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I keep a close watch on this heart of mine, 
I keep my eyes wide open all the time, 
I keep the ends out for the tie that binds, 
Because }'Ou're mine, I walk the line. 

-JoHNNl' CASH, 1 "I Walk the Line" 

This excerpt well captures hun1an beings' 1uarked ability to 1uonitor 
and control behavior in the service of aspirations and goa ls beneficia l 
to health and well-being. For Cash, that goal \vas presumably the long· 
tern1 conunit111ent to June that caused hin1 to "walk the line." For other 
individuals, it may be restricting food intake to maintain a slender fig
ure, or faithfully attending support group 1ueetings to re1nain sober and 
accountable to o thers who wish to do the san1e. Regardless of one's n1oti
vation to "walk the line," these lyrics show that the jukebox continues to 
deliver insights into hu1uan behavior (Pennebaker et al., 1979). They also 
raise questions about the situations in which these valued goals may fade 
fro1n view and flee the 1nind: when an especially intense desire takes hold 
and pushes our thoughts and behavior to satisfy an inunediate, gratifying 
irnpulse. Psychologists and neuroscientists have begun to uncover how 
and why we fail to "walk the line"-when we stagger away fro1n it and 
experience self-control fai lure. To this end, researchers in the social brain 
sc iences have identified neural mechanisms associated \\•ith ho"' desire is 

' "I Walk the Line," words and music by John R. Cash . Copyright 1956 (renewed 1984) 
by House of Cash, lnc./Admi nistered by Bug Music, Inc., a llMG Chrysa lis Compa ny. 
All rights outside the United States controlled by Unichappell Music, Inc. All rights 
reserved. Used by permission. Reprinted by permission of Hal Leonard Corporation. 
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represented and guides behavior on the one hand, as well as those that 
support the regulation of desire on the other. 

In this chapter, we review these n1echanisms in turn. Specifically, 
""e ""ill first consider how the brain processes reward and pro1notes 
reward-seeking behaviors, and then d iscuss how other brain systen1s can 
be recruited to curb desires and reduce the likelihood of acting upon 
itnpulses. Along the way, we will also incorporate theoretical n1odels of 
desire and desire regulation that we believe the brain sciences are well 
equipped to validate. The chapter concludes with the n1ost recent threads 
of neuroscience research that extend the lilerature and address key ques
tions such as: W hat are the situations in which individua ls are most likely 
to give in to desires (especially unfavorable and/or hannful ones)? Are 
brain systen1s an1enable to training progra1ns so that people can in1prove 
thei r capacity to effectively exert control over thei r desires? Although the 
neuroscience of desire and desire regulation is in its infancy, the field is 
beginning to address these issues head on, with increasing theoretical 
and methodological vigor. 

Neural Mechanisms of Desire: How the Brain Processes Reward 

Although the h uman experience of desire, in its various fonns and inten
sities, is universal, the underlying mechanis1ns that give rise to it and 
its effects o n behavior are not thoroughly u nderstood. If anything, the 
emphasis to date has la rgely been on the human capacity to control 
desires, but recently there has been a galvanizing shift toward parsing 
out the psycho logical and neural con1ponents of desire (Hofn1ann &: 
Van Dillen, 2012; see Part 1 in this vohune). Without a doubt, there are 
111any neural processes that work in concert to engender and shape our 
desires. For example, brain systems associated with n1emory formation 
(e.g .• the hippocampus) fonn a functional loop with 1n idbrain dopan1i
nergic neurons when novel, rewarding stimuli are encoded and entered 
into long-term memory (Lisman &: Grace, ZOOS). Of course, desiring a 
sti1nulus, whether it be a highly craved food iten1, sexual partner, or drug 
of abuse, necessitates re trieval of sensory and conceptual representations 
fro1n me111ory. We do not downplay the i111portance of these other bra in 
regions and networks, but for the purposes of this chapter we are going to 
focus o n the 1nesolimbic dopa1n ine pathway (MOP). 

The MOP has been repeatedly shown in both hu1nan and anitua l 
work to be the critical brain systen1 that undergirds reward processing 
(see also Kringelbach &: Berridge, Chapter 6, this volume). Haber and 
Knutson (2010) reviev.• the functional neuroanato1ny of the reward cir
cuit in both hun1ans and prin1ates, identifying both cortical and subcor
tical regions in the MOP (Haber&: Knutson, 2009). These regions include 
neurons in the ventral tegn1ental area (VTA), a n1idbrain structure that 
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sends dopa1ninergic projections to the nucleus accumbens, a cluster of 
neurons in the ventral striatu1n (VS). The VS has reciprocal connections 
with a set of cortical regions, including the ventrornedial prefron tal cor
tex (VMPFC), orbitofrontal cortex (OFC), and anterior cingulate cortex 
(ACC) (see Figure 3 in Haber & Knutson, 2009). 

How does the well-defined neural architecture of the MOP support 
the process of learning lo desire rewarding things in the first place? /\nd 
which co1nputational and psychological n1echanisn1s facilitate this pro
cess? In the past several decades there has been an i1npressive surge of 
research confronting these questions. Neuroscientists have imple1nented 
a ·wide array of tools to link brain function associated with reward rep
resentations in the tvlDP to 1notivated behaviors in which stiinuli are 
desired and readily sough t after. One line of work has discovered the ini
tial, core computations the brain carries out when an organism is faced 
with a stiinulus that acquires reward value. In a particularly in1pactful 
and seminal paper, Schultz, Dayan, and tvlontague (1997) offer a set of 
e1npirical find ings that support a learning-based 1nodel of reward process
ing in which dopan1ine neurons in the VTA demonslrate firing pauerns 
indicative of a prediction error signal (Schultz et a l., 1997). This predic
tion error is characterized by a discrepancy bet\'l'een what an organis1n 
expects to happen in a given context and what actually happens. For 
example, when an animal receives an unexpected re,¥ard, there is a burst 
of activity in VTA dopa1nine neurons at the tiine of re\vard receipt. How
ever, once a neutra l cue (e.g., a tone) beco111es a condit ioned stin1ulus that 
reliably predicts the reward , those neurons show a temporal sh ift in thei r 
firing and will fire sooner, in response lo the cue and no longer to the 
reward itself. The fundamenta l learning co1nputation to predict reward 
fro1n cues is essential for navigating daily life. For without such a learn
ing process in place, the world we experience would be a "great bloo1ning, 
buzzing confusion" Qarnes, 1890/1950). Moreover, from an evolutionary 
perspective this 1nechanisn1 has adaptive value; for instance, one might 
in1agine its usefulness in helping our foraging ancestors d iscrin1inate 
between safe and tox ic food sources, or learn physical cues signalling 
health and fertility in a potential mate. 

Fast-forward n1any thousands of yea rs to our n1odern, 21st-century 
existence in which our species is bombarded with more sensory cues
n1any in lantalizing high definilion- than we have ever encountered 
before (e.g., nlu ltiple strea1ns of increasingly accessible d igital n1edia). 
How does the tvtDP, plus its attendant learning 1nechanis1n that can 
anticipate and discrin1inate rewards, fare in this cue onslaught and affect 
subsequent behavior? One line of thinking proposes that the reward co1n
ponent that the tvlDP priinarily supports is incentive salience, a process 
by which reward-predicting stin1u li (cues) acquire 1notivational value and 
mobilize approach behaviors toward the reward (Berridge &: Robinson, 
1998, 2003; Kringelbach & Berridge, 2009). Incentive salience is oflen 
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characterized by "wanting," a subconscious motivational state that does 
not necessarily entail subjective desire but can still drive behavior (e.g., 
Winkielman, Berridge, & \•Vilbarger, 2005). Additional brain regions, 
such as the VMPFC and OFC, need to be recruited so that "wanting" 
breaks into conscious awareness and becon1es explicit desire (Kringelbach 
& Berridge, 2009). 

Whether desire arises fron1 in1plicit "wanting" and leads to con1pul
sive behavior in an automatic fashion, or from an explicit, goal-driven 
state (cf. Hofn1ann & Van Dillen, 2012), the MDP remains the key ac tor in 
how the brain engenders desire in response to rewarding stilnuli. Accord
ingly, many researchers in the social brain sciences are focusing their 
investigations on re"•a rd processing in the lv!DP during functional mag
netic resonance in1aging (fMRI), a 1nethod that provides measures of task
evoked, regional blood-flow dynamics throughout the bra in.2 This non
invasive "peeking" into the human brain as it represents and responds 
to rewarding sti1nuli presents a great opportunity for neurosc ientists and 
psycholoi,>ists to exa1nine in1plicit processes that underlie desire (see also 
Sayette & \Nilson, Chapter 5, this vohune) . This is especially true given 
that people are often unaware of the extent to which c ues activate goals, 
desires, and behaviors (Bargh & Morsella, 2008), particularly co1npulsive 
behaviors (Stacy & Wiers, 2010). Cues can even activate ilnplicit cognitive 
processes that predict substance use (Rooke, Hine, & Thorsteinsson, 2008; 
Tiffany, 1990). 

Some of the earliest imaging work on reward processing observed 
striatal activity in response to monetary incentives, specifically cues 
that predict delivery of a cash reward (Knutson, \•\lestdorp, Kaiser, & 
Hon1mer, 2000), suggesting that the striatum represents the value of a 
desired, rewarding stin1ulus. Other research groups have also found this 
value-based coding in the striatum by having participants co1uplete a 
variety of n1onetary-based decision-n1aking tasks (Delgado, Nystrom, Fis
sell, Noll, & Fiez, 2000; Hsu, Bhatt, Adolphs, Tranel, & Camerer, 2005). 
Given this MDP activity in response to monetary rewards and preferred 
choices, social brain scientists proceeded to ask how the bra in encodes 
the va lue of appetifive cues, such as high caloric foods and d rugs of abuse. 
To address this question, they turned to addiction research and adapted 
c ue-reactivity paradigrns, which have consistently produced strong 
effects across different drug dornains (Carter & Tiffany, 1999; see also 
Sayette & \Nilson, Chapter S, this volume). The orii,>inal cue-reactivity 
tasks exposed partic ipants to sensory cues of a desired, son1etimes forbid
den substance (e.g .• alcohol cues shown to alcoholics seeking treatn1ent), 

' Although the dopa minergic prediction error mechanism described above occurs at 
the leve l of neurons, the blood-oxygcnation-lcvel-depcndcnt signal acquired during 
flvlRI serves as a reliable proxy for neuron-level firing patterns (Logothetis, Pau ls, 
Augath, Trinath, & Ocllermann, 2001). 
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and then measured conco1nitant changes in self-reported craving and 
physiological responses. 

Our lab has developed a cue-reactivity paradign1 (Den1os, Kelley, &: 
Heatherton, 2011) that reliably elicits reward-related activity in the MOP 
(particularly VS and OFC). To ensure that activity in these regions reflects 
implicit (incidental) reward processing, we ask partic ipants to 1nake sim
ple perceptual judg1nents about the ituages (e.g., whether the depicted 
scene takes place indoors or outdoors, o r whether people are present in 
the i1nage or not) . Therefore, participants are naive to the true task and 
are unlikely to generate or elabora1e a conscious desire in response to the 
cues they view. 

One of the first studies our lab conducted in1ple1nenting the para
digtn tested whether reward is coded in a domain -specific n1anner and 
whether individual d ifferences in reward activity p redicted future behav
ior (Demos, Heatherton, & Kelley, 2012). Ouri11g an fMRI session, partici
pants viewed in1ages fron1 1nultiple reward categories, na1nely the eating 
and sexual domains, and completed the task as described above. Findings 
suppor1ed a do111ain-specific accoun1 of rewarding processing in 1he lvfOP. 
Specifically, there was a positive relationship between food-cue-specific 
activity in the VS and subsequent weight gain 6 n1onths follo"•ing the 
scan. There was also a positive relationship between cue reactivity to 
e rotic images and dyadic sexual desire scores. Critically, these effects fol
lo"•ed a double dissociation: food c ue activity was correlated only with 
weight gain and not sexual desire scores, while the reverse was true for 
e rotic cue activity. A key in1plication of th is study is that h igher sensitivity 
of the MOP (indexed by grea1er VS activation) can d rive future behaviors 
in which there is a strong desire to o btain a reward. Of note, pa rticipants 
in this study showed marked variability in both their food and sexual cue 
reactivity (see scat ter plots in Figure 2 of Oen1os et al., 2012). This vari
ability 1nay reflect differentia l tuning of participants' reward processing 
in the MOP, "'ith genetic factors and previous experience "'ith a given 
reward or reward don1ain l ikely dictating the tuning. 

This MOP tuning is even more pronounced in d rug-using popula
tions. Frequently, individuals who struggle with addiction engage in con1-
pulsive drug-seeking behaviors nlarked by in1plicit desire ("wanting"). 
Social brain scientists have sought to identify neural correlates of this dis
tinctive MOP tuning in special populations. One initial study compared 
non-alcohol-dependent controls and alcohol-dependent participants 
exhibited higher VS activation in response to alcohol c ues (Heinz et al., 
2004). A similar effect was o bserved in smokers responding to appetitive 
sn1oking cues (David et al., 2005), and rernarkably, cocaine users show VS 
activation to subli1ninally presented (33 1nilliseconds) cocaine c ues (Chil
dress et al., 2008). These studies reveal that MOP tuning in these di ffere nt 
populations affects re"•ard processing of cho ice substances, providing a 
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reliable brain-based marker of these gro ups' itnpulsive "wanting" behav
iors. 

More recent fMRI studies have identified add itional brain systen1s 
that n1ay stitnulate itnplicit desire and reward-seeking behaviors in these 
populations. For exan1ple, Wagner, Cin, Sargent, Kelley, and Heather to n 
(2011) showed sn1okers and nonsn1okers naturalistic film clips, some of 
which depicted people s1noking, and interrogated spontaneous activa
tion patterns in response to sn1oking scenes in particular. They found 
that s1nokers recruited regions in the action observation network (B uc
cino et al., 2004; Hamilton & Grafton, 2006) inore so than their non
smoking counterparts (Wagner et al., 2011). Al though participants were 
in the scanner during the study and unable to perfonn any 1nove1nents, 
the observed ac tivity may represen t precursor niotor representations 
that increase the likelihood of engaging in the depicted smoking behav
ior. In this way, Wagner and colleagues' finding highlights the role of 
the action observation network, corroborating \•\lill ia1n Jan1es's original 
hypothesizing of the tight links bet"•een imagining actions and execut
ing then1 Uan1es, 1950/ 1890). This line of work also i llustrates the mul
tifaceted nature of how desire is instantiated in the brain, for in add i
tion to a core systen1 (the MDI') that represents the salience and value of 
tempting stiJnuli, o ther sets of regions are called upon to prepare n1otor 
movements to obta in the coveted objec t (after all, Eve d id have to reach 
for the apple). As we already alluded to before, collectively these brain 
n1echanisms a llowed for our evolut ionary develop1nent and survival as 
a species. Ho"•ever, in our modern, c ue-saturated Jives, unhealthy eat
ing choices abound, drugs (legal and illegal) beco1ne easy to abuse, and a 
quick hook-up with a stranger is only a few mouse clicks or smartpho ne 
taps a\vay. Assun1ing we uphold goals of te1nperance and restraint (at least 
in son1e don1ains), "'e're tasked with navigating through this thicket of 
temptation. Thankfully, there are neural n1echanisn1s of desire regulation 
that offer us some hope as we "walk the line." Let us turn to these steady
ing n1echanisn1s. 

Neural Mechanisms of Desire Regulation 

There has been no shortage of theorizing in psychology on how human 
beings re&rulate the push and pull of desire and in1pulses. Ac ross many 
1nodels, there is the co1nn1on trope of desire 1nobilizing behavior to sat
isfy an iinpulse, and self-control as a restraining force to blunt desire and 
inhibit behavio r (Baurneister & Heatherton, 1996; Hoch & Loewenstein, 
1991; Hofmann, Friese, & Strack, 2009; Kruglanski et al., 2012; Metcalfe 
& Mischel, 1999; see also Hofn1ann, Kotabe, Vohs, & Baumeister, Chap
ter 3, this volume). In the past decade or so, social neuroscientists have 
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seized the opportunity to test these 1nodels by exploring neural correlates 
of desire regulation and self-control processes. Some of the earliest studies 
focused on people's capacity to actively control e1notional responses to 
affective stirnuli. These studies identified regions in the prefrontal cor
tex (PFC), specifically the dorsolateral and ventrolateral PFC, that people 
recruit when consciously changing their e1notio nal reactivity (Ochsner 
et al., 2004; Ochsner, Bunge, Gross, & Gabrieli, 2002; Wager, Davidson, 
Hughes, Lindquist, & Ochsner, 2008). 

Inspired by this line of work, other social brain scientists wondered 
whether these sa1ne prefrontal systen1s n1ight a lso be involved in the 
control of appetitive behaviors-when the target of regulation is not 
a negative en1otion, but a desire for a re\'l'arding stitnulus. In a recent 
review (Heatherton & Wagner, 2011), we argue that prefron1al syste1ns 
are recruited in a domain-general 1nanner, but that the subcortical tar
get of regulation will vary based on an individual's goals and regulatory 
context.3 Specifically, the PFC will suppress activity in the an1ygdala in 
contexts that ca ll for control of affective reactions, whereas it " 'ill inhibit 
activity in the w!DP (e.g., the VS) to regulate appetitive behavior. In either 
case, activity in the PFC and subcortical systen1s interacts in the throes 
of an intense en1otion or ten1ptation will dictate self-control outco111es 
(see Figure 7.1; Heatherton & Wagner, 2011). Our balance 1nodel predicts 
that self-control failure is especially likely whenever activity in subcorti
cal syste111s becon1es unchecked and unregulated by the PFC. 

The extent to which prefrontal systems are utilized in the service of a 
regulatory goal is a critical question for studying desire control. Jn a short 
ti1ne, the tools of brain i1naging have 1nade promising inroads. Hare and 
colleagues (2009) conducted one of the first studies to tackle this ques
tion. Diete rs completed a food decision-n1aking task during an fMRI scan, 
\Vhile brain activity was measured as the dieters n1ade their choices, one 
of wh ich was honored at the end of the study. The main finding was that 
the dorsolateral PFC n1odulates activ ity in the VMPFC, a region in the 
MOP hypothesized to encode the value of appetitive food stimuli. One 
exa111ple of this modulation effect was a negative relationship between 
activity in the dorsolate ral PFC and VMPFC (see Figure 3C in Hare et a l., 
2009) in response to appealing food iten1s during trials in wh ich partici
pants exerted self-control (i.e., opted not to eat the depicted food). 

Another itnportant region in the PFC that neuroscientists have 
focused on in desire rei:,rtilation research is the inferior frontal i:,ryrus, o r 

3Altl1ough re,,1arding and en1otional sti1nulj are primaril)' processed in subcorLical 
syste rns, there are cortical regior1s that a lso encode affecti,,e and appetiti,,e aspects 
of stimu li, so "subcortical target" is a bit of a misno1ner. Since our 2011 review, cited 
above, subsequent work has identified regu latory mechanisms between PFC systems 
and cortical sites associated with evaluative processi ng, such as the OFC (\Vagner, 
Altman, Boswell, Kelley, & Heatherton, 2013) a nd VMPFC (Ha re, Camerer, & Rangel, 
2009) . 
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FIGURE 7.1. Schemat ic d epic tion of t he balance model of self-regulation . Interac
tions between subcortical systems related to affect and reward (ventral s triatum 
[VS] and amygdala, respectively) and the PFC a re thought to govern behavioral 
otitcomes. 

ventrolateral PFC nlore generally (IFG/V LPFC). Activity in this region 
was observed in early cognitive neuroscience work as a robust correlate 
of stopping prepotent motor responses in the context of response inhibi
tion tasks (Aron, Robbins, & Poldrack, 2004) . In a 1nore recent review 
(Aron, Robbins, & Poldrack, 2014), the authors h ighligh t the role of IFG/ 
VLPFC in impulse control disorders, citing work showing that impaired 
IFG/VLPFC functioning characterized illicil drug use in a large san1ple 
of adolescents (Whelan et al., 2012). This implicates IFG/VLPFC in the 
successful regulation of desires for re\varding stinHili. Indeed, Kober and 
colleagues (2010) found that s1nokers recruited a set of regions in the 
PFC (including IFG/VLPFC; see their Table 51) when employing cognitive 
strategies aiined at reducing their craving for cigarettes. They also found 
a statistical relationship between PFC and VS (assessed via 111ediation 
analysis) that supported successful control of craving (Kober et al., 2010). 

With this mounting evidence, social neuroscientists have set out 
to establish ecological validity of the IFG/VLPFC's regulatory functions. 
1b do so, they have taken the "brain-as-predictor" approach (Berkman 
&: Falk, 2013) linking ac tivily in the IFG/VLPFC with daily self-control 
d ilem1nas requiring successful desire re&rt1lation. One of the first de1n
onstrations of this link \vas in the s1noking domain (Berk1nan, Falk, & 
Lieberman, 2011). Heavy cigarette sn1okers in smoking-cessation pro
grams con1pleted a go/no-go response inhibit ion task (Casey et al., 1997) 
while undergoing an fMRI scan and then reported on their daily sn1oking 
behaviors for several weeks after the scanning session. Berkn1an and oth
ers found that those smokers who showed h igher JFG/VLPFC activity dur
ing inhibitory (no-go) lrials sn1oked less in their daily lives, even in the 
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face of high levels of prior craving (see Figure 4 in Berkman et al., 2011). 
Another in1portant finding was that those snickers with greater an1ygdala 
activation during inhibitory trials (likely an index of the strength of the 
prepotent response to be inhibited) were more likely to succun1b to strong 
desires to sn1oke. The find ings in this study support our balance n1odel of 
self-regulation (Heatherton & vVagner, 2011) , and demonstrate that lFG/ 
VLPFC activity is not 1nerely a correlate of lab-based perfonuance on a 
response inhibition. Rather, this ac tiv ity seems to reflect an individual's 
self-control capacity in the face of strong everyday desires. 

In a n1ore recent study we found a similar effec t with predicting real
world eating behaviors (Lopez, Hofn1ann, Wagner, Kelley, & Heather ton, 
2014). Participants first co111pleted an fMRI session, during which they 
con1pleted the cue-reactivity paradigru described above and a go/no-go 
task, and then reported on their daily eating behavio rs 1 \¥eek a fter the 
scan. Higher cue reactivity in the VS predicted stronger food desires, 
greater likelihood of 1,>iving in to those desires, and 111ore food eaten, 
~vh ile greater lFG/VLPFC activity associated with response inhibition in 
the go/no-go task facilitated successful resistance to desires (i.e., reduced 
likelihood of giving in to a desire; see Figure 1 in Lopez e t al., 2014). 

We have only scratched the surface of understanding how our pre
frontal systems serve as our better angels in regulating desires and guiding 
our behaviors. And despite the ex traordina ry opportunity modern bra in 
ituaging affords to view the live workings of the hu111an brain, ne"'' ques
tions outpace any a nswers. This is especially true of questions per taining 
to h igher-order cognitive processes that entail flexible con trol o f impulses 
and behaviors across (or even within) individuals. vVe nO\'I' consider the 
n1ost recent studies and new theori zing in the neuroscie nce of desire reg
ulation that we hope will push the frontier of knowledge further. 

Latest Research Developments 
in the Neuroscience of Desire Regulation 

Given that neuroscience has localized both desire-generating brain sys
ten1s (i.e., the MDP) and desire-regulating ones (e.g., the IFG/VLPFC), 
researchers can now finely probe psychological processes and interrogate 
accon1panying patterns of ac tivity in these systems. The two n1ethod-
0101,>ica l approaches that follow fron1 this idea are: (1) manipulating pro 
cesses of in terest and 111easuring subsequent neural activity, and (2) n1ea
suring naturally occurring variability in those processes, and noting any 
associated changes in neural activity. In short, the first is the t raditiona l 
experin1ental approach that contextually constrains which neural 111ech
an isn1s 111ay be engaged and to what extent, while the second is an indi
vidual differences approach. With regard to the first approach, we would 
expect brain 111echanisn1s of desi re to be engaged and/or exaggerated in 
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specific contexts, such as those in which people's self-control capacity is 
son1ehow con1pron1ised, allowing reward-related activity in the MOP to 
have free reign. 

This scenario hits close to ho1ne in the chronic dieting population, a 
group that is prone to experience self-control failure in the eating don1ain 
despite repeated efforts to curb intake (Heatherton, Polivy, &: Herman, 
1991; Hennan & Mack, 1975; see also Roefs, Houben, & Werth1nann, 
Chapter 16, this volun1e). Under neutral conditions, d ieters are generally 
successful in restraining their eating, and in fact show little re"•ard activ
ity in the VS (cf. Figure 3 in Demos et al., 2011) . Mowever, situational trig
gers such as negative distress (e.g., Heatherton et al., 1991; Heatherton, 
Striepe, & Wittenberg, 1998), dietary violations (Heatherton & Bau1neis
ter, 1991), and self-regulatory depletion (Vohs &: Heatherton, 2000) can 
throw the rider off the horse, sending the horse down the road of failure. 

These triggers were originally identified behaviorally and often led 
to increased levels of desire and consun1ption. But it re1nains unclear how 
the brain gives rise to such effects. A line of work conducted in our lab 
has studied all three triggers while dieters underwent fMRI scans and 
con1pleted the cue-reactivity paradi&rm, as described above. Consistent 
patterns of a1nplified re"'ard activity in the l'vlDP (VS and/or OFC) in 
response to food cues when dieters were distressed (Wagner, Boswell, Kel
ley, &: Heatherton, 2012), when thei r diets were broken by a 1nilkshake 
preload (Oe1nos et al., 2011), and when their self-regulatory capacity was 
di1ninished (vVagner et al., 2013). 

Another sphere of research in our lab, corresponding to the indi
vidual differences approach, has investigated the link between inter
subject variabili ty in reward processing a nd self-control and real-world 
self-control outco1nes. Our study on the neural predictors of giving in 
to daily ten1ptations to eat (Lopez et al., 2014) and the Den1os et al. 
(2012) study predicting long-tern1 weight gain suggest that sensitivi ty of 
the brain's rev1ard syste111s (i.e., the VS) to food cues predisposes peo
ple to succun1b to desires to eat on a daily basis, which, over ti1ne, may 
translate to patterns of overeating and weight gain. There is much to be 
explored with the individual differences approach. One new dimension 
of this uncharted territory is the self-relevance of ten1pting stin1uli and 
how these stimuli are represented in the brain, giving rise to subjective 
desire. One recent study by Giuliani, Mann, To111iyan1a, and Berk111an 
(2014) n1easured brain activity as participants regulated their desires for 
personally craved stimuli, identifying a set of prefrontal regions specific 
to regulation of those stituuli (versus noncraved stimuli), including the 
DLPFC and lFG/VLPFC. 

Another rapidly developing research platfonn seeks to detern1ine 
whether brain systems that underlie regulation of desire are an1enable 
to training, and if so which systems should be the targets of training 
progra111s. With our balance 111odel in view, one can 1nake two reasonable 
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suggestions: (1) given that self-control failure is more likely when desires 
and impulses, n1ed iated by reward processing systen1s, do1uinate and gov
ern behavio r, these syste1ns sho uld be the targets of t raining regimens 
\Vith the goal of da1upening responsivity to rewarding sti1n uli; (2) con
versely, since activity in prefron tal systen1s seen1s to represent one's capac
ity to regulate and override desires, these systems should a lso be the focus 
of t rain ing programs. With regards to the fi rst approach, the empirica l 
support is scarce at best, but there are son1e hints that it n1ay be tractable. 
A new study by Gross and associates (2014) provides co1n pell ing evidence 
that higher-order value con1putations in the medial PFC 1nay be carried 
out in a conunon value space, regardless of the object or don1ain whose 
value is con1puted (Gross et al., 2014). As the authors argue, th is raises the 
possibility that the value of differen t stimuli and behaviors is exchange
able. If that is the case, then a self-control training progran1 could target 
this region o f PFC, which has reciprocal connec tions " 'ith subcortica l 
reward systems in the M DP, as " 'e showed ea rlier. Such a program could 
decrease the value of previo usly desired stimuli (a savory food ite1n) and 
increase the va lue of a self-relevant goal to diet and exercise regularly. A 
demonstration of medial PFC modu lation by Schon berg and colleagues 
(2014) offers the possibility that evaluat ive processing 1nay indeed be 
plastic and chan1,red via relatively sin1ple, c ue-based in terventions. 

The second suggestion has increasing support fron1 neuroi1naging 
studies. In one study, participants showed changes in recr uitment of pre
frontal regions following inhibitory control train ing, with sorne regions' 
activity increasing in the post- versus pretraining comparison and o thers 
decreasing their activity (Berkn1an, Kahn, & Merchant, 2014). This pat
tern of regio ns increasing and decreasing activity n1ay represen t di fferen t 
aspects that promote efficiency in the con text of response inhibit ion (i.e., 
proactive versus reactive control). Follo\\'-up studies should consider how 
these aspects n1ight translate into effective self-con trol in daily li fe, and 
the extent to which changes in prefrontal syste1ns have domain -general 
versus don1ain-specific effects (e.g., whether 111otor control training via a 
go/no-go task can positively i1npact self-con trol o utcomes in the eating 
don1ain). Another recen t study showed decreased DLPFC recruit1nent fol
lo\\•ing a 1- hour training session that caused participants to alter their 
food preferences (Schonberg, Bakkour, Hover, Mu1uford, &: Poldrack, 
2013). This suggests that although there is strong evidence that prefron
tal syste1ns support self-control, inhibitory processes carried out by these 
syste1n s migh t becon1e auto1natized (indexed by less activ ity) and lead to 
successful desire regulation. To conclude, the jury is sti ll out with rega rd 
Lo which brain syste1ns should be the targets of training procedures, and 
neuroscientists will need to consider how the magnitude and d irection of 
c hanges in PFC ac tivation patterns meaningfully track with behavioral 
o utco1nes. 
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Conclusion 

In this chapter, we teased apart neural niechanisins that generate desire 
and pron1pt us to pursue ten1pting stin1uli. \•Ve saw that the core reward
processing syste1n is the MOP, "'ith both subcortical (VS) and cortical 
(VMPFC, OFC) regions as key players. \•Ve next reviewed prefrontal sys
tems that interact " 'ith the MOP to keep desire in check and control 
behavior in a do1nain-general fashion. Lastly, \ve surveyed the interesting 
but wild terrain of the latest desire regulation research. Currently, there 
are more q uestions than answers, but the neuroscience of desire regula
tion is well positioned to address those questions. Social brain scientists 
are bei:,>inning to leverage n1ore sophisticated brain in1aging modalities, 
including 1neasures of struc tu ral and functional connec tivity, as " 'ell as 
niultivariate techniques to analyze patterns of neural ac tivity "'ithin and 
across regions. We are hopeful that the next several decades wi ll be an 
exciting and quickly evolving period for the field, as o ur understanding 
of the brain's role in generating and controlling desires will con1e into 
greater and greater focus. 

REFERENCES 

Aron, A. R., Robbi ns, T. 1N., & Poldrack, R. A. (2004). Inhibition and the right 
inferior fro nta l cortex. Trends in Cog11itiveScie11ces, 8(4), 170-177. 

Aron, A. R., Ro bbins, T. W., & Poldrack, R. A. (2014). Inhibition and the rig ht in fe
rior fronta l cortex: o ne decade o n. Trends in Co,~nitive Sciences, 18(4), 177- 185. 

Bargh, J. A., & 114orsella, E. (2008) . The unconscious mind. Perspectives on Ps)'cilo
logia1/ Science, 3(1), 73-79. 

Baumeister, R. F., & Heatherton, T. F. (1996). Self-regulation failure: An ove rview. 
Psyc/10/ogical /nq11iry, 7(1), 1-15. 

Berkman, E. T., & Falk, E. ll. (2013). Beyond brain mapping: Using neu ra l mea
sures to pred ict real-wo rld o utcomes. Current D irections in Psrc/1ologia1/ Sci
ence, 22(1), 45- 50. 

Berkman, E. T., Fa lk, E. B., & Lieberman, M. D. (20 11). fn t he trenches o f rea l
world self-control: Neura l correlates of brea king the lin k between craving 
and smoking. Ps)'c/10/ogical Science, 22(4), 498-506. 

Berkman, E. T., Kahn, L. E., & Merchant, J. S. (2014). Train ing-i nd uced changes 
in inh ib itory control ne twork activity. /our11a/ o(Ne11roscie11ce, 34('1), 149-157. 

Berridge, K. C., & Ro binson, T. E. (1998). What is the ro le o f do pamine in rewa rd: 
hedonlc Impact, reward lea rning, o r incentive salience? Bmin Researc/1 
Reviews, 28(3), 309--369. 

Berridge, K. C., & Robinson, T. E. (2003). Pa rsing reward. Trends in Neurosciences, 
26(9), 507-513. 

Buccino, G., Vogt, S., Ritzl, A., Fink, G. IL, Zilles, K., Freund, H.·J., e t al. (2004). 
Neural circuits underlying imitation learn ing o f hand actions: An event
rela ted fMRI study. Neuron, 42(2), 323- 334. 

Carter, B. L., & Tiffa ny, S. T. (1999) . Meta-ana lysis o f cue-reactivity in addic tion 
resea rch. Addiction, 94(3), 327- 340. 



158 NEUROSCIENCE OF DESIRE AND DESIRE REGULATI ON 

Casey, B. )., Trainor, R. )., Orendi, J. L., Schubert, A. B., Nystrom, L. E., Giedd, J. 
N., et al. (1997). A developmental functional MRI study of prefront<•I activa
tion during performance of a go-no-go task. Journal of Cognitive Neuroscience, 
9(6), 835-847 

Child ress, A. R., Ehrman, R. N., \Nang, Z., Li, Y., Sciort ino, N., Hakun, )., et al. 
(2008). Prelude to passion: Limbic activation by "unseen• drug and sexual 
cues. PLoS One, 3 (1), e1506. 

David, S. P., Munafo, M. R., Johansen-Berg, H., Smith, S. M., Rogers, R. D., Mat
thews, et al. (2005). Ventral striatum/nucleus accumbens activation to 
smoking-related pictorial cues In smokers and nonsmokers: A functional 
niagnetic resonance imaging study. Biolo,~ical Psycl1iatry, 58(6), 488-494. 

Delgado, M. R., Nystrom, L. E., Fissell, C., Noll, D. C., & Fiez, J. A. (2000). Track
ing the hemodynamic responses to reward and punishment in the striatum. 
Journal of Ne11ropl1ysiology, 84(6), 3072-3077. 

Demos, K. E., Heatherton, T. F., & Kelley, \•V. M. (2012). Individual differences in 
nucleus accumbens activity to food and sexual images predict weight gain 
and sexual behavlor. /011r11al of Neuroscience, 32(16), 5549- 5552. 

Demos, K. E., Kelley, 1N. M., & Heatherton, T. F. (2011) . Dietary restraint violations 
influence reward responses in nucleus accumbens and amygdala. /01.1r11al of 
Cog11itive Neuroscience, 2.3 (8), ·1952-1963. 

Giuliani, N. R., Mann, T., Tomiyama, A. J., & Berkman, E. T. (2014). Keura l sys
tems underlying the reappra isa l of personally c raved foods. /ounial ofCog11i
tive Ne1.1roscie11ce, 26(7), 1390- 1402. 

Gross,)., Woelbert, E., Zimmermann, J., Okamoto-Barth, S., Riedl, A., & Goebel, 
R. (2014) . Value signals in the prefrontal cortex pred ict individual prefer
ences across reward categories. /01.1r11al ofNeuroscie11ce, 34(22), 7580-7586. 

Haber, S. N., & Knutson, B. (2010) . The rewa rd ci rcuit: Linking primate anatomy 
and human imaging. Ne11ropsychopharmacology, 35(1), 4-26. 

Hamilton, A. F. de C., & Grafton, S. T. (2006). Goa l Representation in Huma n 
Anterior lntraparletal Sulcus. /011rt1al of Neuroscience, 26(4), I 133- 1137. 

Hare, T. A., Camere r, C. F., & Rangel, A. (2009). Self-control in decision-making 
involves modu lation of the vmPFC valuation system. Scie11ce, 324(5927), 
646-648. 

Heatherton, T. F., & Baumeister, R. F. (1991). Binge eating as escape from self
awareness. Psyc/1ological B11lleti11, 110(1), 86-108. 

Heatherton, T. F., Pol ivy, J., & Herman, C. P. (1991). Restraint, weight loss, and 
va riability of body weight. /011rual of Abnormal Psychology, 100(1), 78- 83. 

Heatherton, T. F., Striepe, !vi., & Wittenberg, L. (1998). Emotional distress and 
disinhibited ea ling: The role of sel f. Perso11ality a11d Social Psyc/1ology Bulletin, 
24(3), 301-313. 

Heatherton, T. F., & 1•Vagner, D. D. (201 l). Cognitive neu roscience of self-regu lation 
failure. Trends in Co,~nitive Sciences, 15(3), 132-139. 

Heinz, A., Siessmeler, T., l•Vrase, .J., I lermann, D., Klein, S., Grilsser-Sl nopoll, $. 
M., et a l. (2004). Correla tion between dopamine d2 receptors In the ven tral 
stria tum and central processing of alcohol cues and craving. American Journal 
of Psyc/1iatry, 161(10), 1783-1789. 

Herman, C. P., & Mack, D. {l 975). Restrained and un restrained eating. /011mal of 
Personality, 43(4), 647-660. 

Hoch, S. ) .• & Loewenstein, G. F. (1991). Time-inconsistent preferences and con
sumer self-con tro l. /011rnal ofC011s11mer /lesearc/1, 17(4), 492- 507. 

Hofmann, W., Friese, M., & Strack, F. (2009) . Impulse and self-control from 



Neuroscience of Desire f/egulation 159 

a dual-systems perspec tive. Perspectives Oil Psyc/10/o,~ical Sciellce, 4(2), 162-
176. 

Hofmann, l•V., & Van Dillen, L. (2012). Desire: The new hot spot In self-control 
research. Current' Directio11s in Psychological Sciellce, 21, 317- 322. 

Hsu, lvL, Bhatt, lvl., Adolphs, R., Tranel, D., & Camerer, C. F. (2005). Neural sys
tems responding to degrees of uncertainty in human decisio n-maki ng. Sci
ence, :rio(S7S4), 1680-1683. 

James, W. (1950). Tile principles of psychology. New York: Dove r. 
Knutson, B., Westdorp, A., Kaiser, E., & Hommer, D. (2000). FM RI v isualization 

of b ra in activity during a monetary incentive delay task. Neuro/mage, 12(1), 
20- 27. 

Kober, H., Mende-Siedlecki, P., Kross, E. F., \•Veber, j ., Mischel, vV., Hart, C. L., 
e l a l. (2010). Prefrontal-strialal pa thway underlies cogn itive regu lat ion 
of c raving. l'roceedillgs of t/1e National Academy of Sciences, 107(33), 14811-
14816. 

Krlnge lbach, M. L., & Berridge, K. C. (2009). Towards a functional neuroanatomy 
of pleasu re and happiness. Tre11ds i11 Cognitive Sciences, 13(11), 479- 487. 

Kruglanski, A. W., Belanger, J. J., Chen, X., Kopetz, C .. Pierro, A., &. lvlannetti, L. 
(2012). The energetics o f motiva ted cognition: A force-field analysis. Psycho
logical lleview, '/"19(1), 1-20. 

Lisman, J. E., & Grace, A. A. (2005) . The h ippocampal-VTA loop: Controlling the 
entry of informatio n into long-term memory. Neuron, 46(5), 703- 713. 

Logothetis, N. K., Pauls, J., Augath, M., Trlnath, T., & Oeltermann, A. (2001). 
Neurophysiological investigation of the basis of the fMRI signal. Nal'ure, 
412(6843), 150-157. 

Lopez, R. B., Hofmann, \•V., Wagner, D. D., Kelley, VI/. lvl., & Heatherton, T. F. 
(2014). Neural pred ictors o f giv ing in to temptation in dai ly life. l'S)'c/Wlo.~ical 
Science, 25(7), 1337-1344. 

Metca lfe, J., & Mischel, 1N. (1999). A hot/cool-system analysis of delay o f gratifica
tion: Dynamics of willpower. Psyc/lological Review, 106(1), 3- 19. 

Ochsner, K. N .. Bunge, S. A., Gross, J. J .. & Gabrieli, J. D. E. (2002). Re thinking 
feelings: An flvfRI study o f the cognitive regulation o f emotion. Journal of 
Cognitive Ne11roscie11ce, 14 (8), I 215-1229. 

Ochsner, K. N., Ray, R. D .. Cooper, J. C., Robertson, E. IL, Chopra, S., Gabrieli, J. 
D. E., et al. (2004). For better o r for worse: Neu ra l systems suppo rt ing the 
cognitive down- and up-regulation of nega tive emotion. Neurolmagc, 23(2), 
483- 499. 

Pennebaker, J. W., Dyer. M. A., Cau lkins, R. S., LitowitZ, D. L .. Ack reman, P. L .. 
Anderson, D. B., et a l. (1979). Don' t the girls get prettier at closing lime: A 
country and western applica tion lo psychology. Personality and Social Psyc/101-
ogy 8111/eti11, 5 (1 ), ·122-125. 

Rooke, S. E., Hine, D. vV., & Thorsteinsson, E. B. (2008) . Implic it cognition and 
substance use: A meta-ana lysis. Addictive Behaviors, 33(10), 1314- 1328. 

Schonberg, T., Bakkour, A., Hover, A. M., Mumford, .J. A., Nagar, L., Perez, J., e t al. 
(2014). Changing va lue through cued approach: An automatic mechanism 
of behavior change. Nature Ne11roscie11ce, 17(4), 625-630. 

Schonberg, T., Bakko ur, A., Hover, A. M., Mumfo rd,.). A.,&. Pold rack, R. A. (2013). 
Influencing food choices by training: Evidence for modulatio n of frontopari
e ta l control signals. /our11al of Cognitive Ne11roscie11ce, 26(2), 247- 268. 

Schultz, W., Dayan, 1>., & Montague, P. R. (1997). A neural substrate of prediction 
and reward. Scie11ce, 275(5306), 1593- 1599. 



160 NEUROSCIENCE OF DESI RE AND DESIRE REGULATION 

Stacy, A. W., & Wiers, R. W. (2010). Implic it cogn ition and addic tion: A tool for 
explaining paradoxical behavior. An11ual Review of Clinical Psyclrolo,~y, 6, 551-
575 

Tiffany, S. T. (1990) . A cognitive rnodel of drug urges and drug-use behavior: Role 
of automatic and nonautomalic processes. Psyclrological Revienj 97(2), 147-
168. 

Vohs, K. D., & Heatherton, T. F. (2000) . Self-regula tory fai lure: A resource
depletion approach. Psychological Science, 11(3), 249- 254. 

\.Yager. T. D., Davidson, M. L., Hughes, B. L., Lindquist, M. A., & Ochsner. K. N. 
(2008) . Prefrontal-subcortica l pathways mediating successfu l emotion regu
lation. Ne11ro11, 59(6), 1037-1050. 

'.Yagner. D. D., Altman, M., Boswell, R. G., Kelley, 1N. M., & Heatherton, T. F. 
(2013). Self-regulatory depletion enhances neural responses to rewards and 
impairs top -down contro l. l'srcJwlogica/ Science, 24(11), 2262-2271 . 

\.Vagner. D. D., Boswell, R. G., Kelley, W. M., & Hea therton, T. F. (2012). Induc
ing negative affect Increases the reward va lue of appetizing foods in d ieters. 
Journal of Cognitive Neuroscience, 24(7), 1625-1633. 

'.Yagner. D. D., Cin, S. D., Sargent, J. D., Kelley, W. M., & Heatherton, T. F. (2011). 
Spontaneous action representa tion in smokers when watching movie char
acters smoke. Journal of Neuroscience, :ll(:l), 894-898. 

'•Vhelan, R., Conrod, P. J., Po line, J.-R., Lou rdusamy, A., Ranaschewski, T., Barke r. 
G. J., et al. (2012). Adolescent impulsivity phenotypes cha rac terized by dis
ti nct brain networks. Nature Neuroscience, 15(6), 920-925. 

'.Yinkielman, P., Berridge, K. C., & Wilbarger. J. L. (2005). Unconscious affective 
reactions to masked happy versus angry faces influence consumption behav
ior and judgments of va lue. Personality and Social Psyc/10/ogy Bulletin, 31(1), 
121-135. 


	Untitled-15
	Untitled-14
	Untitled-13
	Untitled-12
	Untitled-11
	Untitled-10
	Untitled-9
	Untitled-8
	Untitled-7
	Untitled-6
	Untitled-5
	Untitled-4
	Untitled-3
	Untitled-2
	Untitled-1

