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IN BRIEF 
Darcey et al. found that selective reduction of dietary fat, but not carbohydrate, resulted 
in changes in brain dopamine receptor binding potential and neural activity in response 
to food cues, consistent with increased tonic dopamine and resulting in greater 
subsequent consumption of rewarding foods high in both fat and carbohydrate.   
 
HIGHLIGHTS 
• Compared to a eucaloric baseline diet, selective reduction of dietary fat, but not 

carbohydrate, significantly decreased both dopamine D2/3 receptor binding potential 
and neural activity to visual food cues in brain reward regions.  

• Multimodal neuroimaging suggests that reduction of dietary fat, but not carbohydrate, 
increased tonic brain dopamine and influenced food choices in ways that may hamper 
diet adherence. 

 
SUMMARY 
Weight loss diets often restrict either fat or carbohydrate, macronutrients that are sensed 
via distinct gut-brain pathways and differentially affect peripheral hormones and 
metabolism. To investigate whether reductions in dietary fat versus carbohydrate alter 
brain reward circuitry, we measured dopamine D2/3 receptor binding potential (D2BP) 
using PET and neural activity in response to visual food cues using fMRI in 17 inpatient 
adults with obesity during a eucaloric baseline diet and on the fifth day of isocaloric diets 
selectively reduced in either dietary fat or carbohydrate, in random order. Reduction of 
dietary fat, but not carbohydrate, decreased D2BP and decreased neural activity to food 
cues in brain reward regions. After the reduced fat diet, ad libitum intake shifted towards 
foods high in both fat and carbohydrates. These results suggest that dietary fat restriction 
increases tonic dopamine in brain reward regions thereby affecting food choice in ways 
that may hamper diet adherence. 
 
KEYWORDS: Obesity, diet, dopamine, macronutrients, reduced-fat, reduced-
carbohydrate, PET, fMRI 
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INTRODUCTION 
Among dietary approaches to treating obesity (Makris and Foster 2011), popularity has 
waxed and waned between strategies that target restriction of dietary fat versus 
carbohydrate – macronutrients that elicit divergent peripheral metabolic and endocrine 
states (Hall, Bemis et al. 2015). Furthermore, ingestion of dietary carbohydrate and fat 
engage distinct gut-brain pathways affecting brain dopamine (de Araujo, Oliveira-Maia et 
al. 2008, Tellez, Han et al. 2016, Alhadeff, Goldstein et al. 2019) and may thereby affect 
food choice and eating behavior because dopamine is a neuromodulator that influences 
motivation, reinforcement learning, habit formation, and compulsion (Wise 2004). Indeed, 
rodent models clearly demonstrate that brain dopamine is integral to eating behavior 
(Sotak, Hnasko et al. 2005) and body weight regulation (Johnson and Kenny 2010). 
 
People with obesity have reduced dopamine synthetic capacity and tone (Wilcox, Braskie 
et al. 2010, Wallace, Aarts et al. 2014, Lee, Kroemer et al. 2018) and availability of striatal 
dopamine type 2/3 receptor binding potential (D2BP) is correlated with adiposity (Wang, 
Volkow et al. 2001, Guo, Simmons et al. 2014, Horstmann, Fenske et al. 2015).  Brain 
dopamine has also been linked to facets of human eating behavior (Kaye, Frank et al. 
1999, Bello and Hajnal 2010, Guo, Simmons et al. 2014, Eisenstein, Bischoff et al. 2015) 
and food reward processing (Frank, Veit et al. 2015) independent of body weight.  
 
Whether diets restricting carbohydrates versus fat differentially affect brain dopamine and 
eating behavior in humans is unknown. Here, we investigated whether five days of 
selective restriction of dietary fat versus carbohydrate differentially affects the 
neurochemistry of food reward in the human brain as compared to a eucaloric baseline 
diet. Specifically, our prespecified primary multi-modal neuroimaging aims were to 
measure diet-induced changes in brain reward circuitry in adults with obesity, as 
assessed by D2BP measured using positron emission tomography (PET), and the activity 
of brain reward-processing regions in response to visual food cues using fMRI.  
 
RESULTS 
A total of 8 male and 9 female weight-stable adults with obesity (Table 1 and 
Supplemental Figure 1) had fMRI and PET neuroimaging at baseline and completed at 
least one of two 14-day visits to the Metabolic Research Unit at the NIH Clinical Center.  
As previously described (Hall, Bemis et al. 2015), for two days prior to each inpatient 
admission participants were asked to completely consume a provided standard eucaloric 
baseline diet (50% calories from carbohydrate, 35% calories from fat, 15% protein) that 
was continued for the first five days of admission. For the next six days, participants were 
randomized to consume a 30% calorie-restricted diet achieved either via selective 
reduction in fat (RF) or carbohydrate (RC), while keeping other two macronutrients 
unchanged from the eucaloric baseline (Figure 1). For the final three days of each 
inpatient period, participants were given ad libitum access to vending machines stocked 
with a variety of supermarket foods. After a washout period of 2-4 weeks, participants 
were readmitted and consumed the eucaloric baseline diet for five days followed by the 
alternate restricted diet for six days and ad libitum vending machine access for three days. 
Details of each diet phase are provided as Supplemental Information. The main text 
reports data from the 17 participants who completed fMRI at baseline and at least one of 
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the RC or RF diet periods, as well as the 15 participants completing PET at baseline and 
RF and 17 participants completing PET at baseline at RC. The Supplementary Materials 
presents the results for 13 participants with complete PET and fMRI data during baseline, 
RC, and RF diets, as well as the 15 participants with complete PET data and 15 
participants with complete fMRI data.  
 
[TABLE 1] 
 
[FIGURE 1] 
 
Only the RF diet decreased activity in brain reward regions in response to food 
cues 
Participants rated the pleasantness of a variety of food images during fMRI 4.5 hours 
after lunch on the third inpatient day of the first eucaloric baseline diet period and on the 
fifth day of the carbohydrate and fat restricted diets. Voxel-wise blood-oxygen-level-
dependent responses were compared to fixation within an a priori reward circuit mask - 
as previously reported in participants without obesity (Simmons, Rapuano et al. 2014). 
On average, the restricted diets did not significantly impact food pleasantness ratings in 
the scanner (Supplementary Figure 2). Compared to reward circuit response to food 
images at baseline, only the RF diet resulted in reduced activity in bilateral striatal clusters 
in caudate and putamen (Figure 2A; Table 2). In contrast, the RC diet did not change 
reward circuit response to visual food cues from baseline. Compared to reward circuit 
activity during the RC diet, the reduced fat diet decreased activity in a ventrolateral region 
of right putamen (Supplementary Figure 3B; Supplementary Table 1). Similar results were 
observed in the 15 participants with complete fMRI data during baseline, RF, and RC 
diets (Supplementary Figure 3A; Supplementary Table 1), as well as the subset of 13 
participants who also had complete PET data (Supplementary Figures 3C & 3D; 
Supplementary Table 1). 
 
Only the RF diet led to decreased dopamine D2/D3 receptor binding potential 
Participants completed PET imaging with the radiolabeled D2/3 receptor subtype 
antagonist [18F]fallypride 2 hours after breakfast on the third inpatient day as well as on 
the fifth day of the RC and RF diets. [18F]fallypride time-activity curves using the 
cerebellum as a reference tissue were used with kinetic modeling to measure D2BP as 
previously described (Guo, Simmons et al. 2014). A small volume correction (D2BP > 
1.5) applied to whole brain analyses was used to isolate voxel-wise D2BP analyses to the 
striatum.  
 
Compared to D2BP at baseline, only the RF diet significantly decreased D2BP in bilateral 
striatal clusters spanning the left putamen and right caudate/putamen (Figure 2B; Table 
2). There was no significant effect of the RC diet on D2BP as compared to baseline or 
the RF diet. Similar results were observed in the 15 participants with complete PET data 
during baseline, RF, and RC diets (Supplementary Table 1), as well as the subset of 13 
participants with complete PET data who also had complete fMRI data (Supplementary 
Figure 3E; Supplementary Table 1).  
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[FIGURE 2] 
 
[TABLE 2] 
 
The RF diet resulted in greater ad libitum intake of foods high in both carbohydrate 
and fat  
We explored ad libitum food intake for three days after the RF and RC diets. Participants 
selected foods from computerized vending machines stocked with calories in excess of 
maintenance energy requirements. Average energy intake was (mean ± SE) 25.9 ± 9.5% 
greater than the eucaloric baseline diet and was not significantly different following RF 
versus RC diets (Table 3). While overall macronutrient intake was similar after RC and 
RF diets, participants consumed a greater percentage of total calories from foods high in 
both carbohydrate and fat (HCHF) as well as high in both sugar and fat (HSHF) following 
the RF diet as compared to the RC diet (RF diet 28.8 ± 2.4% vs. RC diet 23.1 ± 2.4%; 
p=0.010) and consumed more calories from sugar sweetened beverages (SSB) (RF diet 
9.8  ± 1.1% vs. RC diet 8.4 ± 1.1%; p=0.032) such that the combination of HCHF, HSHF, 
and SSB as a fraction of total calories consumed was greater following the RF diet (RF 
diet 38.6 ± 3.0% vs. RC diet 31.4 ± 3.0%; p<0.001).  
 
[TABLE 3] 
 
DISCUSSION 
We previously showed that the RC diet led to widespread metabolic and endocrine 
changes compared to the eucaloric baseline diet, including increased fat oxidation as well 
as decreased energy expenditure and decreased daily insulin secretion, whereas the RF 
diet did not lead to substantial peripheral metabolic or endocrine changes (Hall, Bemis et 
al. 2015). Therefore, we expected that the RC diet would have a greater effect on brain 
reward circuitry than the RF diet, especially given insulin’s effects on dopamine levels 
(Liu and Borgland 2019, Kullmann, Blum et al. 2021). Surprisingly, it was the RF diet that 
significantly decreased both D2BP and neural activity in response to visual food cues in 
brain reward regions. Furthermore, ad libitum food intake after the RF diet was shifted 
towards high fat, high carbohydrate foods as compared to the RC diet. These results 
suggest that a calorie is not a calorie when it comes to macronutrient effects on reward 
circuitry in the human brain.  
 
The most likely interpretation of our data is that the RF diet increased tonic dopamine in 
the striatum. This would explain the observed decrease in D2BP because increased 
endogenous dopamine would be expected to displace the [18F]fallypride tracer (Laruelle, 
Abi-Dargham et al. 1995, Laruelle, Souza et al. 1997). Furthermore, an increase in tonic 
dopamine would be expected to activate high affinity D2/3 receptors thereby inhibiting 
neural activity (Stoof and Kebabian 1981) and explaining the observed decrease in brain 
activity to food cues with the RF diet. Indeed, pharmacological agonism of the D2/3 
receptor has been demonstrated to decrease the fMRI signal in both rats (Chen, Choi et 
al. 2005) and non-human primates (Sander, Hooker et al. 2016).   
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It is unlikely that the observed reduction in D2BP during the RF diet was due to decreased 
D2/3 receptor density because neither dopamine depletion over 2-5 days  (Ginovart, 
Farde et al. 1997, Laruelle, Souza et al. 1997) nor dopamine stimulation over five weeks 
(Blunt, Jenner et al. 1992) appreciably impacts receptor density. Moreover, a reduction in 
D2/3 receptor density would be expected to both minimize D2/3 receptor inhibitory 
signaling   and produce a net increase in the stimulatory effect of dopamine at neurons 
expressing D1/5 receptors (Sander, Hooker et al. 2016) which is inconsistent with the 
observed decrease in fMRI BOLD response during the RF diet. This observed decrease 
in neural activity during the RF diet is consistent with increased tonic dopamine 
preferentially engaging inhibitory D2 receptor expressing neurons with a high affinity for 
dopamine. By contrast, stimulation of activity in neurons expressing the lower affinity D1/5 
receptor requires phasic dopamine responses (Grace 2000), which are expected to 
reduce – not increase - dopamine binding at the D2/3 receptor (Dreyer, Herrik et al. 2010). 
Phasic dopamine responses are not expected under our experimental conditions given 
that the scans were conducted without providing rewards or reward-predicting stimuli. 
Indeed, visual food stimuli do not result in detectable changes in dopamine in humans 
(Volkow, Wang et al. 2002, Wang, Geliebter et al. 2011). Therefore, our multi-modal 
neuroimaging results are most likely explained by increases in tonic striatal dopamine 
resulting from the RF diet.   
  
An increase in tonic dopamine during the RF diet may have contributed to the tendency 
to increase selection of high-fat, high-carbohydrate foods observed during the 
subsequent ad libitum period.  Elevations in tonic dopamine alter the balance with phasic 
dopamine responses (Grace 2000) and may increase incentive salience (Wise 2013, 
Samaha, Khoo et al. 2020), enhance the ‘wanting’ of foods high in both carbohydrate and 
fat that are particularly rewarding (DiFeliceantonio, Coppin et al. 2018, Perszyk, Hutelin 
et al. 2021), promote selection of these foods previously experienced to deliver reward  
(Beeler, Daw et al. 2010) and reduce the influence of any ensuing negative outcomes on 
changing behavior (Cox, Frank et al. 2015).  Thus, our results suggest that diet 
approaches targeting the reduction of dietary fat may alter brain dopamine in a way that 
promotes consumption of highly rewarding foods high in both carbohydrate and fat. Such 
effects may thereby make it difficult for people to stick to low fat diets, at least in the short 
term.  
 
How does reduction of dietary fat result in increased tonic dopamine in the brain? Dietary 
fat is detected and signaled to the brain throughout the alimentary canal from tastebud 
cells in the oral cavity to enteroendocrine and enterocyte cells in the gut (Berland, Small 
et al. 2021). One of several mechanisms by which dietary fats modulate feeding includes 
intestinal production of oleoylethanolamide (OEA), a lipid messenger produced from 
dietary oleic acid which can signal to the brain via the vagus nerve (Rodríguez de 
Fonseca, Navarro et al. 2001, Fu, Gaetani et al. 2003, Gaetani, Oveisi et al. 2003, 
Schwartz, Fu et al. 2008, Tellez, Medina et al. 2013). Despite OEA being produced from 
dietary fat, chronic consumption of high fat diets in rodents decreases intestinal 
production of OEA and decreases brain dopamine (Tellez, Medina et al. 2013). Perhaps 
because our study participants with established obesity reduced their fat intake by ~90 
grams per day during the RF diet, their intestinal OEA production may have increased 
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thereby resulting in increased brain dopamine. In that case, the effect of increased 
intestinal OEA production might be expected to enhance satiety during the RF diet 
(Rodríguez de Fonseca, Navarro et al. 2001, Fu, Gaetani et al. 2003, Gaetani, Oveisi et 
al. 2003, Schwartz, Fu et al. 2008, Tellez, Medina et al. 2013) while at the same time the 
increased tonic dopamine might have steered food choices away from such a diet towards 
more rewarding foods. In other words, sticking to a low-fat diet might be difficult despite 
it potentially being more satiating and leading to decreased ad libitum energy intake in a 
setting where “off diet” foods are unavailable (Hall, Guo et al. 2021).  
 
Another potential mechanism for increased brain dopamine during the RF diet involves 
decreased postprandial plasma triglycerides that peak several hours after a meal in 
proportion to the amount of fat consumed (Bozzetto, Della Pepa et al. 2020). Triglycerides 
have been shown to suppress dopamine synthesis and excitability of D2/3 receptor 
expressing neurons (Berland, Montalban et al. 2020) as well as influence the preference 
for palatable food and reward seeking in mice (Cansell, Castel et al. 2014). Compared to 
the baseline and RC diets, the RF diet would be expected to result in reduced postprandial 
triglycerides and therefore increased brain dopamine at the times of the neuroimaging 
scans conducted 2-3 hours postprandially.  
 
Why did the RC diet have no effect on brain D2BP or neural activity in response to food 
cues? We found this result surprising particularly because the RC diet significantly 
decreased daily insulin secretion (Hall, Bemis et al. 2015) and would be expected to be 
reflected by decreased insulin in the brain (Banks 2004)  which is thought to influence 
multiple aspects of the dopamine system. For example, dopaminergic neurons express 
insulin receptors (Figlewicz, Evans et al. 2003) and insulin decreases synaptic dopamine 
by increasing clearance from striatal synapses via enhanced dopamine transporter 
activity (Carvelli, Morón et al. 2002, Mebel, Wong et al. 2012). Consistent with a decrease 
in synaptic dopamine, intranasal insulin delivery was recently observed to increase D2BP 
in humans (Kullmann, Blum et al. 2021). Therefore, the lack of effect of the RC diet on 
brain dopamine remains a mystery. Whereas previous studies have demonstrated that 
calorie restriction potentiates dopaminergic signaling in both rodents and humans (Carr, 
Tsimberg et al. 2003, Dunn, Abumrad et al. 2017), our results using 30% calorie restricted 
RC and RF diets suggest that restriction of dietary fat has a more potent effect on brain 
dopamine than isocaloric restriction of carbohydrates. 
 
How might changes in brain dopamine in response to different diets relate more generally 
to body weight regulation? Recent mouse data suggest that the effects of brain dopamine 
may not be isolated to canonical hedonic pathways of food reward. For example, striatal 
dopamine can also influence downstream hypothalamic circuits traditionally attributed to 
control homeostatic feeding and regulate body weight (Alhadeff, Goldstein et al. 2019, 
Mazzone, Liang-Guallpa et al. 2020) ultimately promoting intake of foods that cause 
obesity and devaluing foods that do not result in obesity (Mazzone, Liang-Guallpa et al. 
2020). It is therefore intriguing to speculate that diet composition may contribute to 
altering the homeostatic body weight “set point” via changes in brain dopamine function.  
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LIMITATIONS 
While our interpretation of increased tonic dopamine is supported by relative 
pharmacokinetic properties of D1/5 and D2/3 receptors, and literature on D2/3 receptor 
PET occupancy and fMRI activity, we did not directly measure brain dopamine.  
Consumption of dietary fat elicits rapid dopaminergic response in reward circuitry 
(Ferreira, Tellez et al. 2012, Tellez, Ferreira et al. 2013). While we observed an effect of 
reduced fat diet at the D2 receptor via tonic levels of dopamine, it is possible that the 
relatively high proportion of dietary fat in the reduced carbohydrate diet may have 
influenced DA system via mechanisms dependent on D1/5 receptors not examined here. 
Future studies are needed to delineate the effect of exposure duration (single meal versus 
multi-day), receptor subtype-specific effects (availability of D1/5 versus D2/3 receptors 
after exposure), and subsequent effect on ad libitum eating behavior.   
 
Ad libitum eating behavior subsequent to the five-day period of dietary restriction supports 
our interpretation of increased incentive salience for rewarding foods after the RF diet. 
However, our study was not specifically powered to detect differences in this exploratory 
outcome and analyses were not corrected for multiple comparisons.  
 
Finally, our interpretation on the effect of RC and RF diets on brain dopamine is limited 
to the early stages of initiating a reduced energy diets and does not address long term 
changes or adaptations in neurochemistry or reward circuit function. Future studies 
should investigate changes in neurochemistry and reward circuit activity in relation to diet 
composition over longer periods of weight loss.  
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FIGURE TITLES AND LEGENDS 
 
Figure 1.Study design. Seventeen men and women with obesity were admitted as 
inpatients to the Metabolic Clinical Research Unit at the NIH Clinical Center and 
completed fMRI and PET scans on the third day of a five-day eucaloric baseline diet after 
which they were randomized to either a 30% reduced calorie diet achieved by selective 
restriction of dietary fat (RF diet) or carbohydrate (RC diet). Neuroimaging was repeated 
on the fifth day of the reduced energy diet after which, on days 12-14 of the inpatient stay, 
participants consumed food ad libitum from vending machines. After a two to four-week 
washout period, participants were readmitted as inpatients to complete the five-day 
eucaloric baseline diet and neuroimaging was repeated on the fifth day of the alternate 
30% reduced calorie diet. During the final three inpatient days, participants again 
consumed food ad libitum from vending machines.    

 
Figure 2. Selective reduction of dietary fat, but not carbohydrate, alters brain 
reward circuitry as compared to a eucaloric baseline diet. A) Decreased striatal 
activity during the RF diet versus baseline in response to visual food cues using fMRI 
(n=17); B) Reduced dopamine D2/3 receptor binding potential during the RF diet versus 
baseline using [18F]fallypride PET (n=15).  
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TABLES  
 
Table 1. Characteristics of participants completing baseline and portions of 
neuroimaging during reduced calorie interventions. 
  

Mean ± SD (Range) N 

 Age (years) 34.8 ± 7.6 (23-46) 17 

 Body weight (kg) 106.2 ± 17.2 (80.9-134.2) 17 

 BMI (kg/m2) 36.0 ± 4.9 (29.4-44.6) 17 

 % Body fat 39.8 ± 8.9 (22.4-51.5) 17 

 Resting metabolic rate (kcal/day) 1826 ± 351 (1279-2323) 17 

 Energy intake, baseline (kcal/day) 2569 ± 483 (1942-3399) 17 
 Carbohydrate intake (g/day) 324.0 ± 60.0 (245.3-425.2) 17 

 Fat intake (g/day) 100.2 ± 18.7 (74.7-130.0) 17 

 Protein intake (g/day) 110.7 ± 22.4 (72.7-132.9) 17 

 Sex  Percent (%) N 
 Female 52.9  9 
 Male 47.1  8 
Race/Ethnicity   

 Black 70.6 12 
 White 11.8  2 
 Hispanic 11.8  2 
  Asian   5.9  1 
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Table 2. Locations of clusters with significant changes in D2BP or BOLD responses 
to reduced fat or carbohydrate diets after correction for multiple comparisons.    
  

Location of peak Voxels Size (mm3) Z-score alpha  
X y z     

fMRI BOLD 
RF diet vs. Baseline (paired t-test, n=17) 

   

Right putamen -23.0  -3.0 -2.0 113 904 -3.30 <0.01 
Left putamen 19.0  -9.0  6.0   84 672 -3.59 <0.02 
Left caudate  15.0 -11.0  6.0   47 376 -3.42 <0.04 

RC diet vs. Baseline (paired t-test, n=17) 
No clusters -- -- -- -- -- -- -- 

PET D2BP 
RF diet vs. Baseline (paired t-test, n=15)  

   

Left putamen  26.2  -9.5   6.5 165 7074 -2.26 <0.01 
Right caudate   -8.8 -20.0   3.0   56 2401 -2.34 <0.01 
Right putamen -22.8  -2.5 17.0   44 1886 -2.09 <0.01 

RC diet vs. Baseline (paired t-test, n=17)  
No clusters -- -- -- -- -- -- -- 
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Table 3. Ad libitum intake from vending machines after RF and RC diets (mean ± 
SE; n=17).   

After RC After RF p 
Ad Libitum Energy Intake (kcal/d) 3225 ± 306 3297 ± 306 0.629 
Protein (%kcal) 16.5 ± 0.9 16.0 ± 0.9 0.315 
Fat (%kcal) 39.6 ± 1.2 39.3 ± 1.2 0.770 
Carbohydrate (%kcal) 44.3 ± 1.1 45.4 ± 1.1 0.365 
Sugar, total (%kcal) 20.0 ± 0.9 21.0 ± 0.9 0.231 
Items selected per day (total) 19.3 ± 1.2 19.9 ± 1.2 0.427 
Ultra-processed foods (%kcal) 80.7 ± 2.3 81.2 ± 2.3 0.748 
Hyperpalatable foods (%kcal) 70.7 ± 2.8 71.2 ± 2.8 0.762 
HCHF foods (%kcal) 9.8 ± 1.7 12.8 ± 1.7 0.072 
HCLF foods (%kcal) 11.9 ± 1.5 10.2 ± 1.5 0.246 
HPHF foods (%kcal) 25.5 ± 2.0 21.7 ± 2.0 0.049 
HPLF foods (%kcal) 10.2 ± 1.6 11.4 ± 1.6 0.429 
HSHF foods (%kcal) 13.2 ± 1.5 16.0 ± 1.5 0.099 
HSLF foods (%kcal) 6.6 ± 1.3 5.5 ± 1.3 0.159 
SSB (%kcal) 8.4 ± 1.1 9.8 ± 1.1 0.032 
HCHF+HSHF (%kcal) 23.1 ± 2.4 28.8 ± 2.4 0.010 
HCHF+HSHF+SSB (%kcal) 31.4 ± 3.0 38.6 ± 3.0 <0.001 

HCHF=high carbohydrate, high fat; HCLF=high carbohydrate, low fat; HPHF=high 
protein, high fat; HPLF=high protein, low fat; HSHF=high sugar, high fat; HSLF=high 
sugar, low fat; SSB=sugar sweetened beverages 
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METHODS 
 
Experimental Model and Subject Detail 
Twenty-one adults provided informed consent to participate in a randomized crossover 
trial investigating the effects of selective isocaloric reduction of dietary fat versus 
carbohydrate on macronutrient metabolism, striatal dopamine type 2 receptor binding 
potential, and neural activity in response to food stimuli in brain reward regions 
(ClinicalTrials.gov NCT00846040). Study details regarding the primary metabolic 
outcomes were reported elsewhere (Hall et al., 2015). In brief, right-handed non-smokers 
between 18-45 years of age with a reported BMI greater than 30 kg/m2 (body weight < 
350 pounds) were recruited from the Washington DC metro area. All were free from 
diabetes, recent weight change (> ± 5 kg in the past 6 months), physical mobility 
impairments, past or present history of drug abuse, neurological, or psychiatric disorders 
(including eating disorders such as binge eating) as assessed by an abbreviated 
Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders. 
Furthermore, participants were free from evidence of diseases or medications interfering 
with study outcomes, allergies to food or local anesthetics, evidence of regular 
excessive use of caffeinated drinks and alcohol or had strict dietary concerns (vegetarian 
or kosher diet). Premenopausal women were studied in the follicular phase for each 
inpatient visit and were excluded if they were pregnant or breastfeeding. All study 
procedures were approved by the Institutional Review Board of the National Institute of 
Diabetes & Digestive & Kidney Diseases and participants were compensated for their 
participation. 
 
Method Details 
Volunteers were admitted to the NIH Clinical Center for a 14-day period to receive the 
eucaloric baseline diet for 5 days followed by either the RC or the RF diet for the next 6 
days followed by 3 days of ad libitum feeding from computerized vending machine, as 
detailed below (Figure 1). Participants were readmitted after a 2- to 4-week washout 
period to repeat the 5-day eucaloric baseline diet followed by 6 days of the alternate 
reduced calorie diet and 3 days of ad libitum feeding.  Every day, participants completed 
60 min of treadmill walking at a fixed self-selected pace and incline determined during 
screening to mimic free-living levels of physical activity.  
 
The CONSORT diagram reiterates enrollment details provided in (Hall, Bemis et al. 2015) 
(Supplementary Figure 1). Two participants withdrew during the first baseline diet, and 
did not complete any neuroimaging. Of the 19 participants who completed the initial 
baseline diet, 10 were randomized to next receive the RC diet and 9 were randomized to 
next receive the RF diet. Among 10 participants receiving the RC diet on their first 
admission, 1 participant completed PET but not fMRI procedures during the RC diet and 
2 withdrew before receiving the RF diet on the second planned admission. Among the 9 
participants receiving the RF diet on their first admission, 2 completed fMRI but not PET 
on their first admission (participant-declined PET scans), and 1 participant did not have 
available fMRI data during their second admission on the RC diet. Full neuroimaging data 
(PET and fMRI) across all 3 diet conditions are available for n=13 participants and the 
results are provided in Supplementary Materials. Complete PET data are available in 
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n=15 participants and complete fMRI data are available from n=15 participants and the 
results are provided in Supplementary Materials.  
 
Anthropometrics. 
Height was measured in centimeters using a wall stadiometer (Seca 242, Hanover, MD, 
USA) and weight was measured in kilograms using a digital scale (Scale-Tronix 5702, 
Carol Steam, IL, USA). All measurements were obtained after an overnight fast while 
participants were wearing only hospital scrubs.  
 
Diets.  
All subjects were confined to the metabolic ward throughout the study without access to 
outside food. Meals were consumed under observation and any uneaten food was 
weighed back to subsequent meals were adjusted to account for uneaten food as needed. 
Diets were designed using ProNutra software (version 3.4, Viocare, Inc.).  
 
Baseline eucaloric diet. The daily caloric content during the initial out-patient segment 
and the weight-maintenance phase was based on the resting energy expenditure 
measured at screening with an activity factor of 1.5. Beginning 2 days before each 
admission, participants were provided with a weight-maintenance diet using a standard 
diet composition of 50% carbohydrate, 35% fat, and 15% protein, which continued for the 
next 5 days. All participants were provided with the standard diet during the first inpatient 
admission for at least one day prior to measuring baseline fMRI and D2BP. Energy and 
macronutrient intake during the baseline eucaloric diet are presented in Table 1. 
 
Reduced energy diets. During the restricted diet phase (inpatient days 6 to 11), 30% of 
baseline calories were removed by selective reduction of either carbohydrate (RC diet) or 
fat (RF diet) while keeping other two macronutrients unchanged from eucaloric baseline 
diet.   
 
Ad libitum vending machine diet. For the last 3 days of each inpatient stay, participants 
were given ad libitum access to a computerized vending machine (Starfoods, Necta, 
Valbrembo, Italy). The MSSP procedure was used to select items for stocking the vending 
machine (Geiselman, Anderson et al. 1998). This paradigm was selected for use in this 
study as it was developed to show preference between foods of differing fat and 
carbohydrate content. It is composed of six categories of food, including high complex 
carbohydrate/high fat (HCHF), high simple sugar /high fat (HSHF), low carbohydrate/high 
protein/high fat (HPHF), high complex carbohydrate/low fat (HCLF), high simple 
sugar/low fat (HSLF), and low carbohydrate/high protein/high fat/ (HPHF). A list of 76 
foods that fit into these categories was provided to participants in a Food Questionnaire. 
This questionnaire contained Likert-type scales with questions in which the participant 
rated how much they liked each of the food items that could potentially be provided in the 
vending machine. The questionnaire also asked how often each of those food items were 
consumed normally by the participant (i.e., daily, weekly, or monthly). Of these foods, a 
total of 40 items that fit into the previously mentioned categories were chosen for inclusion 
in the vending machine if preference was rated from 4 to 9 on the 10-point Likert scale. 
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Vending machines were stocked with traditional breakfast, lunch, dinner and snack items. 
Beverages and condiments were also included in the vending machine and consumption 
of these items was also recorded. Sugar-sweetened beverages (SSB) included fruit 
juices, lemonade, chocolate milk and regular sodas. Each participant had access to one 
vending machine that only they could access. Once foods were selected, participants 
were instructed to eat in the dining area and no food was allowed in the participant’s room. 
All uneaten food and wrappers were returned to the Metabolic Kitchen to be weighed. 
The vending machines were re-stocked daily at 8 am with items that had been removed 
in the previous 24 hours. All foods were weighed to the nearest tenth of a gram on a 
digital scale (Mettler Toledo MS Series, Columbus, OH, USA) prior to placing them in the 
computerized vending machine and the remainder of any uneaten foods were weighed 
after consumption. Energy and macronutrient composition of the foods consumed from 
the vending machine were calculated using a computerized nutrition database (ProNutra, 
Viocare Inc., Princeton, NJ, USA). 
 
Vending machine foods were retrospectively categorized as either ultra-processed or 
non-ultra-processed based on NOVA categories (Monteiro, Cannon et al. 2018) and 
additionally categorized as hyperpalatable or non-hyperpalatable based on definitions 
presented by (Fazzino, Rohde et al. 2019). 
 
Statistical analyses of caloric intake from Vending Machines were performed using IBM 
SPSS Statistics (28.0.1.1). Repeated-measure mixed model analyses were used to 
assess differences in intake of energy, macronutrients, percent of calories from MSSP 
and sugar sweetened beverages among 17 participants completing both 3-day ad libitum 
periods. 
 
Magnetic Resonance Imaging 
On the afternoon following the morning PET scanning, high resolution anatomical brain 
MRI was acquired with a HDx General Electric 3 Tesla scanner (TE = 2.7ms, TR 7.24 ms, 
flip angle 12°, voxel size 0.937*0.937*1.2mm) for each subject.  
 
Under each diet condition, all subjects were scanned at 18:00, 4.5 h after a standardized, 
diet-appropriate meal. Functional and structural imaging was performed on a 3T General 
Electric scanner and a GE 8-channel receive-only head coil. High-resolution anatomical 
images were collected prior to functional scanning runs (TE = 2.7 ms, TR: 7.24 ms, flip 
angle: 12 degrees, voxel size: 0.937×0.937×1.2 mm). For the functional scans, 206 
magnetic resonance (MR) volumes were acquired. Each echoplanar image (EPI) 
consisted of 44 2.8-mm slices (echo time [TE] = 27 ms, repetition time [TR] = 2500 ms, 
flip angle = 90 degrees, voxel size = 3.4375×3.4375×2.8 mm). All structural and functional 
images were collected with a Sensitivity Encoding (SENSE) factor of 2 used to reduce 
image collection time (for structural images) or minimize image distortions (in functional 
images) while reducing gradient coil heating over the course of the scan session. 
 
The task is described in detail elsewhere (Simmons et al., 2014). In brief, 144 visual food 
cues ranging from highly processed, energy dense foods to raw fruits and vegetables 
were displayed to participants using E-prime software (www.pstnet.com). Images 
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projected to the scanner-room screen were viewed via head coil-mounted mirror. Each 
image was presented for 5 seconds during which time participants indicated their 
response to a question (“If given the opportunity right now, how pleasant would it be to 
eat this food?”) using an MR compatible scroll wheel to select values along a number line 
positioned next to the image. A fixation cross was presented for varying durations 
between stimuli (mean ISI = 3.7 seconds; duration 2.5–7.5 seconds). The pleasantness 
rating scale ranged from 1 (“neutral”) to 7, with 1 depicted as “neutral” and 7 as “extremely 
pleasant” and included an “unpleasant” option represented by the letter “X” located below 
the number line. For images that participants viewed as “unpleasant”, they were 
instructed to select the “X” if they believed the depicted food would be at all unpleasant 
to eat. Food images rated as “unpleasant” were excluded from the MRI and behavioral 
analyses. 
 
Analyses of functional neuroimaging were performed in AFNI (AFNI_20.2.00 'Aulus 
Vitellius'). Each individual’s anatomical MRI was transformed into the Talairach space, 
and the transformation matrix was applied to the functional data during pre-processing. 
All   functional   volumes   were   aligned   to   a common base EPI represented by the 
third volume of the first functional run. The first three volumes of each EPI run were 
trimmed to allow the fMRI signal to reach steady state. A slice-time correction was applied 
to all functional volumes, which were also smoothed with a 6-mm full-width half-max 
Gaussian kernel.  Additionally, the signal value for each EPI volume was normalized to 
the percent signal change from the voxel’s mean signal across the time course.  
 
Individual subject   data   were   checked   for   quality assurance, and outlying time points 
resulting from head motion were censored from the analyses. At the individual level, 
multiple regression was used to analyze the data, with regressors of non-interest included 
in the model to account for each run’s signal mean, linear, quadratic, and cubic signal 
trends, as well as six motion parameters (three translations and three rotations) saved 
from the image registration step during pre-processing. The food pleasantness task 
regressor was constructed by convolving a box-car function with a width of 5 s beginning 
at the onset of the food image with a gamma-variate function to adjust the predictor 
variable for the delay and shape of the BOLD response. 
 
Positron Emission Tomography 
PET scanning was completed using Siemens HRRT (Siemens Healthcare, Malvern, PA) 
2 hours after a standard breakfast and immediately after a bolus of 5 mCi of [18F]fallypride 
infused intravenously using a Harvard® pump. The specific activity was approximately 
2000 mCi/µmol at time of injection and the radiochemical purity of the radiotracer was > 
99%.  PET emission data were collected over 3.5 hours in three blocks separated by two 
10-minute breaks. Thirty-three volumes were acquired at times 0, 0.25, 0.5, 0.75, 1, 1.25, 
1.5, 1.75, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9, 10, 12.5, 15, 20, 25, 30, 40, 50, 60, 90, 110, 
130, 170, 200 min.  During each scan block, the room was quiet and dimly lit and each 
subject was instructed to keep their head as still as possible, relax, and try to avoid falling 
asleep. The image reconstruction process corrected for head motion which was tracked 
throughout each scan.  
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Each scan consisted of 207 slices (slice separation = 1.22 mm). The fields of view were 
31.2 cm and 25.2 cm for transverse and axial slices, respectively. A transmission scan 
was obtained with a 137Cs rotating pin source before radiotracer injection and before the 
emission scan to correct for attenuation. The PET images were aligned within each scan 
block with 6-parameter rigid registration using 7th order polynomial interpolation and each 
block was aligned to the volume taken at 20 min of the first block. The final alignments 
were visually checked, with translations varying by <5 mm and the rotations by <5 
degrees.  
 
Quantification and Statistical Analysis 
fMRI images were included in AFNI’s 3dttest++ to identify clusters of significant effects of 
the diet condition (RF>Baseline for n=17; RC>Baseline for n=17; RF>RC for n=15). 
Analyses using participants with complete neuroimaging data across 3 diet conditions 
(n=13) were analyzed via AFNI 3dANOVA (Supplementary Materials). Since diet 
condition did not have a significant impact on food pleasantness ratings, analysis of brain 
activity to food pictures was not modulated by pleasantness ratings to maximize study 
power. Small volume corrections were implemented within the ROI defined by the 
orbitofrontal cortex, striatal-pallidal reward neurocircuit previously described (Simmons, 
Rapuano et al. 2014) (Supplementary Figure 4) with a voxel-wise p<0.005 and cluster 
size threshold to achieve bi-sided correction for multiple comparisons at p<0.05 via AFNI 
3dclustsim. 
 
Individual participants’ anatomical MRI images (see above) were co-registered to the 
aligned PET images by minimizing a mutual information cost function for each individual 
participant. Each individual’s anatomical MRI was transformed into the Talairach space, 
and the transformation matrix was applied to the PET images which were then smoothed 
with a 5-mm full-width, half-max Gaussian kernel. Time-activity curves for [18F] fallypride 
concentration in each voxel were fit to a four-compartment model (with the cerebellum 
used as the reference tissue) to determine D2BP (Lammertsma and Hume 1996). 
Participants’ D2BP maps were included in AFNI’s 3dttest++ identify clusters of significant 
dietary effects (RF>Baseline for n=15; RC>Baseline for n=17; RF>RC for n=15). 
Analyses using participants with complete neuroimaging data across 3 diet conditions 
(n=13) were analyzed via AFNI 3dANOVA (Supplementary Materials). Since high D2BP 
occurs mainly in striatum, small volume corrections were implemented within each 
hemisphere where D2BP >1.5. A bi-sided voxel-wise threshold of p<0.1 was used, and 
cluster size threshold to achieve correction for multiple comparisons at p<0.05.  Using a 
full mixed effects model (AFNI 3dANOVA3), clusters survive correction for multiple 
comparisons using 3dClustSim at alpha of 0.05 a threshold of 33 voxels. 
 
Additional Resources 
ClinicalTrials.gov Identifier NCT00846040 
 
 
 
 
 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800


17 
 

REFERENCES 
 

Alhadeff, A. L., N. Goldstein, O. Park, M. L. Klima, A. Vargas and J. Nicholas Betley (2019). "Natural and 
drug rewards engage distinct pathways that converge on coordinated hypothalamic and reward circuits 
HHS Public Access." Neuron 103(5): 891-908. 
Banks, W. A. (2004). "The source of cerebral insulin." European Journal of Pharmacology 490(1): 5-12. 
Beeler, J. A., N. Daw, C. R. M. Frazier and X. Zhuang (2010). "Tonic dopamine modulates exploitation of 
reward learning." Frontiers in Behavioral Neuroscience 4(NOV): 170-170. 
Bello, N. T. and A. Hajnal (2010). "Dopamine and binge eating behaviors." Pharmacology, biochemistry, 
and behavior 97(1): 25-33. 
Berland, C., E. Montalban, E. Perrin, M. Di Miceli, Y. Nakamura, M. Martinat, M. Sullivan, X. S. Davis, M. A. 
Shenasa, C. Martin, S. Tolu, F. Marti, S. Caille, J. Castel, S. Perez, C. G. Salinas, C. Morel, J. Hecksher-
Sørensen, M. Cador, X. Fioramonti, M. H. Tschöp, S. Layé, L. Venance, P. Faure, T. S. Hnasko, D. M. Small, 
G. Gangarossa and S. H. Luquet (2020). "Circulating Triglycerides Gate Dopamine-Associated Behaviors 
through DRD2-Expressing Neurons." Cell Metabolism 31(4): 773-790.e711. 
Berland, C., D. M. Small, S. Luquet and G. Gangarossa (2021). "Dietary lipids as regulators of reward 
processes: multimodal integration matters." Trends in Endocrinology and Metabolism 32(9): 693-705. 
Blunt, S. B., P. Jenner and C. D. Marsden (1992). "Autoradiographic study of striatal D1 and D2 dopamine 
receptors in 6-OHDA-lesioned rats receiving foetal ventral mesencephalic grafts and chronic treatment 
withl-DOPA and carbidopa." Brain Research 582(2): 299-311. 
Bozzetto, L., G. Della Pepa, C. Vetrani and A. A. Rivellese (2020). "Dietary Impact on Postprandial Lipemia." 
Frontiers in Endocrinology 11: 337-337. 
Cansell, C., J. Castel, R. Denis, C. Rouch, A. S. Delbes, S. Martinez, D. Mestivier, B. Finan, J. G. Maldonado-
Aviles, M. Rijnsburger, M. H. Tschöp, R. J. Dileone, R. H. Eckel, L. Fleur, C. Magnan, T. S. Hnasko and S. 
Luquet (2014). "Dietary triglycerides act on mesolimbic structures to regulate the rewarding and 
motivational aspects of feeding." Molecular Psychiatry 19: 1095-1105. 
Carr, K. D., Y. Tsimberg, Y. Berman and N. Yamamoto (2003). "Evidence of increased dopamine receptor 
signaling in food-restricted rats." Neuroscience 119(4): 1157-1167. 
Carvelli, L., J. A. Morón, K. M. Kahlig, J. V. Ferrer, N. Sen, J. D. Lechleiter, L. M. Leeb-Lundberg, G. Merrill, 
E. M. Lafer, L. M. Ballou, T. S. Shippenberg, J. A. Javitch, R. Z. Lin and A. Galli (2002). "PI 3-kinase regulation 
of dopamine uptake." J Neurochem 81(4): 859-869. 
Chen, Y. C., J. K. Choi, S. L. Andersen, B. R. Rosen and B. G. Jenkins (2005). "Mapping dopamine D2/D3 
receptor function using pharmacological magnetic resonance imaging." Psychopharmacology (Berl) 
180(4): 705-715. 
Cox, S. M. L., M. J. Frank, K. Larcher, L. K. Fellows, C. A. Clark, M. Leyton and A. Dagher (2015). "Striatal D1 
and D2 signaling differentially predict learning from positive and negative outcomes." NeuroImage 109: 
95-101. 
de Araujo, I. E., A. J. Oliveira-Maia, T. D. Sotnikova, R. R. Gainetdinov, M. G. Caron, M. a. L. Nicolelis and S. 
a. Simon (2008). "Food reward in the absence of taste receptor signaling." Neuron 57(6): 930-941. 
DiFeliceantonio, A. G., G. Coppin, L. Rigoux, S. Edwin Thanarajah, A. Dagher, M. Tittgemeyer and D. M. 
Small (2018). "Supra-Additive Effects of Combining Fat and Carbohydrate on Food Reward." Cell 
Metabolism 0(0): 1-12. 
Dreyer, J. K., K. F. Herrik, R. W. Berg and J. D. Hounsgaard (2010). "Influence of phasic and tonic dopamine 
release on receptor activation." The Journal of neuroscience : the official journal of the Society for 
Neuroscience 30(42): 14273-14283. 
Dunn, J. P., N. N. Abumrad, R. M. Kessler, B. W. Patterson, R. Li, P. Marks-Shulman and R. A. Tamboli 
(2017). "Caloric restriction-induced decreases in dopamine receptor availability are associated with leptin 
concentration." Obesity 25(11): 1910-1915. 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800


18 
 

Eisenstein, S. A., A. N. Bischoff, D. M. Gredysa, J. A. V. Antenor-Dorsey, J. M. Koller, A. Al-Lozi, M. Y. Pepino, 
S. Klein, J. S. Perlmutter, S. M. Moerlein, K. J. Black and T. Hershey (2015). "Emotional eating phenotype 
is associated with central dopamine D2 receptor binding independent of body mass index." Scientific 
Reports 5(1): 11283-11283. 
Fazzino, T. L., K. Rohde and D. K. Sullivan (2019). "Hyper-Palatable Foods: Development of a Quantitative 
Definition and Application to the US Food System Database." Obesity (Silver Spring) 27(11): 1761-1768. 
Ferreira, J. G., L. A. Tellez, X. Ren, C. W. Yeckel and I. E. de Araujo (2012). "Regulation of fat intake in the 
absence of flavour signalling." The Journal of physiology 590(4): 953-972. 
Figlewicz, D. P., S. B. Evans, J. Murphy, M. Hoen and D. G. Baskin (2003). "Expression of receptors for 
insulin and leptin in the ventral tegmental area/substantia nigra (VTA/SN) of the rat." Brain Research 
964(1): 107-115. 
Frank, S., R. Veit, H. Sauer, P. Enck, H.-C. Friederich, T. Unholzer, U.-M. Bauer, K. Linder, M. Heni, A. Fritsche 
and H. Preissl (2015). "Dopamine depletion reduces food-related reward activity independent of BMI." 
Neuropsychopharmacology 41: 1551-1559. 
Fu, J., S. Gaetani, F. Oveisi, J. Lo Verme, A. Serrano, F. Rodríguez De Fonseca, A. Rosengarth, H. Luecke, B. 
Di Giacomo, G. Tarzia and D. Piomelli (2003). "Oleylethanolamide regulates feeding and body weight 
through activation of the nuclear receptor PPAR-alpha." Nature 425(6953): 90-93. 
Gaetani, S., F. Oveisi and D. Piomelli (2003). "Modulation of Meal Pattern in the Rat by the Anorexic Lipid 
Mediator Oleoylethanolamide." Neuropsychopharmacology 28(7): 1311-1316. 
Geiselman, P. J., A. M. Anderson, M. L. Dowdy, D. B. West, S. M. Redmann and S. R. Smith (1998). 
"Reliability and validity of a macronutrient self-selection paradigm and a food preference questionnaire." 
Physiol Behav 63(5): 919-928. 
Ginovart, N., L. Farde, C. Halldin and C. G. Swahn (1997). "Effect of reserpine-induced depletion of synaptic 
dopamine on [11C]raclopride binding to D2-dopamine receptors in the monkey brain." Synapse 25(4): 
321-325. 
Grace, A. A. (2000). "The tonic/phasic model of dopamine system regulation and its implications for 
understanding alcohol and psychostimulant craving." Addiction 95 Suppl 2: S119-128. 
Guo, J., W. K. Simmons, P. Herscovitch, A. Martin and K. D. Hall (2014). "Striatal dopamine D2-like receptor 
correlation patterns with human obesity and opportunistic eating behavior." Molecular Psychiatry 19(10): 
1078-1084. 
Hall, K. D., T. Bemis, R. Brychta, K. Y. Chen, A. Courville, E. J. Crayner, S. Goodwin, J. Guo, L. Howard, N. D. 
Knuth, B. V. Miller, C. M. Prado, M. Siervo, M. C. Skarulis, M. Walter, P. J. Walter and L. Yannai (2015). 
"Calorie for calorie, dietary fat restriction results in more body fat loss than carbohydrate restriction in 
people with obesity." Cell Metabolism 22(3): 427-436. 
Hall, K. D., J. Guo, A. B. Courville, J. Boring, R. Brychta, K. Y. Chen, V. Darcey, C. G. Forde, A. M. Gharib, I. 
Gallagher, R. Howard, P. V. Joseph, L. Milley, R. Ouwerkerk, K. Raisinger, I. Rozga, A. Schick, M. Stagliano, 
S. Torres, M. Walter, P. Walter, S. Yang and S. T. Chung (2021). "Effect of a plant-based, low-fat diet versus 
an animal-based, ketogenic diet on ad libitum energy intake." Nature Medicine: 1-10. 
Horstmann, A., W. K. Fenske and M. K. Hankir (2015). "Argument for a non-linear relationship between 
severity of human obesity and dopaminergic tone." Obesity Reviews 16(10): 821-830. 
Johnson, P. M. and P. J. Kenny (2010). "Dopamine D2 receptors in addiction-like reward dysfunction and 
compulsive eating in obese rats." Nature Neuroscience 13(5): 635-641. 
Kaye, W. H., G. K. W. Frank and C. McConaha (1999). "Altered dopamine activity after recovery from 
restricting-type anorexia nervosa." Neuropsychopharmacology 21(4): 503-506. 
Kullmann, S., D. Blum, B. Assad Jaghutriz, C. Gassenmaier, B. Bender, H.-U. Häring, G. Reischl, H. Preissl, 
C. L. Fougère, A. Fritsche, M. Reimold and M. Heni (2021). "Central Insulin Modulates Dopamine Signaling 
in the Human Striatum." The Journal of Clinical Endocrinology & Metabolism 106(10): 2949-2961. 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800


19 
 

Lammertsma, A. A. and S. P. Hume (1996). "Simplified reference tissue model for PET receptor studies." 
Neuroimage 4(3 Pt 1): 153-158. 
Laruelle, M., A. Abi-Dargham, C. H. van Dyck, W. Rosenblatt, Y. Zea-Ponce, S. S. Zoghbi, R. M. Baldwin, D. 
S. Charney, P. B. Hoffer, H. F. Kung and R. B. Innis (1995). "SPECT Imaging of Striatal Dopamine Release 
after Amphetamine Challenge." Journal of Nuclear Medicine 36(7). 
Laruelle, M., C. D. D. Souza, R. M. Baldwin, A. Abi-dargham, S. J. Kanes, C. L. Fingado, J. P. Seibyl, S. S. 
Zoghbi, M. B. Bowers, P. Jatlow, D. S. Charney and R. B. Innis (1997). "Imaging D2 receptor occupancy by 
endogenous dopamine in humans." Neuropsychopharmacology 17(3): 162-174. 
Lee, Y., N. B. Kroemer, L. Oehme, B. Beuthien, T. Goschke and M. N. Smolka (2018). "Lower dopamine 
tone in the striatum is associated with higher body mass index." European Neuropsychopharmacology. 
Liu, S. and S. L. Borgland (2019). "Insulin actions in the mesolimbic dopamine system." Exp Neurol 320: 
113006. 
Makris, A. and G. D. Foster (2011). "Dietary approaches to the treatment of obesity." Psychiatr Clin North 
Am 34(4): 813-827. 
Mazzone, C. M., J. Liang-Guallpa, C. Li, N. S. Wolcott, M. H. Boone, M. Southern, N. P. Kobzar, I. d. A. 
Salgado, D. M. Reddy, F. Sun, Y. Zhang, Y. Li, G. Cui and M. J. Krashes (2020). "High-fat food biases 
hypothalamic and mesolimbic expression of consummatory drives." Nature Neuroscience 23(10): 1253-
1266. 
Mebel, D. M., J. C. Y. Wong, Y. J. Dong and S. L. Borgland (2012). "Insulin in the ventral tegmental area 
reduces hedonic feeding and suppresses dopamine concentration via increased reuptake." The European 
journal of neuroscience 36(3): 2336-2346. 
Monteiro, C. A., G. Cannon, J. C. Moubarac, R. B. Levy, M. L. C. Louzada and P. C. Jaime (2018). "The UN 
Decade of Nutrition, the NOVA food classification and the trouble with ultra-processing." Public Health 
Nutr 21(1): 5-17. 
Perszyk, E. E., Z. Hutelin, J. Trinh, A. Kanyamibwa, S. Fromm, X. S. Davis, K. M. Wall, K. D. Flack, A. G. 
DiFeliceantonio and D. M. Small (2021). "Fat and Carbohydrate Interact to Potentiate Food Reward in 
Healthy Weight but Not in Overweight or Obesity." Nutrients 13(4). 
Rodríguez de Fonseca, F., M. Navarro, R. Gómez, L. Escuredo, F. Nava, J. Fu, E. Murillo-Rodríguez, A. 
Giuffrida, J. LoVerme, S. Gaetani, S. Kathuria, C. Gall and D. Piomelli (2001). "An anorexic lipid mediator 
regulated by feeding." Nature 414(6860): 209-212. 
Samaha, A.-N., S. Y.-s. Khoo, C. R. Ferrario and T. E. Robinson (2020). Dopamine “ Ups and Downs ” in 
Addiction Revisited. Trends in Neurosciences, Elsevier. 2021: 1-9. 
Sander, C. Y., J. M. Hooker, C. Catana, B. R. Rosen and J. B. Mandeville (2016). "Imaging agonist-induced 
D2/D3 receptor desensitization and internalization in vivo with PET/fMRI." Neuropsychopharmacology 
41(5): 1427-1436. 
Schwartz, G. J., J. Fu, G. Astarita, X. Li, S. Gaetani, P. Campolongo, V. Cuomo and D. Piomelli (2008). "The 
Lipid Messenger OEA Links Dietary Fat Intake to Satiety." Cell Metabolism 8(4): 281-288. 
Simmons, W. K., K. M. Rapuano, J. E. Ingeholm, J. Avery, S. Kallman, K. D. Hall and A. Martin (2014). "The 
ventral pallidum and orbitofrontal cortex support food pleasantness inferences." Brain Structure and 
Function 219(2): 473-483. 
Sotak, B. N., T. S. Hnasko, S. Robinson, E. J. Kremer and R. D. Palmiter (2005). "Dysregulation of dopamine 
signaling in the dorsal striatum inhibits feeding." Brain Research 1061(2): 88-96. 
Stoof, J. C. and J. W. Kebabian (1981). "Opposing roles for D-1 and D-2 dopamine receptors in efflux of 
cyclic AMP from rat neostriatum." Nature 294(5839): 366-368. 
Tellez, L. A., J. G. Ferreira, S. Medina, B. B. Land, R. J. DiLeone and I. E. de Araujo (2013). "Flavor-
Independent Maintenance, Extinction, and Reinstatement of Fat Self-Administration in Mice." Biological 
Psychiatry 73(9): 851-859. 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800


20 
 

Tellez, L. A., W. Han, X. Zhang, T. L. Ferreira, I. O. Perez, S. J. Shammah-Lagnado, A. N. Van Den Pol and I. 
E. De Araujo (2016). "Separate circuitries encode the hedonic and nutritional values of sugar." Nature 
Neuroscience 19(3): 465-470. 
Tellez, L. A., S. Medina, W. Han, J. G. Ferreira, P. Licona-Limón, X. Ren, T. K. T. Lam, G. J. Schwartz and I. E. 
De Araujo (2013). "A gut lipid messenger links excess dietary fat to dopamine deficiency." Science 
341(6147): 800-802. 
Volkow, N. D., G. J. Wang, J. S. Fowler, J. Logan, M. Jayne, D. Franceschi, C. Wong, S. J. Gatley, A. N. Gifford, 
Y. S. Ding and N. Pappas (2002). ""Nonhedonic" food motivation in humans involves dopamine in the 
dorsal striatum and methylphenidate amplifies this effect." Synapse 44(3): 175-180. 
Wallace, D. L., E. Aarts, L. C. Dang, S. M. Greer, W. J. Jagust and M. D'Esposito (2014). "Dorsal striatal 
dopamine, food preference and health perception in humans." PLoS ONE 9(5): 1-7. 
Wang, G. J., A. Geliebter, N. D. Volkow, F. W. Telang, J. Logan, M. C. Jayne, K. Galanti, P. A. Selig, H. Han, 
W. Zhu, C. T. Wong and J. S. Fowler (2011). "Enhanced striatal dopamine release during food stimulation 
in binge eating disorder." Obesity (Silver Spring) 19(8): 1601-1608. 
Wang, G. J., N. D. Volkow, J. Logan, N. R. Pappas, C. T. Wong, W. Zhu, N. Netusil and J. S. Fowler (2001). 
"Brain dopamine and obesity." Lancet (London, England) 357(9253): 354-357. 
Wilcox, C. E., M. N. Braskie, J. T. Kluth and W. J. Jagust (2010). "Overeating Behavior and Striatal Dopamine 
with 6--Fluoro-L--Tyrosine PET." Journal of Obesity 2010: 1-6. 
Wise, R. A. (2004). "Dopamine, learning and motivation." Nature Reviews Neuroscience 5(6): 483-494. 
Wise, R. A. (2013). Dual roles of dopamine in food and drug seeking: The drive-reward paradox. Biological 
Psychiatry, NIH Public Access. 73: 819-826. 

 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800


Figure 1

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800


Y = -12 X = 25 Z = 5 

-5.0 -4.0 -3.0 -2.0 -1.0 0.0
B. 

A.

Figure 2

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 20, 2022. ; https://doi.org/10.1101/2022.04.19.488800doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488800

	CFR_041922submit.pdf
	MainText_FIGURE1.pdf
	MainText_FIGURE2.pdf

