showed a 
reduction in caudate response to palatable food 
receipt vs tasteless solution relative to weight-
stable women.

Reward deficit: −

Prospective Studies

Batterink et al., 
2010

Data were analyzed 
using regions-
ofinterest analysis; 35 
females

12 No significant correlations between regions 
implicated in inhibitory control and change in 
BMI.

Inhibitory control deficit: −

Burger & 
Stice, 2014

Data were analyzed 
using regions-
ofinterest analysis; 35 
females

24 Greater increase in ventral pallidum BOLD 
activity to palatable food receipt vs tasteless 
solution receipt over repeated exposures was 
associated with future increases in BMI (r = .
39). Greater decrease in caudate BOLD activity 
to food receipt vs tasteless solution receipt over 
repeated exposures was associated with future 
increases in BMI (r = −.69).

Incentive sensitization: +
Reward deficit: −

Chouinard 
Decorte et al., 
2010

Data were analyzed 
using regions-
ofinterest analysis; 26 
participants

12 Greater BOLD activity in the amygdala to 
palatable food aromas vs odorless predicted 
future increases in BMI (effect sizes not 
reported).

Incentive sensitization: +
Reward deficit: −

Demos et al., 
2012

Data were analyzed 
using both regionsof-
interest and whole-
brain analyses; 48 
females

6 Greater BOLD activity in the nucleus 
accumbens to food images predicted future 
increases in BMI (r = .37).

Incentive sensitization: +
Reward deficit: −

Geha et al., 
2013

Data were analyzed 
using whole-brain 
analyses; 15 
participants

12 BOLD activity in the midbrain, hypothalamus, 
anterior thalamus, ventral pallidum, and 
nucleus accumbens to palatable food receipt vs 
tasteless solution receipt correlated positively 
with change in BMI (M r = 0.83).

Reward surfeit: +
Reward deficit: −

Kishinevsky et 
al., 2012

Data were analyzed 
using both regions- 
of-interest and 
whole-brain analyses; 
17 females

25 Lower BOLD activity in the inferior frontal 
gyrus (r = −.78), middle frontal gyrus (M r = −.
79), and inferior parietal lobe (r = −.74) on 
hard vs easy trials in a monetary delay 
discounting task was associated with greater 
increases in BMI.

Inhibitory control deficit: +

Stice et al., 
2008a

Data were analyzed 
using regions-
ofinterest analysis; 33 
females

12 No significant main effects of BOLD activity 
in the putamen (r = .19) and caudate (r = .26) 
to palatable food receipt vs tasteless solution 
receipt on BMI change. Interactions between 
TaqIA and BOLD response in the putamen (r 
= .45) and caudate (r = .42) to palatable food 
receipt vs tasteless solution receipt were 
correlated with change in BMI: less activation 
in these regions was associated with greater 
BMI increase in subjects with the TaqIA A1 
allele and greater activation in these regions 
was associated with greater BMI increase in 
those without the TaqIA A1 allele.

Reward surfeit: +
Reward deficit: +

Stice et al., 
2010b

Data were analyzed 
using both regionsof-
interest and whole-
brain analyses; 39 
females

12 There were no significant main effects of 
BOLD activity on increases in BMI over 
follow-up. Interactions between TaqIA and 
BOLD response in the putamen (r = 0.33) and 
orbitofrontal cortex (r = 0.60) in response to 
palatable food images vs unpalatable food 
images were correlated with change in BMI: 
less activation in these regions was associated 
with greater BMI increase in subjects with the 
TaqIA A1 allele and greater activation in these 
regions was associated with greater BMI 
increase in those without the TaqIA A1 allele.

Incentive sensitization: +
Reward deficit: +

Stice et al., 
2015

Data were analyzed 
using both regionsof-

36 Greater BOLD activity in the orbitofrontal 
cortex to anticipated palatable food receipt vs 

Reward surfeit: +
Incentive sensitization: +
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Study Design summary; 
sampling frame

Followup (mo.) Findings Theory: support +; no 
support −

interest and whole-
brain analyses; 153 
participants

anticipated tasteless solution receipt predicted 
future increases in body fat (r = .32). 
Interaction between TaqIA and BOLD 
response in caudate to palatable food receipt vs 
tasteless solution receipt was correlated with 
change in body fat (r = 0.24): less activation in 
these regions was associated with greater BMI 
increase in subjects with the TaqIA A1 allele 
and greater activation in these regions was 
associated with greater BMI increase in those 
without the TaqIA A1 allele.

Reward deficit: +

Sun et al., 
2015

Data were analyzed 
using both regionsof-
interest and whole-
brain analyses; 32 
participants

12 No significant main effects of BOLD activity 
in reward regions in response to palatable food 
receipt vs tasteless solution receipt and to 
palatable food cue vs tasteless solution cue on 
BMI change. Interaction between TaqIA and 
BOLD response in amygdala to palatable food 
receipt vs tasteless solution receipt correlated 
with change in BMI: less activation in this 
region was associated with greater BMI 
increase in subjects with the TaqIA A1 allele (r 
= −.69) and greater activation in this region 
was related to greater BMI increase in subjects 
without the A1 allele (r = .68).

Reward surfeit: +
Incentive sensitization: −
Reward deficit: +

Yokum et al., 
2011

Data were analyzed 
using regions-
ofinterest analysis; 35 
females

12 Greater BOLD orbitofrontal cortex response to 
cues signaling the impending presentation of 
palatable food images predicted future 
increases in BMI (r = .42).

Incentive sensitization: +
Reward deficit: −

Yokum et al., 
2014

Data were analyzed 
using regions-
ofinterest analysis; 30 
participants;

12 Greater BOLD caudate response to food 
commercials - nonfood commercials (r = .57) 
and to food commercials - television show (r 
= .51) predicted future increases in BMI.

Incentive sensitization: +
Reward deficit: −

Cross-sectional of obesity risk status

Shearrer, Stice, 
& Burger

Group study define 
by obesity risk status;
Data were analyzed 
using both regionsof-
interest and whole-
brain analyses; 108 
participants

n.a. High-risk (n=53) vs. low-risk (n=54) 
adolescents showed greater BOLD response to 
milkshake > tasteless solution receipt in the 
primary gustatory and oral somatosensory 
cortices (M r = .37). High-risk adolescents also 
showed greater caudate, gustatory and oral 
somatosensory response to specifically a high-
sugar milkshake > tasteless solution contrast (r 
= .35).

Reward surfeit: +

Stice et al. 
2011

Group study define 
by obesity risk status;
Data were analyzed 
using both regionsof-
interest and whole-
brain analyses; 60 
participants

n.a. Healthy weight adolescents at high (n = 35) 
versus low risk (n =25) for future weight gain 
based on parental obesity status showed greater 
activation in caudate (M r = .41) in response to 
palatable food receipt vs tasteless solution 
receipt and greater activation in caudate (r = .
42), putamen (M r = .46), and orbitofrontal 
cortex (r = .72) in response to winning money 
display vs neutral coin display.

Reward surfeit: +
Reward deficit: −
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