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Abstract Food advertisements often promote choices

that are driven by inferences about the hedonic pleasures of

eating a particular food. Given the individual and public

health consequences of obesity, it is critical to address

unanswered questions about the specific neural systems

underlying these hedonic inferences. For example,

although regions such as the orbitofrontal cortex (OFC) are

frequently observed to respond more to pleasant food

images than less hedonically pleasing stimuli, one impor-

tant hedonic brain region in particular has largely remained

conspicuously absent among human studies of hedonic

response to food images. Based on rodent research dem-

onstrating that activity in the ventral pallidum underlies the

hedonic pleasures experienced upon eating food rewards,

one might expect that activity in this important ‘hedonic

hotspot’ might also track inferred food pleasantness. To

date, however, no human studies have assessed this ques-

tion. We thus asked human subjects to undergo fMRI and

make item-by-item ratings of how pleasant it would be to

eat particular visually perceived foods. Activity in the

ventral pallidum was strongly modulated with pleasantness

inferences. Additionally, activity within a region of the

orbitofrontal cortex that tracks the pleasantness of tastes

was also modulated with inferred pleasantness. Impor-

tantly, the reliability of these findings is demonstrated by

their replication when we repeated the experiment at a new

site with new subjects. These two experiments demonstrate

that the ventral pallidum, in addition to the OFC, plays a

central role in the moment-to-moment hedonic inferences

that influence food-related decision-making.

Keywords Food � Pleasure � Ventral pallidum �
Orbitofrontal cortex

Introduction

The rise in obesity and its concomitant health concerns can

ultimately be traced to an imbalance between individuals’

energy intake and expenditure. Although factors related to

energy expenditure, such as sedentary lifestyles, may

contribute to overweight and obesity, evidence suggests

that over-consumption of energy-dense food bears rela-

tively more responsibility for the growing rates of obesity

(Swinburn et al. 2011). Evolutionary pressures promoted

the development of reward systems in the brain to respond

to the ingestion of energy-dense foods with hedonic plea-

sure, and to associate that pleasure with the preceding

environmental cues, such as the visual perception of those

energy-dense foods (Berridge et al. 2010). Once these
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associations are in place, simply seeing a familiar food

stimulus will result in the automatic and obligatory

retrieval of information about the hedonic reward associ-

ated with eating that food, as well as its other salient

properties such as its taste (Simmons et al. 2005). Because

the retrieval of this reward information precedes feeding, it

constitutes a hedonic inference about the pleasures affor-

ded by the food’s ingestion.

Translational neuroscience research has revealed much

about the neural bases of the hedonic pleasure that attends

eating (Berridge et al. 2010), including those brain regions

where activity is modulated with the pleasure experienced

by humans upon ingesting rewarding tastes (Kringelbach

et al. 2003). It is similarly important to know which brain

regions underlie the pleasure expected by humans upon

visual perception of a rewarding food. In other words, it is

important to understand which brain regions underlie

hedonic inferences about the foods we see. This is made all

the more urgent by the fact that the neural systems sup-

porting hedonic inferences evolved in a very different food

environment from the current one, in which consumers are

constantly enticed with images of palatable foods, which

are then supplied nearly ubiquitously. Given the individual

and public health consequences of obesity (Finkelstein

et al. 2005; Reilly et al. 2003; Wang et al. 2011), it is

critical to understand the neural systems underlying hedo-

nic inferences to visually perceived foods.

In previous research, two brain regions in particular

have been frequently highlighted for the roles they play in

representing the hedonic potential of visual food cues:

namely the ventral pallidum and the orbitofrontal cortex

(OFC). Rodent studies have demonstrated that the ventral

pallidum in particular plays an important role underlying

the hedonic pleasure associated with food rewards (Ald-

ridge and Berridge 2010). For example, damage to the

ventral pallidum results in a diminution of the hedonic

experience associated with food rewards (Cromwell and

Berridge 1993). Although it is part of the mesolimbic

dopamine pathway, hedonic-related activity in the ventral

pallidum is not strictly dependent on dopamine, but rather

is mediated by opioid-sensitive neurotransmission. This is

demonstrated by studies that use either mu-opioid agonists

or antagonists to modulate ventral pallidum activity and

associated hedonically related behavioral responses to food

rewards (Smith and Berridge 2005).

In contrast to the ventral pallidum, where activity

appears to underlie hedonic experience per se, activity in

the OFC instead appears to code for the reward value

generally of food cues (Noonan et al. 2010; Rushworth

et al. 2011). For example, although numerous human

functional magnetic resonance imaging (fMRI) studies

have demonstrated that the OFC responds reliably to

images of pleasurable foods (Killgore et al. 2003; LaBar

et al. 2001; Simmons et al. 2005; van der Laan et al. 2011)

and its activity tracks pleasantness inferred from verbal

food descriptions (Arana et al. 2003; Hinton et al. 2004;

Piech et al. 2009), lesions to the OFC do not result in a loss

of the hedonic experience associated with pleasurable

foods. Importantly, unlike the OFC findings cited above, to

date, no human studies have assessed whether ventral

pallidum activity tracks the inferred pleasantness of visu-

ally perceived foods. This gap in the literature is important

for two reasons. First, it remains unclear whether ventral

pallidum activity is merely related to the pleasure experi-

enced upon eating pleasurable foods, or whether its activity

might also underlie inferences about the pleasure one can

expect from those foods as well. Second, as described

above, the ventral pallidum has somewhat different neu-

rotransmitter sensitivities than the OFC and other regions

in the mesolimbic dopamine pathway (Haber and Knutson

2010; Smith and Berridge 2005) and thus may offer dif-

ferent pharmacological targets for influencing hedonic

responses to food cues.

To address this gap in the literature, we asked subjects to

undergo fMRI while viewing a diverse set of food images

and make item-by-item ratings of how pleasant it would be

to eat that particular food at that moment. We show that

ventral pallidum activity in humans is indeed modulated by

inferences about food pleasantness. We additionally dem-

onstrate that activity within a region of the OFC previously

shown to track the pleasantness of actual tastes is also

modulated with inferences of food pleasantness, a finding

that agree with much of the previous literature on OFC

responses to food images. Importantly, the reliability of

these findings is demonstrated by their replication when we

repeated the experiment at a new site with new subjects

performing exactly the same task in a new scanner.

Together, the two experiments reported here demonstrate

that the ventral pallidum, in addition to the OFC, plays a

central role in moment-to-moment inferences of how

pleasant it will be to eat a particular food.

Methods

Subjects

In Experiment 1, 22 right-handed, native English-speaking

healthy volunteers (12 males, average age 27.7 years, age

range 21–39 years) from the greater Washington D.C. area

were recruited for monetary compensation to participate in

research at the National Institutes of Health Clinical Center

in Bethesda, Maryland. Subjects had no previous or current

neurological or psychiatric disorders and had stable body

mass indices (BMIs; mean BMI 22.54, range 17.85–27.41)

as defined by no more than a 5-kg increase/decrease over
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the previous 6 months. Appropriate procedures and poten-

tial risks were explained in detail to all subjects, and each

provided informed consent in accordance with the approved

Institutional Review Board standards. All subjects were

monitored on an inpatient basis at the National Institutes of

Health Clinical Center for at least 48 h prior to scanning.

Subjects were fed highly controlled diets balanced for ma-

cronutrients and were in a eucaloric state at the time of

scanning. All subjects ate a standardized meal 4.5 h prior to

the fMRI scan session.

In the replication study, 18 right-handed, native English-

speaking healthy volunteers (3 males, average age

26.8 years, age range 18–42 years; mean BMI 22.8, range

18.5–27.8) from the Tulsa, Oklahoma metropolitan area

were recruited for monetary compensation to participate in

research at the Laureate Institute for Brain Research. All

subjects provided written informed consent prior to par-

ticipation in accordance with the approved Institutional

Review Board standards. All subjects completed detailed

physical and mental health evaluations using both struc-

tured and unstructured diagnostic interviews. Exclusion

criteria included a prior history of major medical or psy-

chiatric disorders, head injury or neurological disorders,

current pregnancy, lifetime history of substance depen-

dence, substance abuse within 1 year, exposure within

3 weeks to psychotropic or other medications expected to

influence cerebral blood flow or function, or general MRI

exclusions. All subjects were asked to eat a meal that was

typical of their diet at their usual mealtime prior to their

scan session.

Experimental methods

While undergoing fMRI, subjects rated food images, each

presented for 5 s. For each food image, subjects were asked

to answer the following question: ‘‘If given the opportunity

right now, how pleasant would it be to eat this food?’’

Subjects provided their responses by manipulating an MR-

compatible scroll wheel to select values along a number

line positioned next to the food image (Fig. 1). The

pleasantness rating scale ranged from one to seven, with 1

depicted as ‘‘neutral’’ and seven as ‘‘extremely pleasant’’.

The pleasantness scale also included an ‘‘unpleasant’’

option represented by the letter ‘‘X’’ located below the

number line. Subjects were instructed to select the ‘‘X’’ if

they believed the depicted food would be at all unpleasant

to eat. A fixation cross was presented for varying durations

(mean ISI = 3.7 s; duration 2.5–7.5 s) during the inter-

vening periods between food images.

The food photographs presented in the scanner were

taken with a high-resolution digital camera. The depicted

food items were prepared by laboratory personnel, which

allowed for high control of stimulus presentation, lighting,

portion size, and a standard background (white plate

against a gray backdrop photographed within a photobox).

Over the course of the experiment, subjects viewed 3 dif-

ferent exemplars of 48 distinct classes of food items.

Because we were interested in tracking brain activity

across a wide range of inferred pleasantness, these 144

food images depicted many different varieties of foods,

including highly processed, high calorie foods (e.g.,

Fig. 1 Food pleasantness

rating task. Subjects viewed

food pictures for 5 s, during

which time they provided

ratings of ‘‘how pleasant it

would be to eat this particular

food right now’’. Using a

handheld scroll wheel, subjects

indicated their pleasantness

ratings by clicking on a number

located directly to the right of

the food picture
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cheeseburgers, French fries, pizza, cake, cinnamon rolls,

ice cream, etc.) to uncooked fruits and vegetables (grapes,

strawberries, cauliflower, broccoli, carrots, etc.). Prior to

the experiment, we collected normative scaling data with a

different group of subjects who rated the food pictures on

nameability, typicality, perceived fat content, and

sweetness.

In addition to providing food pleasantness ratings, sub-

jects were also asked to view a different collection of food

photographs from those shown in the pleasantness task and

provide ratings of how much self-control it would take to

not eat the depicted foods (Simmons et al. 2012). Subjects

performed the self-control task during the same scan ses-

sion, but not at the same time, as the food pleasantness

task. Subjects experienced four runs of the tasks, which

were counterbalanced for order of presentation.

MRI data acquisition

Food images were displayed to subjects through the use of

Eprime software (http://www.pstnet.com). Images were

projected onto a screen in the scanner bore behind the

subject’s head and viewed through a mirror mounted to the

head coil. In Experiment 1, all subjects were scanned at

18:00 in the evening. In the replication study, all subjects

were scanned between the hours of 12:00 and 16:00.

In Experiment 1, 206 echoplanar magnetic resonance (MR)

volumes were acquired with a 3-T General Electric scanner

and a GE 8-channel receive-only head coil. Each echoplanar

image (EPI) consisted of forty-four 2.8 mm slices [echo time

(TE) = 27 ms, repetition time (TR) = 2,500 ms, flip

angle = 90�, voxel size = 3.4375 9 3.4375 9 2.8 mm].

High-resolution anatomical images were collected prior to

functional scanning runs (TE = 2.7 ms, TR 7.24 ms, flip

angle 12�, voxel size 0.937 9 0.937 9 1.2 mm). All struc-

tural and functional images were collected with a sensitivity

encoding (SENSE) factor of two used to reduce image col-

lection time (for structural images) or minimize image dis-

tortions (in functional images) while reducing gradient coil

heating over the course of the scan session.

In the replication study, 206 echoplanar magnetic reso-

nance (MR) volumes were acquired with a 3-T General

Electric MR750 scanner and a NOVA 32-channel receive-

only head coil. Each echoplanar image (EPI) consisted of

thirty-eight 2.9 mm slices [echo time (TE) = 22 ms, rep-

etition time (TR) = 2,500 ms, flip angle 70�, voxel

size = 1.72 9 1.72 9 2.9]. High-resolution anatomical

images were collected prior to functional scanning runs

(TE = 1.9 ms, TR = 5 ms, flip angle 10�, voxel size

0.93 9 0.93 9 1.2 mm). All structural and functional

images were collected with a sensitivity encoding (SENSE)

factor of 2.

fMRI pre-processing

All imaging data were pre-processed and analyzed using

the AFNI software package. In both experiments, all sub-

jects’ anatomical scans were spatially transformed to the

stereotaxic array of Talairach and Tournoux using AFNI’s

automated algorithm. The resulting transformation param-

eters were then 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.

Statistical analysis

All individual subject data were checked for quality

assurance, and outlying time points resulting from head

motion were censored out of the analyses. At the single-

subject 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. Next, using amplitude modulation (AM)

regression in AFNI, the subject’s pleasantness ratings for

each food item were mean normalized and entered into the

regression equation as auxiliary behavioral covariates

associated with each food image, thereby scaling the pre-

dicted BOLD response for each food item by the individual

subject’s pleasantness rating for that item. The resulting

regression coefficients thus indicate the extent to which

brain activity varies proportionally with the ratings.

Additionally, a gamma-variate-convolved regressor was

included in the model to account separately for those items

that the subject indicated were unpleasant.

To implement group-level random effects analyses, the

individual subjects’ pleasantness amplitude-modulated beta

maps were included in a one-sample t test against a mean

of zero to identify voxels where activity across subjects

was reliably modulated by the pleasantness ratings.

All statistical maps were corrected for multiple com-

parisons at the p \ .05 level using cluster size corrections

476 Brain Struct Funct (2014) 219:473–483
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implemented via Monte Carlo simulations in AFNI’s

3dClustSim. There is good reason to predict a priori that

regions implicated in reward processing may also track the

inferred pleasantness of visually perceived foods. As such,

small volume corrections were implemented within the

orbitofrontal cortex and striatal–pallidal neurocircuit, with

a voxel-wise p \ .005 and cluster size threshold to achieve

correction for multiple comparisons at p \ .05. Outside of

the a priori-defined regions of interest (ROI), a voxel-wise

threshold of p \ .0005 was used with cluster size thres-

holding to achieve correction for multiple comparisons at

p \ .05.

The OFC ROI was anatomically defined posteriorly by a

line drawn at the anterior portion of the subgenual frontal

cortex (Y = 28 in on the AFNI Talairach N27 atlas brain).

Anteriorly, the OFC ROI was defined by the frontal pole.

The ventral extent of the OFC ROI was defined by the

ventral surface of the cortex, and the dorsal extent was

defined by the fundus of the transverse orbital sulcus

(Chiavaras et al. 2001). The medial extent of the ROI was

defined by the lateral edge of the olfactory sulcus, which

defines the medial edge of the medial orbital gyrus

(Chiavaras et al. 2001). The lateral extent was defined by

either the lateral intermediate orbital sulcus or the lateral

orbital sulcus, whichever was located more medially.

The ventral striatum ROI was defined using the proce-

dure outlined by Mawlawi et al. (2001). Briefly, the dorsal–

lateral boundary of ventral striatum ROI, separating it from

the dorsal caudate and putamen, was defined in each

coronal slice by ‘‘a line joining the intersection between the

outer edge of the putamen with a vertical line going

through the most superior and lateral point of the internal

capsule and the center of the portion of the AC transaxial

plane overlying the striatum. This line was extended to the

internal edge of the caudate’’ (Mawlawi et al. 2001). The

remaining boundaries in each coronal slice were easily

identifiable by the marked image intensity differences

compared to the surrounding structures. The anterior

extend of the ventral striatum ROI was defined by the

appearance of the caudate. Its posterior extent was defined

by the appearance of the anterior commissure in the

coronal plane.

The anterior extent of the ventral pallidum ROI was

defined by the anterior commissure,1 with its posterior

boundary defined at 7 mm posterior to the commissure.

The dorsal extent of the ventral pallidum was defined by

the anterior commissure, and ventrally included all of the

subcommissural space (Haber and Knutson 2010). Later-

ally, the ventral pallidum was defined by a vertical line

drawn at 15 mm from the midline, which is the lateral-

most extent of the ventral pallidum in the Mai atlas (Mai

et al. 2004). Medially, the ventral pallidum was defined by

a vertical line drawn at 5 mm from the midline, which

appears to be the lateral-most extent of the hypothalamus in

the Mai atlas. This rather conservative medial boundary of

the ventral pallidum was chosen to insure that any areas of

activation were distinguishable from activity that might be

observed in the hypothalamus.

Results

Behavioral ratings

In both Experiments 1 and the replication study, subjects

underwent fMRI while providing ratings on a seven-point

scale of how pleasant it would be to eat visually presented

foods (see Fig. 1). Participants in the two Experiments

provided very similar ratings (Experiment 1 mean pleas-

antness = 4.6, SD = 2.0; replication study mean pleas-

antness = 4.3, SD = 2.3). Each subject’s ratings were

used as auxiliary behavioral information to modulate the

predicted amplitude of an fMRI blood oxygenation level

dependent (BOLD) response model, onto which the sub-

ject’s BOLD fMRI data were then regressed. This so-called

amplitude modulation regression approach allowed us to

identify voxels where activity was modulated with sub-

ject’s ratings on an item-by-item basis.

Experiment 1

In Experiment 1, activity in both the left and right ventral

pallidum was positively correlated with subjects’ rating of

inferred food pleasantness (Fig. 2a, b). The peak response

in the left ventral pallidum was located at Talairach coor-

dinates -9, -5, -4 (peak T = 4.45) and in the right

hemisphere at ?11, -3, -4 (peak T = 4.28). As subjects

rated a particular food more pleasant, both regions exhib-

ited a corresponding increase in activity. Foods receiving

low pleasantness ratings produced decreases in ventral

pallidum activity relative to the signal baseline, while

foods that were rated as highly pleasant produced marked

increases in activity.

In addition to the ventral pallidum, activity in the left

OFC was also positively correlated with subjects’ ratings of

inferred food pleasantness (Fig. 2c, d), with activity

increasing along with ratings. The peak response in the left

OFC was located at Talairach coordinates -19, ?35, -14

1 Based on immunohistochemistry studies and retrograde tracer

findings, the ventral pallidum is now considered to encompass the

medial rostral internal segment of the globus pallidus (see Haber and

Knutson 2010). It is for this reason that we allowed the ventral

pallidum ROI to extend to Y = -7, even though the clusters of

activity observed in the present study are actually anterior to this and

were located completely within the first 5 mm behind the

commissure.
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(peak T = 4.39). Foods receiving high pleasantness scores

produced a marked increase in activity, while those that

received low scores did not produce the marked negative

deflection from baseline observed in the ventral pallidum.

Replication study

In the replication study, using the same stimuli and anal-

yses as in Experiment 1, but with a different group of

participants, in a different location, using different scan-

ning hardware, we again observed that activity in both the

left and right ventral pallidum predicted subjects’ ratings of

inferred food pleasantness (see Fig. 3a, b). The peak

response in the left ventral pallidum was located at Talai-

rach coordinates -6, 0, -3 (peak T = 3.98) and in the

right hemisphere at ?6, 0, -1 (peak T = 3.98). In addition,

we again observed that OFC activity predicted inferred

food pleasantness. Although nearly identical regions of the

left OFC were observed in both studies, in the replication

study, we also observed reliable activity in the corre-

sponding region of the right OFC (see Fig. 3c, d). The peak

response in the left OFC was located at Talairach coordi-

nates -22, ?36, -8 (peak T = 3.55), and in the right OFC

at ?25, ?34, -15 (peak T = 4.29).

Given that ventral pallidum and OFC both exhibited

activity correlated with subjects’ inferred pleasantness

ratings, their activity time courses should also be highly

correlated. To assess this possibility, and to further test the

replicability of the findings across studies, we used the

ventral pallidum and OFC clusters identified in Experiment

Fig. 2 Ventral pallidum and orbitofrontal cortex activity modulate

inferred food pleasantness in Experiment 1. The coronal slice (Y =

-4) in a shows bilateral regions of the ventral pallidum where activity

was reliably associated with subjects ratings of inferred food

pleasantness (p \ .05 corrected) in Experiment 1. The surface mesh

graph in b demonstrates how ventral pallidum activity over peristi-

mulus time was related to the subjects’ food pleasantness ratings. c,

d show the corresponding OFC (Y = 33) activity and peristimulus

response mesh as a function of pleasantness ratings in Experiment 1
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1 as ROI on the individual subjects’ data in the replication

study to determine the time-course correlations between

the two regions. We observed that the ventral pallidum and

OFC ROIs (defined in Experiment 1) exhibited a strong

positive correlation in their activity time courses in the

independent replication study (mean Pearson r = 0.64,

p \ .005).

Discussion

Although numerous cognitive, emotional, and metabolic

processes influence decisions about what to eat, in eco-

nomically developed societies where diverse food supplies

are readily available, food hedonics play an out-sized role

in daily food decisions (Eertmans et al. 2001). Food

advertisements capitalize on this by presenting compelling

images of palatable energy-dense foods, thereby power-

fully influencing unhealthy eating behaviors (Borzekowski

and Robinson 2001; Dixon et al. 2007; Harris et al. 2009).

Given the individual and public health consequences of

overweight and obesity, it is critical that we develop

detailed neurobiological models of the interaction between

food perception and food hedonics. This interaction cannot

be understood without knowing precisely which brain

regions underlie inferences about the hedonic pleasures

offered by foods encountered through visual media.

In recent years, research has revealed that food per-

ception and conceptual representation depend on a dis-

tributed collection of brain regions, including visual object

recognition pathways in the ventral temporal lobe (Martin

and Simmons 2008), the insula to represent taste property

information and feeding-relevant interoceptive states

(Simmons et al. 2005, 2012; Small 2010), emotional

arousal or salience in the amygdala (Zald 2003), and OFC

and anterior cingulate cortex for food reward and motiva-

tion (Rolls 2008). Additionally, studies have specifically

examined food-related decision-making in response to food

images, including such topics as the regions underlying

willingness to pay for food, food value, and food prefer-

ence (Hare et al. 2009; Litt et al. 2011; Plassmann et al.

2007, 2010).

Although these studies have shed light on which brain

regions underlie food perception, food motivation, and

food decision-making, they do not specifically tell us which

neural systems support inferences about the gradations of

pleasure one might experience should one eat a particular

visually perceived food. These hedonic inferences come

into play every time we scan the options depicted on a fast

food restaurant menu and deliberate about whether to order

the salad or the cheeseburger and milk shake combo. To

this end, we sought to identify which brain regions track,

on a stimulus-by-stimulus basis, the inferred pleasantness

of visually perceived foods. We observed two brain regions

where activity in both experiments was modulated with

inferred food pleasantness. One of these regions, the

medial OFC, has been frequently reported in human

imaging studies relating activity to the pleasantness of

food stimuli (Arana et al. 2003; de Araujo et al. 2003;

Grabenhorst et al. 2010; Hinton et al. 2004; Killgore et al.

2003; LaBar et al. 2001; O’Doherty et al. 2000; Piech et al.

2009). The second region where we observed activity

Fig. 3 Ventral pallidum and orbitofrontal cortex findings in

Experiment 1 and the replication study. The coronal images on the

left (a, c) exhibit regions of the ventral pallidum and OFC where

activity in Experiment 1 reliably modulated subjects’ food pleasant-

ness ratings (p \ .05 corrected). The coronal images on the right (b,

d) show that, in the replication study, the activity within the same

regions of the ventral pallidum and OFC were also reliably modulated

by subjects’ food pleasantness ratings (p \ .05 corrected). The two

sets of images a, b and c, d are depicted on the same coronal slices

(ventral pallidum Y = -1; OFC Y = 33) and have the same statistical

thresholds applied. The remarkably similar results were obtained even

though the two datasets were collected using the same task and

stimuli at different scan centers (NIH Intramural Scan Center,

Laureate Institute for Brain Research), with different scanning

hardware, and different subjects
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modulated by inferred food pleasantness was the ventral

pallidum. It is this second finding that represents the main

contribution of the present studies.

Much of what we know about the ventral pallidum’s

functions in reward processing comes from rodent studies of

food and drug ‘liking’ (i.e., the hedonic pleasure associated

with a reward) and ‘wanting’ (i.e., the motivational salience

of a rewarding stimulus) (Berridge 1996). Foundational

research by Berridge and colleagues has demonstrated that

the ventral pallidum is an important ‘‘hedonic hotspot’’ in the

brain, containing neurons whose activity signals the degree

to which a particular stimulus is hedonically pleasant (Smith

et al. 2009), thereby imbuing that stimulus with what these

authors have described as a ‘‘pleasure gloss’’ (Aldridge and

Berridge 2010). This ‘liking’-related activity in the ventral

pallidum appears to be mediated by opioid transmission as

injection of a mu-opioid agonist in the region brings about

multi-fold increases in behavioral liking responses to sucrose

(Smith and Berridge 2005).

In addition to rodent studies, ventral pallidum activity

has been observed in human fMRI studies of monetary

reward (Pessiglione et al. 2007), and the region responds

more to olfactory stimuli associated with immediately

available sucrose solutions (Small et al. 2008). Ventral

pallidum activity to food stimuli is correlated with indi-

vidual differences in personality traits related to disgust

and reward sensitivity (Beaver et al. 2006; Calder et al.

2007). What has heretofore remained unclear is whether

ventral pallidum activity is related to inferences about the

pleasure one can expect from a particular visually per-

ceived food. The two studies presented here demonstrate

that it is. Ventral pallidum neurons fire faster for hedoni-

cally pleasing tastes and slower when a taste is disliked

(Tindell et al. 2006). Likewise, in the present study, ventral

pallidum activity increased with subjects’ ratings of how

pleasant it would be to eat a particular food, and exhibited

decreased activity as foods received lower pleasantness

ratings (see Fig. 2b). It thus appears that, in humans, the

ventral pallidum’s role in representing food pleasantness is

not restricted to hedonic experience during food con-

sumption that has been demonstrated in rodents, but also

underlies graded expectations of food pleasantness.

In addition to the ventral pallidum, we also observed

that an OFC region generally within the medial orbital

sulcus of BA 11l also exhibited activity correlated with

subjects’ ratings of food pleasantness. Extensive human

and non-human primate literatures demonstrate that this

region of the OFC codes for the reward value of encoun-

tered stimuli (Barbas 2007; Noonan et al. 2010; Rushworth

et al. 2011), but probably does not underlie the hedonic

experience of pleasure (Berridge and Kringelbach 2008).

OFC reward value codes are highly dynamic, constantly

changing along with an organism’s homeostatic state and the

rewards available to it (Scott et al. 1995; Small et al. 2001).

One example of dynamic reward valuation in the OFC can be

found in stimulus-specific satiety. Although neurons in the

OFC will fire vigorously when a monkey is provided a

rewarding liquid stimulus, their activity will quickly atten-

uate with repeated presentations of that stimulus (Rolls et al.

1989). In addition, lesions of the OFC both in monkeys and

humans can result in a loss of satiety effects (Baxter et al.

2000; Woolley et al. 2007). Importantly for the present study,

Kringelbach et al. (2003) demonstrated that the dynamic

reward valuations in OFC underlying changes in satiety are

also related to subjective food pleasantness. In their study,

the researchers showed that activity in the OFC correlated

with subjects’ pleasantness ratings for received tastes and

that this response was modulated by satiety. Interestingly,

the peak voxel exhibiting a correlation with taste pleasant-

ness in their study was only approximately 4 mm from the

peak OFC voxels observed in the present study. The study by

Kringelbach et al., with its satiety manipulation, is important

as it shows that this region of the OFC dynamically codes for

the reward value of tastes, which in turn is related to subjects’

experience of hedonic pleasure. The present study builds on

this important finding, showing that activity in this same

region of the OFC likewise codes for subjects’ inferences of

hedonic pleasure, a finding that is consistent with many

earlier reports from studies comparing OFC responses to

food and non-food images, or foods of varying hedonic value

due to satiety manipulations (van der Laan et al. 2011).

Although we cannot rule out that the activity in this region

underlies hedonic experience per se, we believe the corre-

lation between ratings and actual tastes, like the one observed

by Kringelbach et al. (2003) and subsequently by Plassmann

et al. (2008), likely reflect valuations of expected reward.

This interpretation of the data finds support in the extensive

literature about the OFC’s role in reward valuation, including

studies like those described above where lesions to the OFC

result in the loss of dynamic reward valuation, but not

hedonic experience. Our interpretation of the OFC activity in

the present study thus stands in contrast to how we concep-

tualize the activity within the ventral pallidum. Like the

OFC, activity in the ventral pallidum is correlated with rat-

ings of expected pleasantness. Unlike the OFC, however,

damage to the region of the ventral pallidum appears to

greatly diminish the capacity for hedonic experience

(Cromwell and Berridge 1993). This suggests to us that the

ventral pallidum activity is related to the hedonic experience

associated with the food.

Conclusion and future directions

Food decision-making is implemented by a complex set of

processes, many of which appear to be anchored in regions

480 Brain Struct Funct (2014) 219:473–483
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of the prefrontal cortex, such as the OFC, anterior cingulate

cortex, and dorsolateral prefrontal cortex (Camus et al.

2009; Hare et al. 2009; Izquierdo et al. 2004). The food

reward representations and food motivations upon which

these decision processes operate are themselves influenced

by factors spanning from the level of metabolism all the

way up to culture and socialization. Research in this area

has grown tremendously, owing largely to the significance

of individuals’ food choices on both personal and public

health.

In the present study, we observed that activity in the

ventral pallidum, in addition to the OFC, was modulated

with subjects’ pleasantness ratings. The ventral pallidum

and OFC findings were observed in maps corrected for

multiple comparisons in two separate experiments, at two

different research facilities, on two different scanners, with

two different groups of subjects. Additionally, the robust-

ness of the findings is further supported by the fact that

both regions were observed in studies with participants

who were on different diet regimens.

In light of the findings reported here, future research on

inferred pleasantness should attempt to address additional

key questions. First, studies should assess whether phar-

macological interventions aimed at the ventral pallidum

might attenuate pleasantness inferences, thereby rendering

food images less enticing and improving diet maintenance

and weight loss, or reducing pathological feeding such as

binge eating in bulimia nervosa. An important related point

is that research in rodents has identified regions in the

anterior ventral pallidum where microinjections suppress

both hedonic responses and food intake. These regions

appear to be different from those described earlier where

opioid microinjections enhance the hedonic impact of

stimuli (Aldridge and Berridge 2010). Unfortunately, the

image resolution of most 3 T fMRI studies is not condu-

cive to rigorously mapping sub-regions within a structure

the size of the ventral pallidum. Nonetheless, future studies

at higher magnetic field strengths could potentially observe

regional specialization for hedonic hotspots and coldspots.

This approach might be a useful adjunct to the pharma-

cological interventions described above aimed at either

attenuating or potentiating hedonic responses to food

stimuli.

Second, future research should be done to disambiguate

the activity of regions that simply code for reward value,

from those that directly underlie the phenomenological

experience of pleasure (Berridge and Kringelbach 2008).

Relatedly, the experience of pleasantness may be relatively

context dependent and influenced by multiple sources of

information, including food taste, food nutrition versus

homeostatic dietary needs, immediacy of food rewards, and

even socio-cultural factors such as body image. It may

therefore be important to undertake studies to determine if

ventral pallidum activity in humans is related equally to

manifestations of pleasure experienced within these varied

contexts. Likewise, variable manifestations and determi-

nants of food pleasure could also explain important group

differences. For example, although a growing body of

research demonstrates important differences in obese and

lean subjects during food perception (Carnell et al. 2012),

future research should also address whether group differ-

ences exist in the coupling between subjects’ ratings of

inferred food pleasantness and the activity of the ventral

pallidum and OFC, as well as whether specific dimensions

of pleasantness are differentially weighted in obesity and

influence food-related decision-making. In so doing, these

findings might thus provide a neurobiological account for

why obese children are more susceptible to food adver-

tisements than their lean counterparts (Halford et al. 2008a,

b), and provide targets for interventions aimed at amelio-

rating their relative vulnerability.
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