
Heightened Vagal Activity during High-Calorie Food
Presentation in Obese compared with Non-obese Individuals -
Results of a Pilot Study

Tomoko Udo, PhD1, Andrea H. Weinberger, PhD1,2, Carlos M. Grilo, PhD1, Kelly D.
Brownell, PhD3, Ralph J. DiLeone, PhD1, Rachel Lampert, MD4, Samantha L. Matlin, PhD1,
Katherine Yanagisawa, BA1, and Sherry A. McKee, PhD1,2

1Department of Psychiatry, Yale University School of Medicine, New Haven, CT 06519, USA

2Cancer Prevention and Control Program, Yale Cancer Center, New Haven, CT 06519, USA

3Rudd Center for Food Policy and Obesity, Yale University, New Haven, CT 06519, USA

4Department of Internal Medicine, Cardiology, Yale University School of Medicine, New Haven,
CT 06519, USA

Summary

Eating behaviors are highly cue-dependent. Changes in mood states and exposure to palatable

food both increase craving and consumption of food. Vagal activity supports adaptive modulation

of physiological arousal and has an important role in cue-induced appetitive behaviors. Using

high-frequency heart rate variability (HF HRV), this preliminary study compared vagal activity

during positive and negative mood induction, and presentation of preferred high-calorie food items

between obese (n = 12; BMI ≥ 30) and non-obese individuals (n = 14; 18.5 < BMI < 30).

Participants completed two laboratory sessions (negative vs. positive mood conditions). Following

3-hours of food deprivation, all participants completed a mood induction, and then were exposed

to their preferred high-calorie food items. HF HRV was assessed throughout. Obese and non-

obese individuals were not significantly different in HF HRV during positive or negative mood

induction. Obese individuals showed significantly greater levels of HF HRV during presentation

of their preferred high-calorie food items than non-obese individuals, particularly in the positive

mood condition. This is the first study to demonstrate increased vagal activity in response to food

cues in obese individuals compared with non-obese individuals. Our findings warrant further

investigation on the potential role of vagally-mediated cue reactivity in overeating and obesity.
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Introduction

The current global obesity epidemic has been attributed partly to overconsumption of

palatable, high-calorie foods [1]. Eating behaviors are known to be highly cue-dependent

[2]. Human laboratory studies have demonstrated enhanced consumption of high-calorie

foods in response to internal cues, such as psychological stress [3–7] or changes in negative

and positive mood states [8–11]. Additional studies have examined the effect of stress on the

wanting and liking values of foods [12–15]. Only a few experimental studies have compared

the effects of stress or mood induction on eating behaviors by obesity status, and these

studies have reported mixed findings [11, 16]. Exposure to palatable food cues may also

increase food craving [17, 18], motivation to eat [19], and subsequent food intake [20], with

some of these effects being stronger in obese individuals than lean individuals. Thus, cue-

induced overeating of palatable foods may importantly contribute to obesity.

Neuroimaging studies have suggested altered central regulation of cue reactivity in obesity.

In response to food cues and stress, obese individuals showed greater activation of brain

regions involved in reward and motivation, compared with lean individuals [20–22]. In

addition to central regulation of arousal response, autonomic regulation of physiological

arousal responses also plays an important role in cue-induced appetitive behaviors [23, 24].

In coordination with the sympathetic nervous system, vagal activity (i.e., parasympathetic

nervous activity) flexibly responds to internal and external stimuli partly through changes in

heart rate [24], which is important for adaptive regulation of affective and cognitive states

[25–28].

Animal models of diet-induced obesity reported blunted decreases in vagal activity in

response to stress [29, 30]. Only a few human studies compared vagal activity to a stressor

in obesity. One study reported that a greater body mass index (BMI) was associated with

reduced high frequency heart rate variability (HF HRV) reactivity to a mental stressor [31],

while another study did not find significant differences in HF HRV reactivity to a physical

stressor by obesity status [32]. Thus, evidence for vagal regulation of physiological arousal

in obesity is equivocal. It is also unknown whether vagal response to changes in mood states

differs by obesity status. Modifying a well-established laboratory model of smoking lapse

behaviors [33], our previous study was the first study to demonstrate that obese individuals

showed less ability to resist eating (i.e., shorter latency to start eating after preferred food

presentation) and increased consumption of high-calorie foods in response to positive mood

induction compared with negative mood induction; non-obese individuals, on the other

hand, consumed more calories after negative mood induction compared with positive mood

induction [11]. When considered along withclinical and empirical obeservations that both

positive and negative moods were associated with dieting relapse crisis [34], this supports

the importance of positive mood states in overeating and obesity, in addition to negatively-

valenced cues. The current study further compared vagal activity during mood induction
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between obese and non-obese individuals to examine whether vagal modulation of mood

state might be altered in obese individuals.

In the current study, we also examined vagal response to highly palatable food cue

presentation. Vagal activity in response to food cues has not been studied, but elevated vagal

response to cue exposure has been observed in other appetitive behaviors, such as alcohol

use disorders. For example, greater vagal activity following alcohol cue exposure has been

reported in chronic heavy drinkers, compared with healthy samples [35, 36]. It is possible

that obese individuals would also show heightened vagal activity in response to highly

palatable food cues, compared with non-obese individuals.

HRV, changes in the time between beat-to-beat intervals, has been used to measure the

influence of autonomic activity on the heart [37, 38]. The high frequency range (HF HRV;

0.15–0.4 Hz) of the power spectrum reflects beat-to-beat activity controlled by the vagus

nerve, as well as phase variation in vagal effects on the heart associated with respiration [37,

38]. This preliminary study aimed to examine: 1) whether HF HRV during negative and

positive mood inductions differed between obese and non-obese individuals, and 2) whether

HF HRV activity during mood-primed food presentation differed between obese and non-

obese individuals. It was hypothesized that obese individuals would show attenuated

decreases in HF HRV (i.e., less decrease in vagal activity) after negative mood induction

and greater HF HRV in response to food cue presentation, compared with non-obese

individuals. We did not have specific hypotheses regarding the effect of positive mood

induction on HRV and the effects of mood induction on HF HRV during food cue

presentation, due to lack of previous research in relation to obesity.

Methods

Participants

Our sample consisted of 26 participants (mean age = 35.2 ± 13.4 years old; 41 % women,

55% Caucasian) who took part in a study that compared the effects of mood induction on the

ability to resist eating high-calorie foods, total calorie consumption, and food cravings by

weight status (N = 30) [11] and completed assessment of HRV. Eligible participants had to

be between 18 to 65 years of age and have a BMI between 30 and 45 (obese group) or

between 18.5 and 29.9 (non-obese group). Exclusion criteria included: current diagnosis of

Axis I psychiatric disorders (except nicotine dependence), including anorexia nervosa and/or

bulimia nervosa, significant medical conditions including metabolic disorders, and current

use of psychotropic or illicit drugs. The majority of participants reported holding a high

school degree (95 %) and an annual income of less than $60,000 (71 %).

Procedures

The experimental protocol was approved by the Yale Human Investigation Committee, and

the procedures were in compliance with the Declaration of Helsinki for human subjects.

Written informed consent was obtained from all the participants (see Udo et al., [11] for the

complete description of the study procedures).
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Intake assessment and script development sessions

During the intake session, the Structured Clinical Interview for DSM-IV Axis I Psychiatric

Disorders (SCID) [39] was used to assess current psychiatric disorders. Participants were

screened for metabolic disorders with basic blood chemistry tests.

Eligible participants completed a script development session for a personalized guided

imagery procedure for the negative and positive mood inductions [40]. In brief, participants

were asked to provide a detailed description about a recent negative mood-inducing

experience occurring in the past six months that they perceived as “most stressful’ (negative

mood induction), or a personal positive mood-inducing situation, such as sitting at the beach

or reading in the park (positive mood induction). Scripts were developed by a PhD-level

clinician, audio-taped for presentation, and were approximately five minutes in length [see

also 11, 41]. At the end of this session, the participants were asked to provide a list of their

preferred high-calorie sweet and salty foods as presentation of personalized cues was a

critical component of this laboratory model of eating behaviors [33].

Laboratory sessions

Each participant individually completed two identical 9-hour laboratory sessions (positive

mood vs. negative mood session, order counterbalanced). Participants were compensated up

to $390 for completing the entire study.

Prior to each laboratory session, participants were instructed not to eat past 10:00 PM the

night before the laboratory session. After completing a urine drug screen and baseline

assessments at the start of the laboratory session, at 8:00 AM, participants received an equi-

caloric breakfast that consisted of a juice box and a granola to control caloric intake and the

time since last food consumption. This was followed by three hours of food deprivation.

During the food deprivation period, participants were allowed to watch TV and read. At

11:00 AM, participants completed the guided imagery procedure. In brief, the participant

listened to a 5-minute script (negative or positive) that was based on the script development

session described above and pre-recorded by a research assistant over headphones.

Participants were told to imagine the described situation as if it were happening “right now”

(see [11, 41] for detailed procedures).

At 11:30 AM, the ad-lib eating period began by presenting the individual’s preferred three

choices of high-calorie sweet foods (e.g., cookies, snack cakes, chocolate candy) and three

choices of high-calorie salty foods (e.g., potato chips, pretzels, nuts). Snacks were portioned

to five servings of each item. One main goal of the original study was to examine

differences between obese and non-obese individuals in their ability to resist eating (i.e.,

latency to start eating) after the mood inductions [11]; therefore, participants were told that

they could start eating at any time they wished and eat as much as they wished over the next

three hours. Alternatively, for each minute the participants delayed or “resisted” eating, they

received monetary rewards ($0.20/min for the first hour, $0.10/min for the second hour, and

$0.05/min for the third hour). Parallel to the smoking lapse model [29], monetary

reinforcement was a critical component of this model to provide incentive for not eating, and

to provide a sensitive test of the relative reinforcing value of highly-palatable foods.
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Measures

Heart rate variability—An ambulatory electrocardiography (ECG) monitor (Holter; GE

Marquette SEER digital system) was used to record ECG during the session. Recordings

were digitally sampled and analyzed using a GE-Marquette system. Tapes were manually

reviewed to identify R-R intervals to edit artifacts and irregular beats, and then processed

and analyzed with customized software as in prior work [42–44]. Recordings with greater

than 20% interpolated segments were excluded from further analysis. The R-R interval time

series were sampled using a boxcar window [45] to obtain 1,024 samples per 5 minutes

(3.41333 Hz). RRI spectra were calculated through Fourier analysis [46, 47] with a Parzen

window, on 4-minute segments with a 1-minute sliding window, corrected for attenuation

due to windowing and sampling [48], and integrated over five standard frequency bands

[39]. To assess vagal activity, HF HRV was calculated separately for pre-mood induction

(averaged over 15 min), mood induction (averaged over 5 min), post-mood induction

(averaged over 15 min), before food presentation (averaged over 5 min), and food

presentation (averaged over 15 min). To correct skewness and kurtosis, the natural logarithm

transformation was used on HF HRV.

Hunger levels—During the experiment, subjective hunger levels were assessed by one

item, “how hungry do you feel right now?”, and participants were asked to rate on a 100-

mm visual analog scale (VAS).

Statistical analysis

A repeated measures analysis of covariance (ANCOVA) was used to compare levels of HF

HRV during mood induction and food presentation between obese and non-obese

individuals (between-subject factor) in the negative and positive mood conditions (within-

subject factor). In all analyses, levels of HF HRV at pre-mood induction (for mood

induction) or at pre-food cue presentation (for food cue presentation) were included as

covariates to adjust for individual differences at pre-mood and cue exposure. Age was also

controlled in the analyses as it is known to affect HRV [49], and substantially reduced

residuals. The results of eating behaviors (i.e., the ability to resist eating and total calorie

consumptions) for a larger sample are reported elsewhere [11], thus they are not included in

this study. Due to the pilot nature of the study, no corrections for multiple comparisons were

made.

Results

Participant characteristics

Table 1 summarizes the baseline sample characteristics. Except for BMI, there were no

significant differences in sociodemographic characteristics between obese and non-obese

individuals. There were no significant differences in pre-mood induction HF HRV by

obesity status or session order for either mood induction session. Regardless of the mood

conditions and obesity status, hunger scores significantly increased at pre-mood induction,

post-mood induction, and after food presentation, compared with after an equi-caloric

breakfast, F(3, 21) = 5.52, p < .05, partial η2 = .44.
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Heart rate variability during mood induction

Adjusting for HF HRV at pre-mood induction, there were no significant main or interactive

effects of obesity status or mood condition on levels of HF HRV (p > .05; Table 1).

Heart rate variability during food presentation

Across the mood conditions, adjusting for vagal activity at pre-food presentation, obese

individuals showed significantly greater levels of HF HRV during presentation of their

preferred food compared with non-obese individuals, F(1, 16) = 4.67, p < .05, partial η2 = .

23. The main effect of mood conditions and interaction of mood conditions with obesity

status on levels of HF HRV during food cue presentation was not significant (p > .05).

Given our previous findings that positive and negative mood distinctively changed eating

behaviors by obesity status, we conducted a-priori comparisons of HF HRV levels to food

cues between obese and non-obese individuals, separately for positive and negative mood

condition. In the positive mood condition, obese individuals showed significantly greater

levels of HF HRV during their preferred food presentation, compared with non-obese

individuals, F(1, 22) = 5.07, p < .05, partial η2 = .21 (Figure 1). In the negative mood

condition, obese individuals showed non-significant but greater levels of HF HRV during

their preferred food presentation, compared with non-obese individuals, F(1, 22) = 3.29, p

= .08, partial η2 = .15.

Discussion

This pilot study was the first to compare vagal activity during positive and negative mood

inductions and presentation of preferred high-calorie foods between obese and non-obese

individuals. Obese individuals showed greater vagal activity to presentation of their favorite

high-calorie foods, compared with non-obese individuals, particularly in the positive mood

condition. While greater attention has been paid to the link between stress/negative mood,

changing eating behaviors, and obesity [e.g., 50], both clinical and experimental studies

have also demonstrated the role of positive mood as a cue to induce overeating palatable

food [9–11, 34]. One may argue that an equi-caloric meal before a laboratory experiment

could have different impacts on energy balance between obese and non-obese individuals,

leading to different vagal response to food cues. However, hunger scores, which indicate

subjective feeling of energy state, did not differ between obese and non-obese individuals

across mood conditions. Future research incorporating changes in ghrelin, an appetite-

stimulating gut hormone [51], may help clarify the relationship. The current findings on

enhanced vagal activity to palatable food cues under positive mood states add further

support for the importance of positive mood in understanding vulnerability to obesity.

Increased vagal activity to food cues in obese individuals corresponds with the cue reactivity

studies demonstrating greater cue-elicited vagal activity in alcoholics compared with healthy

individuals [36, 52]. Furthermore, in treatment-seeking heavy drinkers, greater cue-elicited

HF HRV has been linked with attentional bias towards alcohol cues [53], and was predictive

of post-treatment relapse [54]. Thus, heightened cue-elicited vagal activity may be part of
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shared underlying mechanisms that increase vulnerability to unhealthy appetitive behaviors,

including overeating of high-calorie foods.

The present study did not find significant differences in HF HRV between obese and non-

obese individuals following either positive or negative mood induction. Laederach-Hofmann

et al. [31] reported altered vagal activity to a mental stressor in obese individuals, compared

with lean individuals. However, this study did not exclude those with other psychological

and medical conditions that could influence HRV (e.g., depression, diabetes). A study that

similarly focused on obese individuals without serious medical conditions also did not find

altered vagal activity to a cold stressor [32]. Personalized positive and negative mood-

inducing cues, rather than generic mental or physical stressors, might have also contributed

to inconsistent findings. Further research is needed to clarify the relationships between vagal

activity, and stress and mood dysregulation in obese individuals.

As this investigation was a pilot study, the sample size was relatively small, but was similar

to previous studies [31, 32], and robust effects were demonstrated. Replication with a larger

sample will be important, with the aims extended to examine the relationship between vagal

activity and eating behaviors. In particular, whether observed differential changes in vagal

response to food presentation after mood induction in obese individuals may be associated

with the differences in eating behaviors seen in our prior study is an important avenue of

future research in a larger sample. The present study did not assess respiration, and thus the

influence of respiration on vagal traffic was not controlled. However, respiration rate does

not have a strong influence on HF HRV response to experimental manipulations irrespective

of whether the breathing was controlled or spontaneous [e.g., 55, 56, 57]. Therefore, the

significance of our findings should not be affected by the lack of control for respiration. In

addition, the study participants consisted of a wide range of age, which could affect HF

HRV [49]. Since the analyses were adjusted for baseline HF HRV, absolute baseline

differences based on age would not be expected to influence the results. Finally, the current

study did not have a neutral mood condition or a control condition for food cue presentation.

Inclusion of such reference conditions may refine our understanding of the specificity of the

relationship between mood states and vagal reactivity to cue presentation.

Despite the limitations, this was the first study to demonstrate heightened vagal activity

during presentation of preferred high-calorie food in obese individuals. Given the role of the

vagus nerve in satiety signaling [58, 59], a comprehensive evaluation of concurrent changes

between cardiac vagal activity and appetite-regulating peptides, along with subjective report

on mood and appetite, may help us better understand the mechanistic pathways by which

reactivity to food cue presentation affects eating behaviors in obese individuals. In

conclusion, our findings highlight that food cue-elicited vagal activity, in addition to

changes in internal mood states, may be important for consumption of high-calorie,

palatable foods in obese individuals.
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Figure 1.
Means and standard errors of hunger scores by mood conditions after breakfast, pre-mood

induction, post-mood induction, and after food cue presentation. * = Significantly different

from post-breakfast assessment at p = .05.
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Figure 2.
Level of HF HRV (log) during preferred food presentation by obesity status in negative

mood and positive mood conditions. HF HRV at pre-food presentation and age were

controlled as covariates. * = Significantly different between obese and non-obese

individuals at p < .05.
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Table 1

Participants Characteristics.

Obese (n = 12) Non-obese (n = 14)

Age 40.0 (12.1) 32.2 (12.2)

 % female 45 36

Race

 % Caucasian 56 54

 % African-American 44 46

BMI 35.8 (3.8) * 22.9 (2.0)

HF HRV at pre-mood induction 1

 Negative mood condition 5.90 (1.41) 6.35 (0.99)

 Positive mood condition 5.90 (1.32) 5.90 (1.06)

HF HRV at post-mood induction 1

 Negative mood condition 5.97 (0.17) 5.93 (0.13)

 Positive mood condition 5.93 (0.16) 5.84 (0.13)

Notes. Numbers in parentheses indicate standard errors. BMI = body mass index; HF HRV = high frequency heart rate variability (HRV).

1
natural log-transformation was used for HF HRV.

*
significantly different by obesity status at p < .05.
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