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Abstract

Overeating of highly palatable (HP) foods in the ubiquitous HP food cue environment and under 

stress is associated with weight gain and contributes to the global obesity epidemic. However, 

subjective and biobehavioral processes that may increase HP overeating are not clear. Using a 

novel experimental approach, we examined HP food motivation and intake and neuroendocrine 

responses in the context of food cues, stress and a control neutral relaxing cue exposure in healthy 

individuals.

Methods: Twenty individuals (12M; 8F; ages 18-45) with body mass index (BMI) in the lean 

(LN: N=8; 3/8 female BMI: 18-24.9) or overweight/obese (OW: N=12; 5/12 female; BMI: 25-37) 

range were enrolled in a controlled, hospital-based, 3-day laboratory experiment. On each day, 

subjects were exposed to a brief 5-minute individualized guided imagery of stress, food cue or an 

active neutral-relaxing control cue script, followed by a food snack test (FST), with one imagery 

condition per day and order of imagery exposure randomized and counterbalanced across subjects. 

Subjective HP food craving and caloric intake, anxiety, cortisol and total ghrelin was assessed 

repeatedly during each test day.

Results: Significant condition and condition X group effects for food craving, anxiety and HP 

calorie intake were observed, with food cue relative to neutral condition increasing HP food 

craving and intake across all subjects (p<.001), but stress relative to neutral condition increased 

HP food craving and intake in the OW but not LN group (p<. 01). Pre-snack increases in food 

craving after exposure to food cues and to stress predicted greater subsequent HP food intake 

(p’s<.01). Furthermore, ghrelin increased in the food cue and stress conditions (p< .01), but stress-

induced increases in ghrelin was associated with HP food intake only in the OW/OB condition 

(p<.01). Finally, cortisol increased during food cue exposure and increased cortisol responses were 

associated with greater HP food caving and with intake (p’s<.05).
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Conclusions: These findings, while preliminary, validate a laboratory model of HP food 

motivation and intake and identify specific subjective and neuroendocrine responses that may play 

a role in HP snacking with implications for weight gain and obesity risk.
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INTRODUCTION

The United States is at the forefront of the global obesity epidemic with 67% of its 

population classified as overweight or obese (body mass index (BMI) ≥ 25kg/m2) [1-3]. 

Despite the epidemic and its significant adverse medical sequelae [2, 3], mechanisms driving 

such increases in obesity are not well understood. Overeating of highly palatable (HP) foods 

in the ubiquitous HP food cue environment and in stressful life contexts are known to 

contribute to weight gain and obesity risk [4-6], but underlying processes in these 

environmental contexts that promote overeating in humans is not well understood.

Highly palatable (HP) foods are more liked, preferred and found to be rewarding in taste 

relative to less palatable foods. These HP foods include those high in sugar, with sweet taste, 

highly processed foods high in saturated fats or high carbohydrates making up savory tastes 

and combination of food groups prepared in ways that enhance taste and value or ‘salience’ 

of such foods to an individual. These foods are ubiquitous in our current obesogenic 

environment, and such highly palatable and processed foods and their related associations 

or‘cues’ stimulate the brain reward and motivation pathways similar to reinforcing drugs of 

abuse, and via learning/conditioning mechanisms increase the likelihood of HP food seeking 

and consumption [4, 7-11]. These HP foods are also associated with increased food cravings 

and intake [12], and consumption of fast foods such as potato chips, processed meats, sugar 

sweetened beverages all predict long term weight gain in large prospective cohorts of US 

men and women [13]. Despite such evidence that conditioned properties of HP foods 

increases greater food craving and promotes their intake, there are few experimental studies 

that examine the biobehavioral processes that may promote HP food craving and intake.

Stressful environments are also associated with greater food intake [14-16] and chronic 

stress levels are associated with greater weight gain and obesity risk [6, 17-19]. Stressful 

experiences may increase demand for energy and promote gluconeogenesis and energy 

intake, that may also increase risk of higher food craving and intake [20]. Previous 

experimental studies assessing acute stress exposure effects on food intake have reported 

variable results [21-25]. While some research shows stress exposure increases high calorie 

food intake [17, 24, 26], others have shown reduced food intake with acute stress exposure 

in people with obesity [23, 27]. However, this research varies by a number of experimental 

factors, including type of acute stressor utilized in the experiment, weight status of the 

participants, and type of food presented for intake and exposure time for food intake. More 

importantly, they have largely not addressed motivational status of the individual, i.e., food 

cravings, and whether stress increases food craving to promote HP food intake.
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Building on the previous literature from addiction models, where stress and drug cues each 

promote drug craving and facilitate risk of increased drug use [18], we conducted a 

preliminary experimental study to assess whether exposure to acute stress and HP food cues 

each increase food craving and intake in healthy lean and overweight individuals. We 

utilized a previously well-validated and extensively utilized individualized guided imagery 

method [28-35] for inducing stress, food cues and control neutral relaxing state in the 

laboratory. This was followed by assessment of HP food craving and intake in a food snack 

test (FST) after each exposure. Furthermore, as both cortisol and ghrelin have been 

associated with stress and with HP food intake [36, 37], and are also altered by high BMI 

status [38], these hormones were repeatedly assessed throughout the study. We hypothesized 

that food cue and stress will each increase HP food cravings relative to the neutral control 

condition and that such increases in HP food craving will predict subsequent HP food intake. 

Furthermore, we hypothesized that significant changes in cortisol and ghrelin during food 

cue and with stress exposure, will be associated with HP food craving and intake.

MATERIALS AND METHODS

Screening and Intake Procedures

Healthy, non-smoking, non-substance using volunteers (12 men; 8 women; aged 18-45) were 

recruited from a community cohort of volunteers recruited from the greater New Haven area 

via flyers, radio, and social media advertisements. All volunteers completed medical, 

demographic, health assessments, including the Structured Clinical Interview for the 

Diagnostic and Statistical Manual IV-TR [39], Participants were excluded if they were 

cigarette smokers, had BMI above 38 due to risk of morbid obesity-related adverse health 

conditions, reported current dieting, met current DSM-IV-TR dependence criteria for any 

substance use disorders, or current other psychiatric disorders, including current eating 

disorders, had any current medical conditions and illnesses or if they were taking any 

medications. From 54 volunteers screened for this study, 16 were ineligible pertaining to 

these exclusions, while the others declined participation due to time constraints and 

changing their mind. Participants underwent breath alcohol testing, carbon monoxide 

testing, and urine toxicology screens to confirm being drug-free at each study appointment. 

Women who were pregnant, lactating or were on oral contraceptives as well as those who 

were peri or post-menopausal were also excluded. Participants received a physical 

examination by the admitting physician (JBG) to ensure all participants were in good health. 

Participants provided written informed consent and the study was approved by the Human 

Investigation Committee of the Yale University School of Medicine.

Script Development and Imagery Training

Prior to participation in the experimental procedures, all subjects participated in a structured 

interview session for imagery script development for the provocation of stress, food cue and 

control neutral relaxing contexts for the later laboratory experiment, as per our previously 

validated methods and structured manualized procedures [30, 32, 33, 35, 40]. Briefly, the 

stress imagery script was based on participants’ descriptions of a recent personally stressful 

event which made them “sad, mad, or upset, and with little control over the situation in the 

moment,” and that was experienced as “most stressful.” “Most stressful” was determined by 
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assessing perceived stress on a 10-point Likert scale where 1 = not at all stressful and 10 = 

the most stress they felt in the past year. Individual calibration of stressful situations was 

conducted by only accepting situations rated as 8 or above as appropriate for script 

development. Stressful situations involving food intake or eating contexts were not allowed. 

The food cue scripts were developed by participants identifying a recent situation that 

included their favorite HP food-related stimuli and subsequent intake of those HP foods. 

Favorite food intake situations that were associated with negative affect or psychological 

distress were not allowed. A neutral-relaxing, non-physiologically arousing, and non-food 

related script was developed from the participants’ description of a personally relaxing 

situation to serve as a control condition (See Appendix A for sample imagery scripts).

Imagery Training and Habituation Session: Participants were also provided with 

training in progressive relaxation and mental imagery in a 40 minute session prior to 

experimental sessions on Day 1 of admission as described below. During this session, an 

Intravenous (IV) heparin-treated catheter was inserted by the research nurse in the 

antecubital region of the participant’s non-preferred arm for the participant to habituate to 

any potential stress of the IV insertion. No blood was drawn during this training session. The 

procedures for the training are outlined in the imagery training manual [40] and in previous 

work [30]. Briefly the progressive muscle relaxation procedure involved learning to monitor 

the tension in specific muscle groups by first tensing each muscle group, then releasing the 

tension, while directing attention towards the differences felt during tension and relaxation.

Experimental Procedures:

Participants were admitted for a three-day, 2-night stay at the Yale Center for Clinical 

Investigation-Hospital Research Unit (HRU) located at the Yale New Haven Hospital, to 

ensure a controlled environment during the 3-day experiment. Upon admission on day 1, 

subjects were trained in progressive muscle relaxation and guided imagery and habituated to 

the IV insertion, as per our previous work and as outlined in the personalized imagery 

procedures training manual [40]. On each experimental day, participants were brought into 

the testing room at 2:00PM, after eating a standard healthy lunch at noon. A heparin-treated 

catheter was inserted by the research nurse in the antecubital region of the participant’s non-

preferred arm. A 45-minute adaptation period followed, after which baseline plasma samples 

were drawn and subjective anxiety and food craving assessments were conducted before and 

after a 20 minute progressive relaxation procedure. Next, participants were provided with 

headphones and exposed to an audio recording of the 5-minute personalized guided imagery 

script of either their stress, food cue, or neutral-relaxing scenarios, only one condition per 

day in a randomized and counterbalanced order of presentation across subjects. We 

instructed participants to: “Close your eyes and imagine the situation being described, ‘as if’ 
it were happening right now. Let your body and mind get completely involved in the 
situation, doing what you would do in the real situation.” Immediately following imagery 

exposure on each day, and after blood draws and assessments, participants were presented 

with the food snack test (FST) which comprised 4 bowls of HP snacks of one each of 

chocolate pudding, potato chips, popcorn and mini chocolate chip cookies, and two bowls of 

healthy snacks of baby carrots and grapes, each portioned to ~500 calories (3000 calories 

per lab session). The presentation of the FST with HP foods serves as discrete HP food cues 
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presented after imagery to assess effects on food motivation prior to food intake. Participants 

were then provided with the following instructions: “There are 6 bowls of different snacks 
on the tray. We will leave these here for the next hour and you can eat as much or as little as 
you like during the next hour”. All subjects were also videotaped for observed eating 

behavior coding. During this period, participants were not allowed to watch movies or do 

other activities but did have access to their phones. At the end of the hour, the tray was 

removed and the total calories consumed from each bowl of HP and healthy snacks was 

measured after each session as a measure of behavioral HP food motivation and intake. Food 

craving, anxiety, bloods draws for cortisol and ghrelin assessments were made at repeated 

timepoints throughout the session (Figure 1). All research staff were blind to the condition 

on each day as audiotapes were only marked by day and not by condition, which allowed for 

all assessments being conducted in a blinded manner.

Dependent Measures

HP Food Craving—A brief 6-item food craving scale (FCS) was derived from the well-

validated Food Craving Inventory (FCI, [41]), and included highly rated select high sugar, 

carbohydrate and fat items, for repeated assessment of food craving in an experimental 

setting. The specific FCI items rated included in the laboratory FCS were pizza, brownie, 

chocolate, cookies, ice cream and steak (on a 7 point scale). A total HP food craving score 

(sum of ratings) was computed at each timepoint of assessment as shown in Figure 1.

Subjective Anxiety Ratings—Subjective anxiety was rated on a 11-point scale anchored 

at 0 for “not at all” and 10 for “extremely anxious” measured at each assessment timepoint 

per session as shown in Figure 1.

Measurement of Cortisol and Ghrelin—Plasma samples (8 mL) were collected at the 

same 8 consecutive time-points as food craving on each day (Figure 1). All plasma samples 

were collected in heparinized tubes that were immediately placed on ice after drawing. 

Within 30 minutes of collection, the blood was centrifuged at 4°C and the plasma was 

pooled and aliquoted for cortisol and for total ghrelin assays. All tubes were stored at −70°C 

and analyzed using standard radioimmunoassay procedures as reported previously [19, 31].

Food Snack Test (FST) Calories Consumed: All snacks were carefully weighed and 

500 calories of the snack foods of chocolate pudding, potato chips, popcorn, mini chocolate 

chip cookies, baby carrots and grapes were portioned into their respective bowls prior to 

each session as shown in Figure 1. After the one-hour snacking period in each session, the 

amount of food snack consumed from each bowl was computed and the calories for each 

food was recorded, with a maximum of 500 calories per bowl for a total of 3000 calories for 

each laboratory session per day. HP food calories was a sum of the chocolate chip cookies, 

chocolate pudding, popcorn and potato chips, while the healthy food calories comprised the 

sum of calories of baby carrots and grapes consumed on each day.
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Data Analytic Plan

All statistical analyses were performed using SAS software (SAS, Version 9.3) and all 

figures were created with GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, 

USA).

We used Linear mixed effect (LME) models with a compound symmetry matrix structure for 

all analyses. The study design included the Between-Subjects factor of BMI [Lean(LN): 

below 25; Overweight/Obese(OW): 25-28] and Within-Subjects repeated factors, of 

Condition (Food cue, stress, neutral-relaxing) and Timepoint (baseline before imagery(−5), 

immediately following imagery(0), pre-snack timepoint prior to FST(+15), and 4 additional 

timepoints during ((+30, +45, +60) and post (+75) FST). Using these models, we tested the 

effects of BMI and Condition (food cue, stress relative to neutral cues) on food craving, 

cortisol, ghrelin and FST intake across time points. LME models in SAS also provide simple 

effects estimates with corresponding t-tests to deconstruct significant main effects and 

interactions. The specific contrasts were Stress (S) relative to neutral (N), Food Cue (FC) 

relative to N, and FC relative to N to deconstruct Condition main effects. In addition, BMI X 

Condition interaction effects were deconstructed with Condition effects as outlined above 

for each BMI group, and also for each Condition contrasting BMI groups, i.e., LN: S-N, FC-

N, FC-S; OW: S-N, FC-N, FC-S; and LN vs. OW for S, FC and N conditions. In addition, 

Pearson product-moment correlation analyses were conducted to assess the relationship of 

pre-snacking food craving, cortisol and ghrelin and amount of HP food consumed during the 

FST.

RESULTS

The subject sample comprised 12 men and 8 women, with 8 individuals with BMI’s in the 

lean (LN; 38% women) and 12 in the overweight/obese (OWOB - BMI: 25-38; 42% 

women) range, with a mean age of 31.35 (SD: 7.39), mean education level of 15.2 years 

(SD: 2.07), mean IQ of 111.4 (SD:7.9), who were 35% Caucasian, 35% African American, 

20% Hispanic and 10% Other. There were no differences between BMI groups on any of 

these demographic characteristics.

Pre-Snack HP Food Craving (FCS) and Subjective Anxiety Ratings:

For subjective HP food craving, a significant effect of Condition (F(2,36)=12.74, p<.0001) 

and BMI Group X Condition (F(2,36)=4.93, p<.02) was observed. Simple effects t-test 

analyses indicated significantly higher food craving in the food cue relative to neutral (FC > 

N: t=4.92, p<.0001) and relative to stress(FC>S: t=3.45, p<.001). Simple effects for the BMI 

X Condition effect revealed the lean (LN) group showing greater craving only in the food 

cue relative to neutral condition (t=4.66, p<.0001), but the OW group showing food craving 

increases in both the food cue (t=2.27, p<.04) and in the stress (t=2.01, p<.05) relative to 

neutral conditions (see Figure 2a).

For HP FST intake, a main effect of Condition (F(2,36)=3.86, p<.03) was observed, 

indicating significantly higher levels of HP food calories consumed in the food cue (t=2.99, 

p<.01) relative to the neutral condition (Figure 2b). A trend level interaction of BMI Group 
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X Condition (F(2,36)=3.31, p<.08) was also observed, resulting from greater HP food 

calories (HP FCAL) consumed in the food cue relative to neutral condition for the Lean 

(t=2.14, p<.04) only, but higher HPF CAL consumed in the stress condition for the OW 

relative to the LN group (t= 1.91, p<.05) (see Figure 2b).

For subjective anxiety, a significant effect of Condition (F(2,36)=8.7, p<.0008) and BMI 

Group X Condition (F(2,36)=3.71, p<.03) was observed. Simple effect contrasts revealed 

overall significantly higher anxiety in the food cue (t=2.02, p<.05) and in stress (t=2.11, p<.

04) relative to the neutral condition, but this arose from the people with Lean BMIs showing 

no significant increases in anxiety across any condition, but the people with OW/OB BMIs 

showing increased anxiety in the food cue (t=2.10, p<.03) and in the stress (t=4.35, p<.001) 

relative to the neutral condition (see Figure 2c).

Relationship between Pre-Snack HP Food Craving and HP FST Calorie Consumed:

Pre-FST food craving scores (FCS_PreSnack) were found to be highly correlated with 

subsequent HP food calories (HPF_CAL) consumed in the food cue (r=.82, p<.0001) 

condition across groups but not in the neutral condition (r=.31, p<.18). On the other hand, 

stress-induced food craving predicted HP FST intake only in the OW group but not in the 

Lean group (OW: r=.68, p<.02; LN: r=.55, p<.12) (see Figure 3a - 3c).

Total Ghrelin Response and Relationship to HP Food Craving and Intake

Overall LME analyses revealed a Condition main effect (F(2,35)=5.61, p<.008), but no 

significant BMI Group X Condition interaction (F(2,35)=0.75, p<.48). The Condition main 

effect resulted from stress (t=2.88, p<.007) and food cue (t=2.97, p<.005) exposure each 

increasing ghrelin relative to the neutral condition (see Figure 4a). Secondary exploratory 

effect of group differences showed that ghrelin increases during both stress and in food cue 

relative to neutral conditions was due to increases in those in the OW/OB BMI group (FC vs 

N: t=2.54, p<.02 S vs N: t=3.25, p<.003) and not the lean group (FC vs N: t= 1.78, p<.08; S 

vs N: t=1.12, p<.27) (see Fig 4a). Association between total ghrelin increases in each 

condition and food craving and intake were also conducted and revealed that stress-induced, 

but not food cue-induced increases in ghrelin were significantly associated with HP food 

craving and intake, and only in the OW group (see Figure 4b - 4c).

Cortisol Response and Relationship to HP Food Craving and Intake

Overall LME results indicated a Condition main effect (Condition: F(2,35)=3.58, p<.04) for 

the Cortisol response. Simple effect t tests contrasts indicated significant cortisol increases 

overall in the food cue relative to the neutral condition (t=2.66, p<.01). However, 

exploratory analysis by BMI Group indicated that this food cue-related increase in Cortisol 

was only significant for the Lean (LN) group (t=3.05, p<.004), and no significant differences 

between conditions were evident in the OW group (see Figure 5a). This overall blunted 

response in the OW group suggests BMI-related adaptations in cortisol responses. Finally, 

regarding correlations, cortisol responses during food cue imagery pre-snack was associated 

with food cue-induced HP craving (r=.54, p<.01) (see Figure 5b).

Sinha et al. Page 7

Physiol Behav. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

This preliminary study is the first to directly compare the effects of both food cue and stress 

exposure on HP food craving and HP food intake in a 3-day human laboratory experiment 

conducted within a controlled hospital-based setting with healthy community adults. As both 

the ubiquitous HP food environment and stressors are known to increase HP food intake and 

obesity risk, a direct comparison of these contexts could identify similar and differential 

processes that may underlie food motivation and intake. As hypothesized, and similar to our 

previous work in addiction [18], we found that exposure to both personal food cues and to 

personal stressors relative to a neutral relaxing control cue resulted in increases in HP food 

craving and subsequent increased snacking of HP foods in a standardized Food Snack Test 

(FST), but with differential effects in lean and overweight BMI groups. Furthermore, we 

found that increased food craving in these contexts was highly associated with subsequent 

amounts of HP food snack intake. Finally, both ghrelin and cortisol were found to 

significantly impact food motivation but differentially across lean and overweight 

individuals. Together, these results support the need for further investigation of 

biobehavioral processes underlying HP food motivation and intake, especially in the context 

of weight-related physiological adaptations.

Exposure to food cue imagery led to significant increases in HP food craving prior to the 

presentation of the FST at the pre-snack timepoint in both lean and OW individuals. 

Moreover, food cue-related increases in food craving predicted significant increases in HP 

snack intake across both lean and OW individuals. These data are consistent with a 

significant literature indicating that rewarding stimuli and their related contexts increase 

motivation and wanting of rewarding stimuli via conditioning and/or incentive salience 

mechanisms [4, 20, 42]. Also, a number of basic science and human neuroimaging studies 

have shown that food cue stimulus exposure increases food craving and activate brain reward 

and motivation regions [4, 7-11, 18, 43, 44]. Current findings further indicate that such food 

cue-related increases in HP food craving promote HP snack intake with greater intake of HP 

foods in the food cue context relative to the neutral relaxing contexts across individuals. 

These data validate the real-world contexts of advertising of HP foods to promote greater 

sales and intake of HP foods.

In contrast, we found a differential impact of stress on HP food craving and intake by BMI 

group where stress significantly increased food craving relative to the neutral condition, but 

only in the overweight and not the lean group. Furthermore, stress-induced HP food craving 

predicted subsequent HP snack intake in the overweight but not the lean group, suggesting 

that food motivational processes may be relevant in identifying those who are vulnerable to 

stress-induced eating. Previous laboratory studies have shown mixed results with some 

showing stress increasing food intake [17, 24], but others reporting no consistent increases in 

intake [23, 45]. While the methodology has varied across these studies, current findings 

suggest the need for direct comparison of BMI groups and consideration of weight-related 

adaptations in assessing stress effects on HP food motivation and intake. Current findings 

are also supported by a growing literature suggesting that BMI-related alterations impact not 

only metabolic hormones but also stress and reward processes that may contribute to 

increased food motivation and intake [18, 20, 44]. Together our findings on food cue- and 
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stress- related effects on HP food motivation and intake suggests differential effects by BMI, 

that may in turn, point to different mechanisms that may drive weight gain and obesity risk 

in individuals who are lean versus those who are overweight.

Our findings also show differential effects of food cue and stress exposure on total ghrelin 

responses and their contribution to HP food motivation and intake. Stress and food cue 

exposure increased ghrelin responses, but significantly for the OW and not the LN group. 

Furthermore, only in the OW group was stress-induced ghrelin increases significantly 

associated with both HP food craving and subsequent HP food intake. While ghrelin has 

well known homeostatic effects on feeding function [46, 47], recent focus has been on its 

role in both stress and mood regulation as well as in hedonically motivated feeding behavior, 

partially via its effects on mesolimbic reward circuits [37, 48]. Findings indicate that ghrelin 

can shift preferences to high palatable foods and increase the motivational aspects of food 

reward [48]. Ghrelin is also known to increase with stress and is involved in regulating 

anxiety and mood (36, 49-51). Neuroimaging studies have demonstrated that ghrelin 

administration increases the neural response to food pictures in areas associated with 

hedonic eating (i.e., amygdala, hippocampus, orbitofrontal cortex, striatum, and ventral 

tegmental area) [52]. Additionally, there is growing evidence that feed-forward circuitry 

between stress and food reward maybe partly mediated by ghrelin [52, 53]. In the current 

study, as the effects were specific to the OW group, they suggest that weight-related 

adaptations in ghrelin modulated pathways could potentially shift food motivation towards 

hedonic regulation, especially under stress conditions.

Finally, our findings also showed differential effects of cortisol responses to stress and food 

cue exposure. Notably, there was a significant increase in cortisol in the food cue relative to 

the neutral condition that was due to significant increases in cortisol in the lean group and 

not so in the OW group. Furthermore, food cue-related increases in cortisol was associated 

with greater food cue-related HP craving, suggesting a role for cortisol in food motivation. 

While glucocorticoids are often associated with the stress response, they are also known to 

play an important role in energy intake and regulation. Cortisol increases have been noted 

with intake of specific macronutrients, including carbohydrates, fats and proteins in animals 

and humans [6, 54], with the source of cortisol increases to be via both adrenal and extra-

adrenal production [54]. Furthermore, in our previous neuroimaging study, increases in 

cortisol during a mild hypoglycemic state was associated with greater activation of brain 

reward regions that promoted greater food craving [44]. Together, this previous research 

supports current findings of the association between greater cortisol responses to food cue 

exposure with food cue-induced HP food craving.

We did not see an overall significant increase in cortisol during stress exposure, but this was 

largely due to a lack of response in the OW group. Remarkably, the OW group showed 

blunted cortisol responses during stress and food cue relative to neutral conditions. This 

finding is consistent with growing evidence of blunted cortisol and autonomic responses to 

stress challenge in people who are OW or obese, along with altered autonomic and 

peripheral catecholamine responses to stress challenge in those weight groups [18, 21-25, 

55]. HPA axis adaptations with low cortisol awakening responses have been reported in 

higher BMI groups, along with blunted responses to stress and reduced dopamine activity 
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[20, 56]. Thus, the current findings of lack of cortisol increases in the OW group leads one 

to speculate that such HPA axis adaptations may contribute to higher HP food craving and 

intake in food cue and in stress contexts. However, this is speculation and would need 

further testing in future studies.

Several limitations of the current study need to be considered. First, the sample size was 

small and thus the findings are preliminary and need further validation. Also, due to the 

small sample size, sex differences and differential responses within the overweight groups 

were not assessed. It is possible that men and women differ in their food motivation and 

intake responses in food cue and stress contexts as shown in previous work [26,27]. Also, 

continuous assessment of BMI rather than arbitrary cutoffs for individuals in the lean, 

overweight and obese BMI range may provide greater sensitivity in assessing weight related 

adaptations. Thus, research with larger samples is required to replicate current findings and 

address these issues. Finally, as this study was conducted while participants were in a 

hospital, it is not clear whether the findings are generalizable to an outpatient experimental 

context or to real world food motivation and intake settings. On the other hand, as food cues 

and stress are among the most common contexts in which overeating of HP foods occur in 

the real world, the current study presents a well-controlled experimental model to study the 

biobehavioral processes that may contribute to increased food motivation and intake of 

highly palatable foods. Evidence of HP food motivation and increased snacking in these 

contexts is consistent with reports of obesogenic environments promoting increased HP food 

intake and weight gain in the real world. Furthermore, positive associations of HP food 

craving and intake by total ghrelin and cortisol responses suggests a role for metabolic and 

neuroendocrine adaptations in increased HP food motivation and intake.
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Appendix A

Sample Stress, Favorite Food Cue, and Neutral Imagery Scripts

Stress:

Its 6:00 on an October evening. You've just come home from the city. You see Monique* 

sitting on the couch, watching TV. Your heart beats faster. You look at her face and feel 

disgusted. You tense the muscles in your face and forehead. "What am I gonna say to her?" 

you think. You don’t even want to be there. You clench your fists. You feel like you just have 

to get this over with. “I can’t take this anymore, you say to her, “I think its time you looked 

for an apartment.” Your palms feel sweaty. You see her face look sad and then mad. Your 

stomach is in a knot. You can’t stand to even look at her. Your heart pounds. You have been 

staying out all night so you don’t have to see her. This has to end. You tense the muscles in 

your neck and shoulders. “I don’t wanna be here if you don’t want me to be here,” she says. 

You grit your teeth. You can’t understand why she can’t pay the $300 for her half of the 
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bills. She has a job- why can’t she help you out? It’s like she is a kid and you have to be the 

parent. The thoughts are racing through your head. You want to scream or hit some one. 

You’re just spendin’, spendin’, spendin’ and she’s free loading. You tense the muscles all 

over your body. You are so pissed off at her. Your head is pounding. Maybe she’s not paying 

the bills because she’s saving up to leave me, you think. Has she been using me all this 

time? You start getting worried. You feel hot all over. How could you have thought she 

might even be your future wife? You feel choked up. After all this time, she doesn’t even 

care about what you think. You feel betrayed and alone. You feel like crying. Monique says, 

okay, I guess you are right. She doesn’t even try to make it right with you. It’s really over 

now. How could she do this to you? Tears come to your eyes. You feel empty, drained, and 

hollow. There is a deep intense pain sensation inside you. You just want to get away, away 

from her and all these awful feelings inside you. It hurts to be alive.

Favorite Food Cue:

It is a warm Spring evening in May. You just got home from school and are hanging out with 

David. You think about eating sundaes from Ashley’s and watching 90210. Your heart skips 

a beat. “Want to get sundaes from Ashley’s?” you ask David. “Yes!” he says. Your heart 

quickens. You think about what kind of ice cream you want. They have so many good 

flavors there. There are butterflies in your stomach. You and David get in the car and you 

drive to Ashley’s. Something chocolate would be really good right now. Your mouth waters. 

You walk into Ashley’s. It is crowded. Your eyes scan the selection of ice cream as you wait. 

You tense the muscles in your face and forehead. You see a chocolate raspberry flavor. 

You’ve never had that before. Your heart quickens. “That sounds really good,” you think. 

You feel a sense of excitement inside of you. You listen as David orders his mint chocolate 

chip. Mint chocolate chip sounds really good, too! Your heart beats faster. Now it is your 

turn to order. You want one of everything! You order mint chocolate chip and chocolate 

raspberry with peanut butter on top and snow caps. There are butterflies in your stomach. 

You watch as the server scoops in the ice cream, then pours on the peanut butter topping and 

snow caps. It looks so good. You haven’t had snow caps in so long. You think about the 

sweet chocolate taste. Now your mouth is really watering. You pay and take the bag of 

sundaes. You hurry home, eager to try your ice cream. You walk into your house and put the 

bag in the freezer. You go into the living room and turn on the TV. You get the show ready. 

You look up and see David coming in the living room with the sundaes. Your heart beats 

faster. He hands you your sundae. You take the lid off the cup and look at the chocolate 

raspberry and mint chocolate chip ice cream and all the peanut butter and snow caps 

toppings. Your mouth waters. You scoop up a big bite, aiming to get a little of everything 

into the spoon. You raise the spoon to your lips. You take a big bite, tasting the mint, 

chocolate raspberry, peanut butter, and snow caps. It tastes so good. You are ready for 

another bite. Before you know it, you scoop up another big spoonful and bring it to your 

lips.

Neutral/Relaxing:

It is 11am on a cool Spring morning. You are walking on Neck Road in Clinton. You breathe 

in deeply as you walk. The area is calm. You feel a general sense of release as you slowly 

exhale. You walk slowly down the road, listening to the soft crunch of gravel below your 
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feet. You look up and take in the large colonial houses along the road. Your eyes scan the 

houses, noticing all the different colors - white, grey, yellow and blue. Your eyes follow the 

landscaping, noticing the green grass and plants in front of each home. You come upon a 

creek running in between two properties. You pause for a moment. You listen to the 

rhythmic sound of water running through the creek. You take in a deep breath. You look up 

to the sky, stretching the muscles in your neck and shoulders. Your eyes follow the tree 

branches into the sky. You notice the different patterns the branches make against the blue 

sky. You watch as a few fluffy white clouds move across the sky, in and out of the trees. You 

smile and look back down at the road. You begin to walk again. A soft gentle breeze blows 

across your face and body. The wind feels nice against your neck and face. You take a few 

deep breaths. You feel a sense of lightness, buoyancy, and upsurge of your body. As you 

continue to walk, you reach your arms out in front of you and stretch the muscles in your 

shoulders and back. You feel your muscles becoming more and more relaxed. You feel 

comfortable and at ease. You feel a release of tension in your whole body. Your heart beats 

slower. Your breathing slows down and all your worry thoughts seem to fade away. You wish 

you could stay on this walk and enjoy this feeling forever. You want to hold time and capture 

this moment. A feeling of peace comes over you.

*Note: Names and identifying information have been changed throughout the scripts to 

protect participant confidentiality.
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HIGHLIGHTS:

• This paper directly compares the effects of both food cue and stress exposure 

on highly palatable food craving and intake in a 3-day human laboratory 

experiment conducted within a controlled hospital-based setting with healthy 

community adults.

• Results show that food cues and stress exposure increases food craving and 

subsequent snacking of highly palatable foods, and food cravings predict 

subsequent highly palatable food intake.

• Ghrelin and cortisol hormones appear to play a role in food cue and stress 

related food motivation and intake.

• These findings suggest the need for further carefully controlled studies to 

understand the biobehavioral processes that drive overeating and weight gain.
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Figure 1: 
The 3-day Experimental Schedule of Procedures: At 2:00 pm on each experimental day, the 

IV was inserted (−70) and after a 45 minute adaptation period at 2:45, the first blood draw 

and assessment was completed (−20 time point), followed by a standard 15-minute 

progressive relaxation protocol, after which the second baseline assessment was completed 

(−5) and instructions for stress (S), food cue (FC) or neutral (N) cue imagery was provided. 

Immediately following the imagery period, assessments were completed (0), and this was 

followed by presentation of the food snack tray placed in front of the subject, followed by 

pre-snacking assessments (+15). After this assessments subjects participated in a snacking 

period with assessments at +30, +45 and +60 minutes after which the tray was taken away 

and a final assessment was done at +75 minutes.
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Figure 2: 
Mean and Standard Error bars (SEs) are shown for the Stress (S), Food Cue (FC) and 

Neutral (N) conditions for individuals with BMI in the Lean (LN) and Overweight/Obese 

(OW) range. 2a: For HP food craving scale (FCS) with the score range of 7-42, simple 

effects for Condition Main effect indicated S>N (p<.05) and FC>N (p<.05), and the Group 

X Condition interaction indicated LN group showing FC>N (p<.0001) only, but OW group 

showing FC>N (p<.05) and S>N (p<.05). 2b: Mean and SEs for HP food calories (HP 

FCAL) consumed with a Condition main effect indicating FC>N (p<.01), and a trend for the 

Group X Condition effect with simple effects analysis showed FC> N across only for the LN 

(p<.04), and in the Stress Condition, OW>LN (p<.05). 2c: Mean and SEs for anxiety ratings 

are shown for significant BMI Group X Condition effects. Simple effects showed no 

significant increases in anxiety in the LN group, but increased anxiety in the FC> N 

(denoted by *p<.03) and the S>N (denoted by **p<.001) condition in the OW group.
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Figure 3: 
Pearson product moment correlations between the HP food craving pre-snack 

(FCS_PreSnack) and total HP food calorie consumed (HPF_CAL) in the (3a) food cue 

condition (r=.82, p<.0001), (3b) neutral (r= 0.31, p<.18) and (3c) stress (OW: r=.68, p<.02; 

LN: r=.55, p<.12).
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Figure 4: 
4a: Mean and Standard Error bars (SE) for total ghrelin (pg/ml) by Group and Condition are 

shown. Condition effect arises from FC>N (p<.007) and S>N (p<.005) for ghrelin responses 

in each condition relative to the neutral condition. Exploratory analyses indicated that this 

effect was driven by the OW group showing FC>N (t=2.54, p<.02) and S>N (t=3.25, p<.

003), but only a trend in the LN group for the FC>N (t= 1.78, p<.08) contrast. 4b: 

Significant association in stress-induced increases in Ghrelin Pre-Snack time point and HP 

food craving responses pre-snack (FCS_PreSnack) only in the OW group (r=.68, p<.01) and 

not in the lean group (r=.013, p<.75).4c: Significant association in stress-induced increases 

in Ghrelin Pre-Snack and subsequent HP food intake calories (HPF_CAL) was also 

observed only in the OW group (r=0.49, p<.05) and not in the lean group (r=.16, p<.70).
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Figure 5: 
Mean and Standard Error bars (SEs) for responses during stress, food cue and neutral 

conditions. 5a. Increased food cue-induced cortisol responses (p<.01), significant only in the 

LN (Lean) group (p<.004), and blunted food cue and stress cortisol responses in the OW 

(Overweight/Obese) group (p=.68). 5b. Significant correlations in the food cue condition 

between cortisol responses pre-snack (Cortisol_PreSnack) and subsequent HP food caving 

levels (FCS scores) for the LN and OW groups combined (r=.54, p<.01) was observed.
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