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What is already known about this subject? 

• Obese and normal-weight individuals differ in their neurobiological response to highly 

palatable food.  

• Recent studies suggest that restrained eaters may exhibit different patterns of brain 

activation in response to food reward than unrestrained eaters. 

• Behavioral research shows that dieters have different patterns of eating behavior, and may 

be more prone to weight gain than restrained eaters. 

 

What does this study add? 

• The first fMRI study of dieters' neurobiological reward response to highly palatable food. 

• Evidence that those with a history of dieting show higher levels of brain activation in 

response to highly palatable food after having eaten than those who have never dieted 

before or those currently dieting. 

• Evidence demonstrating differential patterns of brain activation in current dieters as 

compared to historical dieters, despite similar weight history and past frequency of 

dieting.  
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Abstract 

Objective: Prior neuroimaging research (1,2) has shown that restrained and unrestrained eaters 

demonstrate differential brain activation in response to food cues that parallels their food intake 

in lab studies. We extended these findings by comparing brain activation in response to food cues 

in normal weight Nondieters, Historical Dieters, and Current Dieters under the conditions that 

mimicked past lab studies.   

Design & Methods: Participants (N=30) were shown pictures of highly and moderately 

palatable food and neutral cues while being scanned in an fMRI BOLD paradigm following an 

eight-hour fast and again after a liquid meal.  

Results: In the Fed state, Historical Dieters showed elevated reward circuitry activation in 

response to highly palatable food, as compared to Nondieters and Current Dieters. In contrast, 

Current Dieters showed increased activation in response to moderately palatable food in the 

Fasted state compared to Historical Dieters, and this activation was  significantly correlated with 

inhibition.  

Conclusions: The parallels between eating behavior and regional brain activation across groups 

suggest that 1) a neurophysiological response which could represent a vulnerability to overeat 

exists in some normal weight young women that may increase susceptibility to weight gain in the 

long term, and 2) current dieting temporarily reverses this vulnerability.   

Keywords: Dieting, brain, predisposition 
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Introduction 

Given the magnitude of the obesity epidemic and the difficulty of treating it successfully, 

an emphasis on prevention is critical. Preventative interventions will be most efficient if we have 

empirically-based evidence of factors that predict and protect against weight gain in normal 

weight individuals. One of these factors is dietary restraint, a dimension measured by Herman 

and Polivy’s Restraint Scale (3) that encompasses past unsuccessful dieting, emotional eating 

and weight fluctuation. In behavioral studies, this characteristic is associated with a 

counterintuitive increase in food intake following a preload (4). Paradoxically, it seems that 

eating does not reduce (and may, in fact increase) restrained eaters’ desire to eat. It follows that, 

due to the increased desire to eat after a preload, they would be at increased risk for weight gain 

and potentially, obesity. In fact, a history of weight-loss dieting (historical dieting) robustly 

predicts future weight gain, and does so more consistently than measures of restraint (5-7). This 

behavioral evidence suggests that there may be a neurobiological basis for individual differences 

in appetitive responsiveness following a meal. 

Two recent studies (1,2) examined the brain-based underpinnings of overeating and 

weight gain proneness in restrained eaters (8) by measuring brain activity in response to food 

cues before or after eating, paralleling behavioral preload studies of restraint (9). Participants 

with high dietary restraint, when viewing pictures of highly palatable foods after consuming a 

preload, showed more activity than unrestrained eaters in the orbitofrontal cortex, prefrontal 

cortex (PFC), insula, striatum and nucleus accumbens, brain regions related to desire for food 

and expectation of reward, in addition to behavioral inhibition in the case of the PFC. This post-

meal activation suggests that reward value of highly palatable food is independent of hunger 

state in restrained eaters, and that consumption may not diminish the motivation to eat or, 
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potentially, elevate it. Further, current dieting status has been shown (10) to moderate the eating 

behavior of historical dieters.  Current dieters significantly reduce their food intake following a 

preload (11), and (in contrast to historical dieters) will not work to obtain food even when little 

work is required (12). 

Because dietary restraint can encompass both unsuccessful past dieters and those 

currently dieting, the aim of this study was to determine if specific types of dieting behavior 

affect brain activation in response to highly palatable food cues in normal weight individuals in 

fasted or fed states. It was hypothesized that historical dieters, i.e. those with a history of dieting 

who are not currently on a diet, would demonstrate elevated activity in reward-related regions 

when fed in comparison to 1) historical nondieters and 2) themselves when fasted.  

Furthermore, assuming that neurophysiological differences between restrained and 

unrestrained eaters mirror their behavioral responding (1), we hypothesized that participants 

currently on a diet viewing highly palatable food, relative to historical dieters who are not 

currently dieting, would show 1) less activity in reward circuitry and greater activity in inhibitory 

regions when fed and 2) the opposite pattern when fasted. Nondieters were not directly compared 

to current dieters, as they would differ both on history of dieting and on current dieting status, 

thus it would be impossible to determine which of these variables underlie any differences 

between groups. This study is the first to examine neural correlates of historical and current 

dieting, which at a behavioral level have opposing influences on risk for overconsumption. 

Methods and Procedures 

Participants 

Female participants were recruited from a large urban university. Informed consent took 
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place with prospective participants, including an explanation of the study purposes. Diet and 

weight history, demographics and psychiatric history were assessed using self-report 

questionnaires. In addition, participants had to be right handed, between 18 and 25 years of age, 

and with a BMI between 19 and 25 as determined by self-report, with weight confirmed by the 

researcher at the first study visit.  

Participants were excluded from the study if they reported a history of a diagnosed eating 

disorder, as assessed by an abridged version of the Eating Disorder Examination (13), if they had 

begun taking any medication known to affect weight and appetite within the prior 6 months 

(including hormonal birth control), or currently smoked. Participants reporting no history of past 

dieting were excluded if they demonstrated high dietary restraint (as defined below) and 

historical dieters were excluded if the converse were true. Screening consent was obtained from 

all participants prior to determining eligibility and full informed consent was completed at the 

study visit prior to participation. 

Comparison groups. Participants were divided into three groups based on past and current dieting 

status. Individuals reporting at least two intentional efforts to lose weight, but who were not 

currently dieting were labeled Historical Dieters (HDs, N = 10). Those reporting no history of 

weight-loss dieting were defined as Nondieters (NDs, N = 10). Current Dieters (CDs, N = 10) 

consisted of individuals who reported being on a diet at the time of scanning; they also had a 

history of at least two intentional efforts to lose weight.  

Measures 

Demographic information. A questionnaire was created to identify general demographic 

information. Participants were asked about age, ethnicity, weight, height, smoking status, and 

current medications. 
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Dieting and Weight History Questionnaire. The Dieting and Weight History Questionnaire, 

which has been used in multiple studies of dieting (4), asked participants to respond to questions 

concerning weight suppression, history of weight loss dieting, current dieting status, and whether 

or not the participant has ever had an eating disorder.  

Hunger Questionnaire. The Hunger Questionnaire is a widely used measure of hunger and 

appetite for laboratory studies of eating-related behaviors (1, 14). This served as a manipulation 

check and to confirm compliance with instructions regarding food intake prior to the study visit. 

Dietary Restraint Scale. Scores on the restraint subscale of the Three-Factor Eating 

Questionnaire (15) were of primary interest, with higher scores indicating greater cognitive 

restraint. It has been shown to have a robust factor structure and to be both valid and reliable 

measure of these three eating constructs (16).   

Procedure 

Study visit timeline is depicted in Figure 1. Participants who met inclusion criteria were 

invited to participate, and were instructed not to eat or drink for 8 hours prior to their study visit, 

apart from water. Resource limitations restricted the use of counterbalancing hunger status. Upon 

arrival at the scanning room, participants completed informed consent, took a urine pregnancy 

test, and were weighed using a digital scale wearing light clothing. Ratings of hunger and 

fullness were assessed using the Hunger Questionnaire. Following completion of the first 

scanning session, lasting approximately 10 minutes, they then consumed 500 kcal of a chocolate-

flavored liquid meal (12g of fat, 80g carbohydrate, 18g protein). Participants then read or did 

homework for 20 minutes. Prior to the second scanning session, they completed hunger and 

fullness ratings again. The full study visit lasted approximately one hour.  
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The design was modeled on the Coletta et al study (1), but using a “fast”, randomized 

event-related design that offers improved statistical power (fMRI) (17-19). Jittered stimuli were 

presented for 500 milliseconds, with an inter-stimulus interval (ISI) of 1.5 seconds. Though this 

is briefer than the 2-second presentation length by Coletta et al (1), research suggests that 

evocative cues as short as 33 milliseconds can activate reward-related limbic regions (20). The 

order of the pictures was quasi-randomized, with no more than three of the same cue categories 

in a row. Each of the sixteen cues (four from each stimuli category) was presented a total of 

twelve times in both the fasted and fed scanning blocks. 

Stimuli. Cues were based on those used in Coletta et al (1), and were color photographs on a 

white background obtained through Google Image. Though our focus will be the food-related 

contrasts, we also included four romantic cues as a reference condition; these results are the topic 

of a separate manuscript. Cues were displayed on a rear-projection screen and viewed using a 

mirror mounted on the head coil. Highly palatable cues were french fries, pizza, chocolate cake, 

and ice cream. Moderately palatable cues were an apple, a slice of white bread, carrots, and a 

plain baked potato. Food was determined to be moderately or highly palatable based on informal 

normative data among women of the same age group. Neutral cues were a car, stapler, tree and 

bowling ball and were the same cues used in Coletta et al (1). All pictures were matched for hue 

and luminance, and a fixation cross was included between each cue. This manuscript will focus 

on brain activation unique to highly as compared to moderately palatable food to determine 

whether there is differential brain activation to highly palatable foods per se. Information 

regarding methods of MRI data acquisition and image processing is included in the 

Supplementary Material in the interest of space considerations. 

A Priori Regions of Interest 

Page 8 of 34

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Obesity



Running Head: REWARD RESPONSE IN PAST AND CURRENT DIETERS 

 

9

Extant neuroimaging research in obesity implicates several regions related to reward or 

inhibitory processing in general and of food in particular, and from these, regions of interest  

(ROIs) were chosen. ROIs were anatomically defined using Harvard-Oxford Structural Atlas and 

then the ROI masks were thresholded for maximal probability at 25%. ROIs included amgydala, 

insula, striato-pallidal complex, medial orbitofrontal cortex, anterior cingulate cortex and 

prefrontal cortex. The amygdala is well-known to process hedonic value of stimuli and 

desirability (20, 22). The insula has been shown to be associated with food craving, as well as 

with affective valence of drug or sexual cues (19). Both the amygdala and insula are known to 

activate differently in obese individuals (23, 24). Research suggests that activation in the medial 

orbital frontal cortex (OFC) is related to reward value, palatability and desire for food (1, 22, 24). 

The striato-pallidal complex, made up of the caudate, putamen, nucleus accumbens, and globus 

pallidus, are identified as dopaminergic pathways related to hunger, craving and the rewarding 

properties of highly palatable food (25, 26). Anterior cingulate cortex and prefrontal cortex were 

included ROIs as these regions have been shown to relate to both self-control and to reward 

response. Anterior cingulate activation is linked to the ingestion of a meal (28) and to behavioral 

inhibition (29 for review), as well as anticipated food reward (30). Similarly, prefrontal 

activation is associated with hunger and palatability (31) in addition to resisting motivation to eat 

(27, 32). Left-sided prefrontal activity has been linked to approach behavior generally (33) as 

well as appetitive responsivity and disinhibition in obese individuals (31).  

 For the within-group analyses, Monte Carlo simulation was performed using 3dClustSim 

(http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html), to control for type I 

error. Parameters used with the region of interest mask were an individual voxel p = 0.003 with 

10,000 iterations, 2-sided and full width at half maximum (estimated from SPM). The 
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simulations demonstrated that a cluster extent of at least 32 contiguous voxels, exceeding a 

height threshold of p<0.003 corresponds to a cluster corrected threshold p<0.05. Because of its 

small size, we report clusters in the amygdala larger than 10 voxels uncorrected at p < 0.003. 

Results 

Descriptive variables 

Descriptive data for all groups are reported in Table 1 and were calculated using SPSS 

version 19 software (IBM, Armonk, NY). The average age of participants was 20.27 years, with 

no significant differences between the three groups (F(2,27)=2.15, p=0.136). The current sample 

(N =30) was 26.7% Asian American, 6.7% African American, 3.3% Hispanic, 60% Caucasian 

and 3.3% Other. This ethnic breakdown is consistent with the population of the university at 

which the study took place. There were no significant differences between groups on BMI 

(F(2,27)=1.34, p=0.279). Each comparison was made up of 10 participants.  

TFEQ restraint subscale scores differed significantly between groups (F(2,27)=35.14, 

p<0.001). Post-hoc Scheffe comparisons demonstrated that the HD and CD groups were 

significantly greater than the ND group (p<0.001), and CDs scored significantly higher than HDs 

(p=0.027). Weight suppression also differed significantly between groups (F(2,27)=4.23, p = 

0.025). Post-hoc Scheffe comparisons showed a trend toward NDs being lower in weight 

suppression than the other two groups (ND vs. HD p=0.061; ND vs. CD p=0.055). HDs and CDs 

did not differ significantly on frequency of past dieting (p = 0.399). 

Overall, participants rated moderate levels of hunger in the fasted state. Hunger ratings 

significantly decreased and fullness ratings significantly increased from fasted to fed (Table 2). 

Omnibus group differences on the second of the hunger ratings (“How strong is your desire to 
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eat right now?”) approached significance (F(2,29)=3.29, p=0.053), however, post hoc tests 

revealed no significant differences between individual groups.  

Imaging results 

Proof of probe: Though our highly palatable food cues had been tested in a prior imaging study 

(1), they had not been tested for their ability to trigger reward circuitry at the shorter duration 

(500 msec presentations). Whole-brain analyses were conducted to ensure that highly palatable 

food cues would be evocative if used in the current paradigm. As shown in Supplementary 

Figure 1, our highly palatable food (High) cues indeed produced a robust activation of brain 

reward circuitry (including the ventral tegmental area/brainstem) in all three experimental 

groups, as compared to the brain response to Neutral cues. Comparisons of NDs and HDs and of 

HDs and CDs in both fasted and fed states are described in Supplemental Table 1.  

A priori comparisons. We have intentionally constrained our statistical analyses to between-

group comparisons within a state (Fasted or Fed) due to concerns about a change in baseline 

responding; see Technical Note in Supplementary Material.  Below, we report 1) comparisons of 

NDs and HDs, 2) comparisons of HDs and CDs, in each of the Fasted and Fed conditions for the 

High v. Moderate cues (see Table 3). Figure 2 depicts the contrast maps of HDs v. CDs and HDs 

v. NDs when viewing High v. Moderate cues in a fed state.  

In a fasted state, there were no significant differences in ROIs between HDs and NDs. 

When Fed, the only significant difference was that HDs demonstrated greater activation than 

NDs in the right anterior cingulate and the left middle frontal gyrus of the PFC.  

Comparing CDs versus HDs in the Fasted condition, again there were no significant 

differences in ROIs between HDs and CDs. However, HDs showed significantly greater 
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activation than CDs in the Fed condition in the right middle frontal gyrus of the prefrontal cortex 

and bilaterally in the dorsal ACC, insula, caudate and pallidum. 

Post-hoc comparisons. In order to elucidate whether differences in activation when comparing 

High v. Moderately palatable food cues are due to changes in response to the highly palatable 

food cues or to the moderately palatable food cues, between-groups comparisons were made for 

moderately palatable food versus neutral cues in each hunger state. Below we describe results for 

1) comparisons of NDs and HDs, 2) comparisons of HDs and CDs, in each of the Fasted and Fed 

conditions for the Moderate v. Neutral cues. 

In a Fasted state, the only significant difference was that NDs demonstrated significantly 

greater activation than HDs bilaterally in the prefrontal cortex. In the Fed state, however, neither 

group showed significantly greater activation than the other. When comparing HDs and CDs, 

neither group showed greater activation than the other in either state.  

Discussion 

Although past research has viewed frequent dieting as a cause of eating dysregulation and 

weight gain (34), we have argued that dieting in normal weight women is in fact a consequence 

of a pre-existing vulnerability toward over-consumption of palatable foods in an obesogenic 

environment  (35, 36). Chronic dieting is a robust predictor of future weight gain (e.g., 6), and 

though acute dieting may temporarily delay weight gain, most dieters will eventually gain (or 

regain) weight (37). We therefore view the pattern of brain activation of HDs in this study as 

suggestive of a neurophysiological predisposition toward maintained desire for palatable food 

despite caloric repletion. Though the results are cross-sectional, the findings that CDs show less 

brain activation in response to food after having eaten than HDs (despite a similar level of past 

dieting) may reflect current weight control motivation and behaviors. Because both dieting 
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groups showed somewhat elevated weight suppression levels for college students (Lowe et la., 

2006), and because weight suppression has itself consistently predicted future weight gain in past 

research, it is also possible that CDs are actively suppressing an effect of weight suppression on 

food intake, while HDs are not, and that this an acquired, rather than a predisposing, factor. 

However, our state-based interpretation is based on the assumption that CDs’ diets will 

eventually end and their neurophysiological profile, and susceptibility to weight gain, will revert 

to that of HDs. Though there are of course other possible interpretations of these findings, the 

present findings, combined with past research (Lowe and Levine, 2005; Lowe and Thomas, 

2009) leads us to favor the view that dieting in young women is a proxy of and reaction to 

susceptibility to weight gain, not a cause of such weight gain. Also, dieting may temporarily slow 

but rarely prevents eventual weight gain in the long term.    

Overall, the findings of the current study replicated and expanded on the results found in 

restrained eaters (1, 2). Behaviorally, NDs, HDs and CDs exhibit different patterns of eating 

behavior, depending on hunger status (4). This study supports a neurobiological basis for these 

differences. Individuals reporting frequent past dieting differed from those who had no history of 

dieting when viewing highly palatable food cues in a fed state, as was hypothesized. Both when 

fasted and fed, NDs demonstrated no suprathreshold activation in response to highly palatable 

food cues as compared to HDs. HDs showed no significant difference in activation compared 

with NDs or CDs in ROIs when fasted, however, when fed, they demonstrated greater activity in 

a number of brain regions associated with hedonic value, anticipated food reward, desirability of 

food, and craving, as well as those linked to satiety and inhibition when contrasted with the 

comparison groups. The counterregulatory eating behavior of HDs (similar to classically-defined 

restrained eaters - 3) may be driven by an elevated reward response to highly palatable food 
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independent of hunger state, rather than by a “diet-breaking” effect of the preload (38), as in the 

latter case we would expect greater activation in inhibitory regions in the fasted state.  

Furthermore, CDs (whose frequency of past dieting and weight suppression were similar 

to HDs) had differential activation relative to historical dieters across hunger conditions. Despite 

shared dieting and weight history, the pattern of brain activation seen in CDs appears to be 

markedly different from that of HDs. The attempt to actively inhibit highly palatable food intake 

is manifest in CDs neurobiological response to it, though it is unclear whether this reduction in 

reward activation is automatic or volitional. One recent study suggests that self-reported food 

intake does not differ between CDs, HDs and NDs, suggesting that CDs are eating less than 

wanted but not less than needed (39), and that it is not a state of negative energy balance that 

leads to a dampening of response. Because we did not see corresponding activation in the PFC or 

OFC regions linked to cognitive control, we can speculate that the reduced activation in a fed 

state may be due to a reduction in the rewarding value of food, whether through the conditioned 

association of highly palatable food with threat or simply prohibition. These results are 

consistent with literature noting marked differences in the eating behavior of current dieters 

compared to historical dieters or restrained eaters (4, 38). 

There were some notable differences between the results of the Coletta et al (1) study 

comparing high v. moderately palatable food and the ones reported here. Though their results 

focused on restrained versus unrestrained eaters rather than dieting per se, current dieters and 

those high in weight suppression were excluded, so the sample used was arguably analogous to 

this one. When fasted, unrestrained eaters in Coletta et al (1) demonstrated activation in brain 

regions associated with hunger and food reward in response to highly palatable food cues that 

was not seen in NDs in the current study. Further, HDs showed activity in the prefrontal cortex 
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and anterior cingulate in a fed state, whereas Coletta et al found activation in orbitofrontal, 

insular, and dorsolateral prefrontal cortex, in restrained eaters. These differences might be due to 

sample characteristics, length of stimulus presentation (2 seconds in Coletta et al. versus 500 ms 

here) or stimulus characteristics. Generally, however, these findings provide confirmation of the 

results obtained by Coletta et al.  

There are a few limitations with the current study. We included only college-aged 

females; older dieters and men across the age spectrum might show different brain responses 

under these conditions. In addition, palatability of food cues was not confirmed in the current 

sample, however given the marked difference in activation in response to highly versus 

moderately palatable food, we can conclude that these cues were regarded as provocative in 

dissimilar ways.  Though the current study has a relatively small N, the statistical significance of 

the results and their consistency with the Coletta et al. study suggests that the demonstrated 

effects are robust. Further, the order effects of having participants undergo scans fasted and then 

fed may have had an influence on the results. However, given the habituation seen within-block, 

order effects might have more likely produced a reduction in activation than the pattern seen. For 

future similar studies, measurement of the baseline state with a quantitative perfusion technique 

such as Arterial Spin-Labeled Perfusion fMRI (40) would enable statistical management of 

differences in baseline state associated with hunger vs. satiety.  

Stage of menstrual cycle was not controlled for in this study. Recent research by Alonso-

Alonso and colleagues (41) shows that follicular phase impacted changes in brain activation in 

from fasting to fed states. However, lack of control over phase of menstruation would, if 

anything, increase error variance, theoretically reducing the ability to detect differences. In 

addition, results cannot be attributed to restraint as measured by TFEQ. Though restraint varied 
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significantly between groups, when controlling for restraint scores the patterns of activation of 

the three groups remained equivalent (results not reported here). Furthermore, CDs reported 

significantly higher restraint than HDs while demonstrating a different pattern of activation, 

suggesting that actively dieting qualitatively changes the impact of shared dieting history or 

restraint on appetitive neurobiological processes.   

  In sum, the main hypothesis was supported: individuals who had frequently dieted in the 

past showed reward-related activation after a meal when viewing highly palatable food cues as 

compared to individuals who had never dieted. In addition, a state of attempting to currently 

limit food intake to lose weight is related to brain activation patterns in ways consistent with 

extant behavioral research in current dieters. These results support the characterization of dieters, 

both historical and current, as prone to overeating (albeit under different conditions) and future 

weight gain (40). The evidence of susceptibility to overeating in normal weight individuals has 

implications for obesity prevention.  
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Figure	
  2.	
  Contrast	
  maps	
  comparing	
  Historical	
  Dieters’	
  response	
  to	
  highly	
  versus	
  
moderately	
  palatable	
  food	
  with	
  that	
  of	
  Nondieters	
  and	
  of	
  Current	
  Dieters’	
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Historical Dieters show widespread activation in the right ventral striatum, dorsal anterior 
cingulate, bilateral insula, bilateral amygdala and ventral tegmental area/ brainstem . 

Nondieters show activation in the inferior frontal gyrus, precentral gyrus, 
lentiform nucleus and insula.!

Current Dieters show activation in the superior temporal and fusiform gyrus, left nucleus 
accumbens, insula and inferior frontal gyrus.!
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Nondieters Historical Dieters Current Dieters

N 10 10 10

Age (years) 21.1 (±2.08) 19.3 (±1.16) 20.4 (±2.41)

BMI (kg/m^2) 22.04 (±1.60) 21.11 (±0.66) 21.96 (±1.73)

Weight Supression (lbs) 0.65 (±3.38) 6.0 (±5.10)* 6.1 (±5.61)*

Number of past diets 0 5 (±2.0)* 3.5 (±2.6)*

TFEQ - Restraint score 3.1 (±1.1) 6.1 (±1.2)* 7.7 (±1.4)*

* p < .05

Table 1. Descriptive Variables
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Question ND HD

Fasted

How hungry do you feel right now? 4.5 (±1.35) 5.0 (±1.56)

How strong is your desire to eat right now? 4.0 (±1.33) 5.6 (±1.58)

How much food do you think you could eat right now? 4.4 (±1.07) 5.3 (±1.34)

How full does your stomach feel right now? 2.9 (±0.99) 2.4 (±0.84)

Fed

How hungry do you feel right now? 1.9 (±0.57) 2.6 (±1.78)

How strong is your desire to eat right now? 1.8 (±0.63) 2.9 (±1.91)

How much food do you think you could eat right now? 2.3 (±0.48) 3.4 (±1.90)

How full does your stomach feel right now? 6.4 (±1.58) 5.6 (±2.07)

ND: Nondieters, HD: Historical Dieters, CD: Current Dieters

Table 2. Mean Hunger/Fullness Ratings by Group
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CD

5.4 (±1.71)

5.8 (±2.15)

5.4 (±1.84)

2.3 (±0.95)

2.2 (±0.92)

2.3 (±0.67)

3.0 (±1.25)

5.8 (±1.93)
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Table 3

Brain regions that differed by group in Fasted and Fed states when viewing Highly v. Moderately palatable food cues

Fasted Fed

Peak voxel Peak voxel

Region of Interest x y z Cluster size t p Region of Interest x y z Cluster size t p

HD > ND HD > ND

NS Anterior Cingulate 4 2 46 36 3.5 0.001

Middle Frontal Gyrus -36 46 34 115 4.4 <0.001

-32 40 14 51 4.3 <0.001

ND > HD ND > HD

NS NS

HD > CD HD > CD

NS Dorsal Anterior Cingulate 0 4 42 385 3.4 <0.001

Amygdala -22 4 -12 10 3.4 0.002

Insula -34 12 -6 57 3.5 0.001

30 26 -2 49 3.3 0.002

Middle Frontal Gyrus 38 34 -12 53 4.3 <0.001

Caudate -8 8 14 83 4.3 <0.001

10 8 12 39 3.8 0.001

Pallidum -24 6 -10 61 3.6 0.001

CD > HD CD > HD

NS NS

ND: Nondieters, HD: Historical Dieters, CD: Current Dieters

NS: Nonsignificant at the p  = 0.003 level
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MRI data acquisition 

Data was acquired on a 3 Tesla Trio MR Scanner (Siemens, Erlangen, Germany) 

at Hospital of the University of Pennsylvania using Siemens Trio 3T scanner. Functional 

images were collected with T2*-weighted with single shot gradient echo (GRE) echo 

planar imaging (EPI) sequence to BOLD contrast (field of view (FOV) = 192mm; matrix 

= 64×64; TR = 2sec; TE = 30msec; flip angle = 90°; voxel size =3.4x3.4x4.5mm with a 

1mm slice gap). A 5-minute T1 weighted high-resolution scan were acquired for 

normalization and anatomical coregistration of the images. Acquisition parameters for the 

3-dimensional high resolution MPRAGE structural scan in the axial plane were 

(repetition time (TR)=1510ms; echo time (TE)= 3.71ms; field of view (FOV) = 250mm 

matrix;=192x256. Flip Angle = 9). 

Image Processing and Analysis. 

SPM5 (www.fil.ion.ucl.ac.uk/spm) standard routines were used for the analysis of the 

functional images. Images were realigned, coregistered to the anatomical T1 image, 

normalized to the MNI standard space and smoothed with a Gaussian kernel of FWHM 

9mm
3
. Motion parameters of all subjects were in an acceptable range not exceeding 3mm 

for each single subject.  

For each subject, experimental condition (fixation cross, moderately palatable 

food items, highly palatable food items) was modeled using a canonical hemodynamic 

response function as the basis function. Past research suggests that brain activity to 

evocative stimuli (such as emotional stimuli and cues for drugs of abuse) can “carry 

over” to neutral stimuli in the same scanning block, thereby progessively undermining 
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the contrast in activation between control cues and experimental cues (1, 2). In the 

current study, activation contrasts were thus constrained to the first half of each scanning 

block, helping to avoid the possible “carry-over” effects, and/or habituation. First-level 

contrast maps were used for statistical testing of group or condition effects at the second 

level (e.g. HDs vs. NDs). The contrast maps were entered to into a random effects 

analysis to test for a significant activation unique to highly palatable food versus 

moderately palatable food.   

Technical Note  

This constraint reflects our awareness that second-level comparisons across the 

Fasted v. Fed conditions could be impacted by a change in ‘baseline’ brain activity 

(global or/and regional) resulting from the experimental manipulation (feeding). Though 

designs attempting to compare BOLD measures at two separate time points are common 

in the imaging literature, these “longitudinal” paradigms are vulnerable to baseline 

differences (whatever the source, e.g., a change in physiologic state due to illness, 

medication, or even changes in the tuning of the MR scanner) that may confound the 

comparisons. Statistical approaches to BOLD acknowledge these potential baseline 

confounds but it is only possible to detect them indirectly. We examined for the impact of 

baseline by comparing the brain response to a reference cue category (e.g., Neutral) 

against the implicit baseline (the time period during which the participant passively 

viewed the fixation screen) for both the Fasted and Fed states (3), for the three study 

groups. This approach revealed large differences in the brain response to the Neutral cues 

vs. the implicit baseline in the Fasted and the Fed states, for the three groups. These 

differences in the response to Neutral cues point to differences in baseline across states, 

Page 31 of 34

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Obesity



and encouraged our constraint of analyses to “between-groups, within-state”.  NDs 

demonstrated high levels of activation in ROIs in response to Neutral (and food cues) 

when fasted, but no significant activation when fed. Conversely, HDs and CDs showed a 

widespread response across Neutral (and food) cues when fasted and maintained this 

activation in response to highly palatable food when fed. 
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Historical Dieters show widespread activation in the right ventral striatum, dorsal 
anterior cingulate, bilateral insula, bilateral amygdala and ventral tegmental area. 

Nondieters show activation in the inferior frontal gyrus, precentral 
, lentiform nucleus and insula.!

Current Dieters show activation in the superior temporal and fusiform gyrus, left 
nucleus accumbens, insula and inferior frontal gyrus.!

Supplementary Figure 1. In the Fed condition, activation in response to 
highly palatable food cues as compared to neutral items (High v. Neutral), 
in each experimental group independently.  
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Supplementary Table 1

Brain regions that differed by group in Fasted and Fed states when viewing Highly palatable food v. Neutral cues

Fasted Fed

Peak voxel Peak voxel

Region of Interest x y z Cluster size t p Region of Interest x y z Cluster size t p

HD > ND HD > ND

NS NS

ND > HD

Medial OFC 0 46 -18 69 3.5 0.001

Medial Frontal Gyrus 4 54 4 50 3.8 0.001

Middle Frontal Gyrus -20 64 16 54 3.7 0.001 ND > HD

Superior Frontal Gyrus -12 54 36 33 3.2 0.003 NS

HD > CD HD > CD

NS Middle Frontal Gyrus -32 64 14 50 4.27 <0.001

Superior Frontal Gyrus 24 56 30 73 3.85 0.001

Superior Frontal Gyrus 30 68 -4 22 3.31 0.002

CD > HD CD > HD

Medial OFC -2 40 -30 72 3.3 0.002 NS

ND: Nondieters, HD: Historical Dieters, CD: Current Dieters

NS: Nonsignificant at the p  = 0.003 level
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