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Brain reward dysfunction in eating disorders has been widely reported. However,
whether the neural correlates of hedonic and motivational experiences related to food
cues are differentially affected in anorexia nervosa of restrictive type (ANr), bulimia
nervosa (BN), and healthy control (HC) participants remains unknown. Here, 39 women
(14 ANr, 13 BN, and 12 HC) underwent fMRI while smelling food or non-food odors
in hunger and satiety states during liking and wanting tasks. ANr and BN patients
reported less desire to eat odor-cued food and odor-cued high energy-density food
(EDF), respectively. ANr patients exhibited lower ventral tegmental area (VTA) activation
than BN patients to food odors when rating their desire to eat, suggesting altered
incentive salience attribution to food odors. Compared with HC participants, BN patients
exhibited decreased activation of the caudate nucleus to food odors in the hunger state
during the wanting task. Both patient groups also showed reduced activation of the
anterior ventral pallidum and insula in response to high EDF odors in the hunger state
during the wanting task. These findings indicate that brain activation within the food
reward-regulating circuit differentiates the three groups. ANr patients further exhibited
lower activation of the precuneus than other participants, suggesting a possible role of
body image distortion in ANr. Our study highlights that food odors are relevant sensory
probes to gain better insight into the dysfunction of the mesolimbic and striatal circuitry
involved in food reward processing in patients with EDs.

Keywords: eating disorders, reward circuit, liking, wanting, energy-density food, metabolic state, olfaction

INTRODUCTION

Anorexia nervosa (AN) and bulimia nervosa (BN) are severe, multi-faceted eating disorders (EDs)
of unknown etiology involving biological, psychological and sociocultural factors (Connan et al.,
2003; Kaye et al., 2013; Monteleone et al., 2017). AN is characterized by a persistent restriction of
energy intake, leading to significantly decreased body weight, an intense fear of gaining weight,
and disturbed perception of one’s body weight or shape; BN is characterized by recurrent episodes
of binge eating associated with inappropriate/unhealthy compensatory behaviors (e.g., purging)
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to avoid weight gain (American Psychiatric Association, 2013).
These EDs share some personality traits, such as anxiety,
obsessive-compulsiveness, and harm avoidance, but they
consistently differ in inhibitory self-control (Anderluh et al.,
2003; Kaye et al., 2004). AN patients are overcontrolled, whereas
BN patients are more impulsive and sensation/novelty seeking.
Furthermore, AN patients are less sensitive to reward than
healthy control (HC) participants and experience less pleasure
from the anticipation of palatable foods than HC or BN
participants (Harrison et al., 2010; Soussignan et al., 2011).

Neuroimaging research on the hemodynamic correlates of
the processing of disorder-related (food cues/intake, body
image perception) and disorder-unrelated (monetary gain)
stimuli in chronically ill or recovered women with AN and
BN has consistently reported altered brain functions in the
fronto-striatal and limbic regions (Friederich et al., 2013;
Kaye et al., 2013; Monteleone et al., 2017). Thus, aberrant
processing in brain regions underlying reward value coding
and reward-based decision making, including the striatum,
anterior insula, anterior cingulate cortex, orbitofrontal cortex
(OFC), and ventral tegmental area (VTA), have been involved
in the pathophysiology of EDs (Berridge, 2009; Broft et al.,
2011; Weygandt et al., 2012; Park et al., 2014). However, the
interpretation of results remains unclear, as inconsistent findings
have been reported. For instance, AN patients revealed increased
responses in brain reward regions (e.g., ventral or dorsal striatum,
insula, OFC) to the sight and/or taste of food compared with HC,
which suggest that they may have attributed increased salience to
food stimuli (Uher et al., 2004; Gizewski et al., 2010; Cowdrey
et al., 2011; Frank et al., 2012; Oberndorfer T. et al., 2013;
Sanders et al., 2015). Hypo-responsivity to the sight of food
images (Holsen et al., 2012) or taste stimuli (Wagner et al.,
2008) in regions of brain reward has also been evidenced in such
patients, suggesting that they might be less prone to process the
hedonic aspects of food. These inconsistent findings could be
related to differences between sample characteristics (recovery
or acute illness), motivational factors (e.g., fasting period), and
to the nature of task-dependent reward processing (e.g., passive
observation or explicit reward instruction). Indeed, it has been
emphasized that active engagement (vs. passive observation) in a
reward paradigm is needed to appropriately capture the nature of
reward processing (Katsyri et al., 2013).

In the classical taste-reactivity paradigm, food reward is
mainly operationalized by a motivational component termed
“wanting” (attribution of incentive salience to a reward
and effort to obtain it) and by an affective component
termed “liking” (hedonic impact of the reward) (Berridge,
2009). Food odors are potent stimuli that induce visceral
conditioned cues and anticipatory signals for ingestion (Jansen,
1998; Soussignan et al., 2012). We recently investigated the
subjective experience of food liking and wanting evoked by
odors in HC participants and observed that wanting and
liking tasks induced segregated striatal activation (Jiang et al.,
2015). Here, we investigated whether a pattern of differential
activation in mesolimbic circuitry could distinguish AN of
restrictive type (ANr) and BN women from HC participants.
We explored whether the participants in the three groups

are differentially characterized by either elevated or reduced
sensitivity in reward-processing brain areas in response to food
odors while successively performing liking and wanting tasks
in hungry and satiated states. These tasks have previously
been used to evidence aberrant behavioral responses to food
images in ANr (Cowdrey et al., 2013) and in a normal
population with a greater binge-eating trait (Finlayson et al.,
2011), but not, to our knowledge, in a neuroimaging study
comparing the respective neural correlates of affective and
motivational components of reward-related behaviors to food
odors in ANr and BN.

MATERIALS AND METHODS

Participants
Twelve HC participants, 14 ANr patients and 13 BN patients,
matched in age, participated in the study. All participants
were right-handed women, handedness being checked by
the Edinburgh Handedness Inventory (Oldfield, 1971). HC
participants were recruited from the university community
with newspaper advertisements and fliers. The patients
were recruited from the Clinique Saint Vincent de Paul
(Lyon, France). Diagnostic assessment was based on the
Structured Clinical Interview for the DSM-IV Axis I disorders
(American Psychiatric Association, 1994). All patients met
the criteria for a principal diagnosis of ANr or BN. The
ANr patients were hospitalized because of very low body
mass index (BMI) and malnutrition related to severe body
weight loss. The BN patients were characterized by purging
and binge-eating behaviors. Participants were screened for
the presence or absence of EDs using the Bulimic Inventory
Test, Edinburgh (BITE) (Henderson and Freeman, 1987).
ANr and BN patients had significantly higher scores than HC
participants (p < 0.001), and BN patients had significantly
higher scores than ANr patients (p = 0.007). Participants
further completed several self-report assessments (Table 1).
Because high rates of obsessive-compulsive and depressive
symptoms (Kennedy et al., 1994), alexithymia (i.e., difficulties
identifying and describing one’s own emotions) (Lule et al.,
2014), disgust sensitivity (Aharoni and Hertz, 2012), and
anhedonia (Raffi et al., 2000) have been previously reported in
AN and/or BN patients, we assessed these psychopathological
traits using the Beck Depression Inventory (BDI) (Beck and
Beamesderfer, 1974), the difficulty describing feelings subscale
of the Toronto Alexithymia scale (TAS) (Bagby et al., 1994),
the Disgust Propensity and Sensitivity Scale (DPSS) (Van
Overveld et al., 2006), and the physical anhedonia scale
(Chapman et al., 1976).

Exclusion criteria for all groups were major medical illness,
current antidepressant or other psychiatric medication, lifetime
history of attention deficit hyperactivity disorder, anxiety
disorder, current or past schizophrenia, bipolar disorder,
and alcohol or substance abuse. All the participants were
further without known olfactory impairments, rhinal disorders
(colds, active allergies, a history of nasal-sinus surgery, or
asthma), pregnancy, neurological diseases, ferrous implants
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TABLE 1 | Descriptive statistics of demographic, clinical, and physiological parameters.

HC ANr BN F df P

Demographic variables

N 12 14 13

Age (years) 24.14 ± 3.06 24.94 ± 4.67 22.50 ± 2.88 1.524 2.36 0.232

Clinical variables

BMI 21.45 ± 2.66 15.83 ± 0.97 20.42 ± 4.20 14.25 2.36 < 0.001

BITE 4.00 ± 3.22 18.00 ± 7.28 23.93 ± 4.56 44.46 2.36 < 0.001

BDI 1.09 ± 1.38 13.62 ± 4.79 16.58 ± 7.63 24.28 2.37 < 0.001

TAS 12.13 ± 3.23 24.83 ± 4.63 24.30 ± 6.90 15.21 2.30 < 0.001

DPSS 73.67 ± 11.93 92.85 ± 18.85 81.92 ± 22.98 6.39 2.37 0.040

Anhedonia 10.42 ± 5.84 16.46 ± 9.40 18.58 ± 4.46 9.12 2.37 0.010

Odor detection and breathing cycle

Odor detection 84.7 ± 15.1 93.6 ± 11.3 98.2 ± 2.9 5.106 2.36 0.011

Breathing cycle 4.00 ± 0.85 4.33 ± 1.42 4.25 ± 1.11 0.281 2.36 0.756

ANr, anorexia nervosa of restrictive type; BN, bulimia nervosa; HC, healthy control; BMI, body mass index; BITE, Bulimic Inventory Test, Edinburgh; BDI, Beck Depression
Inventory; DPSS, Disgust Propensity and Sensitivity Scale. TAS, Toronto Alexithymia scale. The mean and standard deviation are given for each parameter and group. F,
F-test statistic; df, degrees of freedom; p, probability.

(e.g., pacemakers and cochlear implants), food allergies, or
claustrophobia. They were selected after screening for their
olfactory detection ability with a forced-choice suprathreshold
detection test (at least 85% of correct responses) and the mean
duration of their breathing cycle (from 4.00 to 6 s/cycle). We
applied this breath cycle criteria to optimize the efficiency of
olfactory stimulation.

The study was conducted in accordance with the Declaration
of Helsinki. Participants were informed about the procedure
of the tasks, and provided informed written consent as
required by the local Institutional Review Board according to
French regulations on biomedical experiments with healthy
volunteers (Ethical Research Committee of CPP-Sud Est II
(n◦ CPP A07-03), DGS2007-0054, February 23, 2007). Each
participant received 150 euros for participation. Handedness
was checked with the Edinburgh Handedness Inventory
(Oldfield, 1971).

Stimuli
The detailed methodology has been previously reported (Jiang
et al., 2015). Briefly, 56 odorants were used: 28 for training
purposes and 28 for the fMRI scanning session. For fMRI,
odorants were composed of 14 food odorants and 14 Nfood
odorants not evoking food (Table 2). They were diluted in
odorless mineral oil (Sigma Aldrich, Saint-Quentin-Fallavier,
France) to different concentrations in volume to equalize
their subjective intensity (Jiang et al., 2015). For stimuli
presentation, 5 ml of solution was absorbed into compressed
polypropylene filaments inside a 100 ml white polyethylene
squeeze-bottle equipped with a dropper (Fisher Scientific,
Illkirch, France).

Stimulating and Recording Materials
They were presented to the participants using an airflow
olfactometer, which allows the stimuli to be synchronized
with breathing (Vigouroux et al., 2005). Participants’ responses

were acquired with a five key-press button box that provided
logic signals. The five buttons were placed in a configuration
similar to the five fingers (thumb, forefinger, middle finger,
ring finger, and pinkie) of the right hand, corresponding
to the five levels of a visual rating scale. Breathing was
recorded using polyvinyl-chloride foot bellows (Herga Electric
Limited, Suffolk, United Kingdom) secured to the subject’s
abdomen with a cotton belt. Participants’ behavioral responses,
breathing data, stimulation onset, and trigger signals from
the MRI scanner were recorded online (100 Hz sampling
rate) using a laptop equipped with a digital acquisition
board I/O card (PCI-6527) (National Instruments R©, Austin,
TX, United States) using the LabVIEW software package
(National Instruments R©). Data were further analyzed using
custom routines created with MATLAB (The MathWorks,
Natick, MA, United States).

Experimental Procedure
Two sessions were planned for each participant on two
consecutive days. Participants were alternatively scanned in
hunger and satiety states. In each session, two functional runs
were performed during which the subjects, respectively, reported
their odor liking and wanting (Figure 1). During each run,
28 odorants were delivered three times each, such that 84
stimuli were presented. They were delivered according to an
event-related fMRI design with a jittered interstimulus interval
of ∼12 s, depending on the participant’s respiration. The orders
of the two sessions (hunger vs. satiety) and runs (liking vs.
wanting) were counterbalanced across participants. However, the
same run order was performed between two metabolic states
for a given participant. In other words, a participant rated in
the hunger state first with the liking task then second with
the wanting task, was also tested in the same order in the
satiated state. The order of the presentation of odorants was
randomized for each run.

During the liking run, the participants were asked to
press one of five buttons using the corresponding finger,
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TABLE 2 | List of odorants selected to evoke food and Nfood.

Food Nfood

Number Label Conc. (%) Number Label Conc. (%)

1 Apricot 5.0 1 Camphor 10.0

2 Bacon 5.0 2 Carnation 10.0

3 Banana 20.0 3 Citronella 20.0

4 Beef 10.0 4 Cleaning product 20.0

5 Bitter almond 5.0 5 Fresh grass 5.0

6 Blue cheese 2.5 6 Hyacinth 10.0

7 Gruyère cheese 2.5 7 Lavender 20.0

8 Pâté 1.0 8 Pine 10.0

9 Peanut 5.0 9 Rose 10.0

10 Pizza 1.0 10 Soap 5.0

11 Potato 0.5 11 Tar 10.0

12 Shellfish 3.0 12 Tobacco 10.0

13 Smoked bacon 2.0 13 Violet 10.0

14 Strawberry 10.0 14 White spirit 10.0

Nfood, non food; Conc, concentration.

FIGURE 1 | Timeline of the procedure for a session. Each session performed
in the morning (hunger state) or the afternoon (satiety state) included two runs
during which liking and wanting tasks were performed, respectively. O, odor.

depending on their liking judgment (thumb: very unpleasant;
forefinger: unpleasant; middle finger: neutral; ring finger:
pleasant; pinkie: very pleasant). During the wanting run, if
the odor evoked food, the participants were asked to press
one of five buttons, depending on their desire to eat the
food evoked by the odor (not at all, not desired, just a little,
much desired, urge). If the odor did not evoke food, they did
not press a button.

For the fasted (hunger) state, participants were scanned
at either 11:30 a.m. or 0:30 p.m. and reported that they
complied with the requirement to take their breakfast (only
tea or coffee, plus a slice of bread) not later than 7:00 or
8:00 a.m, respectively. For the satiated state, subjects were
scanned at either at 1:30 or 2:30 p.m. Four participants were
tested within a day, two in the morning in the hungry
state (11:30 a.m. and 0:30 p.m.), 4–5 h following their daily
breakfast, and two in the afternoon in the satiated state
(1:30 and 2:30 p.m.), 30 min after having taken a standard
meal at the Imaging Center. The meal was composed of
salad (150 g), a filet of beef (150 g), green beans (150 g),
Gruyère cheese (30 g), and plain yoghurt (125 g). The
participants’ hunger/satiety states were evaluated at the onset
and end (pre-meal and post-meal) of each fMRI session

using a 10-point Likert-type scale (1 = no hunger at all;
10 = extremely hungry).

Behavioral Data Analysis
Because liking and wanting scores are correlated (Jiang et al.,
2008, 2013), we performed multivariate analysis of variance
(MANOVA) using task (liking vs. wanting) and state (hunger
vs. satiety) factors with repeated measurements on the odorant
factor (Winer et al., 1991). Analysis of variance (ANOVA) with
repeated measurements was then used to separately analyze
the scores derived from the judgment tasks. The differences
between pairs or groups of means were assessed using multiple
orthogonal contrasts.

As breathing variations are known to impact brain activation
(Sobel et al., 1998), the amplitudes of the inspiratory and
expiratory waveforms and the amplitudes of the inspiratory cycle
following each odor stimulation and the cycle preceding the
stimulation were estimated. The performance of the participants
in identifying the odor category (food vs. Nfood) during the
wanting task was also assessed.

Identification performance of odor category (food vs. Nfood)
during the wanting task was assessed using the parameters of
signal-detection theory (Banks, 1970; Lockhart and Murdock,
1970). By combining the experimental condition (food or Nfood)
and the participant’s behavioral response (correct or incorrect),
four outcomes were scored. If during the wanting task the
stimulus was a food odor and the participant pressed one
of five buttons, a “hit” was scored. If the participant did
not press one of five buttons, a “miss” was scored. If the
stimulus was a Nfood odor and the participant did not press
one of five buttons, a “correct rejection” was scored. If the
participant incorrectly pressed one of five buttons, a “false
alarm” (FA) was scored. From the hit and FA scores, four
parameters were then calculated for each participant: the hit
rate (HR), FA rate (FR), discrimination measurement d’L, and
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bias response (CL). Corwin (1989) previously described these
calculations in the framework of different paradigms of yes-no
tasks as follows:

d′L = ln
HR(1− FR)

FR(1−HR)
(1)

CL = 0.5× ln
(1− FR)(1−HR)

HR× FR
(2)

where HR represents the hit rate [(Hit + 0.5)/(N1 + 1)],
FR represents the FA rate [(FA + 0.5)/(N2 + 1)], and N1
and N2 represent the number of trials with food odor and
Nfood odor, respectively, for which the participants provided
an answer. The discrimination (d’L) score may be good or poor
(positive and negative values, respectively). The response bias
(CL) scores establish three individual attitudes. The participants
may be conservative (tending to respond “no” to a food
odor), neutral (responding “yes” or “no” with equal probability)
or liberal (tending to respond “yes”), denoted by positive,
neutral or negative values of CL, respectively (Snodgrass and
Corwin, 1988). One-way ANOVA were used to compare
between-group performances.

Behavioral and breathing data were analyzed using open
source Python scripts. To control for the Type I error rate
associated to multiple comparisons, we applied the Bonferroni
correction by dividing the probability alpha by the number of
comparisons. Statistical analyses were performed using Statistica
(StatSoft R©, Tulsa, OK, United States).

Functional Data Analysis
Images were acquired using a 1.5-Tesla MAGNETOM Sonata
whole-body imager (Siemens Medical R©, Erlangen, Germany)
equipped with a 4-channel circularly polarized head coil. For
each functional imaging scan, we obtained 26 interleaved,
4 mm-thick axial slices using a T2∗-weighted echo-planar
sequence. In total, 460 scans were collected for each functional
run. A high-resolution structural T1-weighted anatomical image
(inversion-recovery 3D Gradient-Echo sequence, 1× 1× 1 mm)
parallel to the bicommissural plane and covering the entire brain
was acquired over∼10 min.

We processed all functional images using Statistical
Parametric Mapping software (SPM5, Wellcome Department
of Cognitive Neurology, London, United Kingdom) (Friston
et al., 1995a). All functional volumes were slice-timing corrected,
realigned to the median volume, coregistered to the anatomical
image, spatially normalized to the Montréal Neurological
Institute (MNI) standard brain (Friston et al., 1995b), and
smoothed with a 7 × 7 × 8 mm full-width half-maximum
Gaussian kernel, which is considered to be optimal for both
single-subject inference and for group inference in statistical
parametric maps (Mikl et al., 2008). Preprocessed data were
statistically analyzed on a subject-by-subject basis using
the general linear model. The regressors were modeled by
convolving a neural model derived from the stimuli onsets with
a hemodynamic response function (hrf).

For each subject, activation associated with six conditions
of interest [category (food, Nfood), state (hunger, satiety), and

task (liking, wanting)] was modeled using boxcar predictors
convolved with both the canonical hrf and its time derivative
(Friston et al., 1998; Hopfinger et al., 2000). A high-pass
filter (cut-off frequency of 1/120 Hz) was used to eliminate
instrumental and physiological signal fluctuations at very low
frequencies. As the hrf varies depending on the subject and area
of interest (Handwerker et al., 2004), we attempted to better
estimate this function using both the canonical hrf and its time
derivative (Hopfinger et al., 2000). Because of uncertainty in
the onset of sniffing the odor, we used the amplitude of the
hrf in group random-effect analysis, which removes potential
bias in results caused by latency (Kühn and Gallinat, 2012).
Stimulus onset asynchronies were fixed at the time of odor
delivery. Random-effects analyses were performed to extrapolate
statistical inferences at the population level, as described in
the SPM5 software.

Analyses were first performed on brain regions of interest
(VOI, volume of interest) known to be involved in food reward
processing (Mawlawi et al., 2001; Liu et al., 2011; Diekhof et al.,
2012; Berridge and Robinson, 2016). These VOIs were the ventral
and dorsal striatopallidum, two areas of the midbrain (VTA
and substantia nigra), the anterior part of the insula and the
medial OFC for which we previously evidenced that activation
in this area was positively correlated with the wanting scores in
the hunger state (Jiang et al., 2015). To improve relevance of
findings, comparisons between activation data were performed
only when differences between behavioral performances were
significant. For wanting, comparisons were further performed for
the food condition only, as participants provided responses only
for odors evoking food.

VOIs were drawn from the MNI template (Ch2better.nii)
using MRIcron1 and human brain atlases (Duvernoy, 1999; Mai
et al., 2008). The ventral and dorsal striatopallidum was drawn
from coronal slices (positive and negative MNI y values indicate
anterior and posterior coordinates to the anterior commissure,
respectively). It was subdivided into five sub-regions that were
the nucleus accumbens (NAc) (from y = 19 to 5 mm anterior
to the anterior commissure), the anterior ventral pallidum (VP)
(from 5 to 3 mm), the caudate nucleus (from 25 to −8 mm), the
globus pallidus (from 3 to −10 mm), and the putamen (from 21
to−21 mm). The VTA and the substantia nigra were drawn from
−8 to −10 mm and from −8 to −21 mm, respectively. For these
regions, delineations were based on the visual differentiation
of structures (T1 images) and on the detailed diagrams and
pictures from the Mai et al. (2008)’s atlas. The medial orbital
gyrus was drawn from coronal slices medial (from 56 to 6 mm),
using the Duvernoy (1999)’s atlas. The anterior insula was drawn
from 5 to −31 mm and delineations were mainly based on
coronal and axial sections of the Duvernoy (1999)’s atlas. Three-
ways (side × state × group) ANOVAs were performed for
each VOI data. We considered only the pair-wise comparisons
resulting from significant main effects or interactions taking
into account the group factor (ANr/BN, ANr/HC, and BN/HC).
To control for the Type I error rate associated to multiple
comparisons, we performed non parametric permutation tests

1https://www.nitrc.org/projects/mricron
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(10,000 permutations) in order to determine adjusted p-values
from the distribution of the Tmax statistic (e.g., Nichols and
Holmes, 2001; Chen et al., 2013). For each permutation test, the
Tmax was the maximal t-value obtained by considering all VOIs
and all contrasts (e.g., ANr/BN, ANr/HC, and BN/HC).

Second, as an exploratory study, whole-brain analyses were
performed on functional images for the different experimental
conditions. We compared activation functional images among
the three groups ([HC vs. ANr], [HC vs. BN], and [ANr vs.
BN]) as a function of four conditions of interest (food/Nfood,
hunger/satiety) for the two rating tasks ([liking – baseline] and
[wanting – baseline] contrasts). The level of significance was
set at P = 0.001, uncorrected at the cluster level for multiple
comparisons across the much larger volume of the whole brain.
We reported significant activations at a threshold of P = 0.005
uncorrected in regions predicted a priori, such as the caudate
nucleus. We used an extent threshold (k) superior or equal
to 6 adjacent activated voxels to reduce the observation of
false-positive events, but by keeping the chance to observe
activation in small structures as the piriform cortex or areas of
the striatopallidum. As for VOI analyses, comparisons between
activation functional images were applied only when differences
between behavioral performances were significant.

RESULTS

Behavioral and Physiological Data
Demographic and Behavioral Characteristics
The participants’ demographic and behavioral characteristics are
summarized in Table 1. The BMI differed significantly among the
three groups of subjects and was found to be lower in ANr than in
HC or BN participants (P’s < 0.001). Furthermore, ANr and BN
patients were more depressed (P’s < 0.001) and had more trouble
identifying emotions (P’s ≤ 0.002) than HC participants. ANr
patients reported more disgust than HC participants (P = 0.035),
and BN patients presented more anhedonia than HC participants
(P = 0.009). In olfactory detection, suprathreshold detection
scores differed among the three groups, with higher detection
scores in ANr and BN than HC participants (P = 0.038 and
P = 0.003, respectively).

Metabolic State
The hunger scores collected at the onset and end of each fMRI
session (pre-meal and post-meal) revealed a significant state ×
group interaction [F(2, 36) = 6.051, P = 0.005], indicating that
HC and ANr participants (Figure 2), but not BN participants
(P = 0.012, αadjusted = 0.008), scored higher when they were tested
in the hunger state than in the satiety state (P’s < 0.001). In
the hunger state, the scores were also higher in HC participants
than in ANr (P = 0.002) and BN (P < 0.001) patients, but
not significantly higher in ANr patients than in BN patients
(P = 0.024, αadjusted = 0.008). These data demonstrated that
participants in the three groups did not report the same
hunger state. We further observed a significant time effect [F(1,
36) = 5.523, P = 0.024] showing that the participants were

FIGURE 2 | Hunger scores when the subjects of the three groups were tested
in hunger and satiety states. HC, healthy control; ANr, anorexia nervosa of
restrictive type; BN, bulimia nervosa. Vertical bars, standard errors of the
mean (s.e.m.); ∗∗P < 0.01; ∗∗∗P < 0.001.

hungrier at the end than at the beginning of the sessions. No other
significant interactions were noted.

Liking and Wanting as Functions of Metabolic State
The mean liking and wanting scores were calculated in the hunger
and satiety states for food and Nfood odors for the three groups.
MANOVA mainly indicated significant main effects for task and
group as well for food [Wilks’ λ(13, 132) = 2.164, P = 0.014 and
Wilks’ λ(13, 133) = 11.755, P < 0.001, respectively) as Nfood
odors [Wilks’ λ(13, 132) = 13.809, P < 0.001, and Wilks’ λ(13,
133) = 1.804, P = 0.011, respectively], suggesting that the subjects
in the three groups might have used different cognitive processes
during the food and Nfood liking and wanting tasks.

We performed separate three-way (state × odor × group)
ANOVAs for liking and wanting data. For food odors delivered
in the liking task, ANOVA revealed a significant odor x group
interaction [F(26, 468) = 1.658, P = 0.023], but the differences
between the groups were not significant for any single odor
(P > 0.05). For Nfood odors delivered in the liking task, no
significant effect was observed (P > 0.05). For food odors
delivered in the wanting task, we found significant effects of
group [F(2, 36) = 5.401, P = 0.009] and state [F(1, 36) = 7.524,
P = 0.009] factors (Figure 3). The group effect was due to
ANr participants reporting lower scores than HC participants
(P = 0.002, αadjusted = 0.017). When considering the three groups
together, the wanting scores were significantly higher in the
hunger state than in the satiety state.

We then distinguished between odors evoking high EDF
(bacon, beef, blue cheese, Gruyère cheese, pâté, peanut, pizza,
smoked bacon) and low EDF (apricot, banana, bitter almond,
potato, shellfish, strawberry). For the odors evoking high EDF
in the liking task, three-way (state × odor × group) ANOVA
showed only a significant group effect [F(2, 36) = 3.169,
P = 0.054], mainly due to the significantly lower rating scores
of ANr participants compared with HC participants (P = 0.017
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FIGURE 3 | Mean rating scores reported for food odors in the wanting task as
a function of group and metabolic state. Vertical bars, s.e.m.; ∗∗P < 0.01;
∗∗∗P < 0.001.

αadjusted = 0.017), and a significant state effect [F(1, 36) = 6.049,
P = 0.019] indicating a higher liking score in the hunger state
than in the satiety state for all three groups. The analysis of
wanting scores for odors evoking high EDF revealed a strong
group effect [F(2, 36) = 14.80, P < 0. 001] with lower rating scores
for ANr and BN patients than for HC participants (P’s < 0.001,
αadjusted = 0.017). No significant effect was observed for odors
evoking low EDF (P > 0.05). These results indicated that
differences in rating scores among groups were mainly observed
for high EDF odors. We further observed a state effect [F(1,
36) = 15.801, P < 0.001] due to significantly higher rating scores
reported during the hunger state than during the satiety state for
all three groups.

Identification Performance and Response Times
We assessed the identification performances during the wanting
task as a function of group and metabolic state using
signal-detection theory [Hunger (HC: d’L = 2.823 ± 0.799, CL =
−0.199± 0.436; ANr: d’L = 2.776± 1.340; CL =−0.094± 1.089;
BN: d’L = 2.604 ± 1.038; CL = 0.060 ± 0.726); Satiety
(HC: d’L = 2.923 ± 0.834, CL = −0.210 ± 0.368; ANr:
d’L = 2.067± 1.311; CL = 0.234± 0.766 BN: d’L = 2.821± 1.147;
CL = −0.233 ± 0.860)]. Two-way (state × group) ANOVAs
revealed no significant main effects or interactions for the
discrimination measure (d’L) [F(2, 36) ≤ 2.36, P ≥ 0.060] or
for the bias responses (CL) [F(2, 36) ≤ 0.582, P ≥ 0.138]. These
results indicate that ANr and BN patients correctly distinguished
food and Nfood odors in the hunger and satiety states during the
wanting task at the same rate as HC subjects and showed similar
numbers of bias responses.

Response time (RT) was defined as the interval between
odorant delivery and the subject’s response. ANOVAs did not
reveal significant differences among groups for the liking or
wanting tasks. First, for the liking task, a four-way (group ×
category × state × odor) ANOVA with repeated measurements
on the last three factors mainly indicated a significant effect of
category due to lower RTs for food than for Nfood odors [F(1,
36) = 52.57, P < 0.001], suggesting that as long as a food is not
identified, it requires more time processing in olfactory memory
to be sure that the odor does not evoke a Nfood. For the wanting

task of food odors, a three-way (group × state × odor) ANOVA
with repeated measurements on the last two factors did not
revealed significant effects or interactions.

The participants were asked to breathe regularly and to
avoid sniffing throughout the experiment, although variations
in breathing amplitude were expected due to the experimental
conditions and the participants’ answers during the rating tasks.
As breathing variations are known to impact brain activation
(Sobel et al., 1998), we analyzed the amplitude of the first
inspiratory cycle following each odor stimulation and the first
cycle preceding it. Mean cycle amplitudes were computed for
the different experimental conditions. Four-way (group × state
× category × inspiration) ANOVAs were performed for the two
tasks, mainly revealing a significant category effect [liking: F(1,
36) = 8.444, P = 0.006; wanting: F(1, 36) = 4.295, P = 0.045] due
to significantly lower inspiratory volumes for food than Nfood
stimuli, but no significant difference in inspiratory volume was
observed among groups [liking: F(2, 36) = 0.472, P = 0.628;
wanting: F(2, 36) = 0.764, P = 0.473]. Thus, the differences in
activation patterns among the groups could not be explained by
differences in breathing.

Cerebral Imaging Data
VOI Analyses
As the liking scores did not differ significantly among the
three groups for food and Nfood odors, we did not examine
the corresponding cerebral activation patterns. For food odors
delivered during the wanting task, we compared the cerebral
activation patterns among the three groups of participants as a
function of hunger vs. satiety [(side × state × group) ANOVA)].
Anatomical VOI analyses revealed significant differences in the
VTA (Figure 4A), and the anterior ventral pallidum (VP). For
the VTA, we found a significant group effect [F(2, 36) = 3.975,
P = 0.028]. Following correction for multiple comparisons, the
Tmax statistic indicated that activation was significantly lower in
ANr than in BN patients (P = 0.047). For the anterior VP, we
found a significant state x group interaction [F(2, 36) = 3.356,

FIGURE 4 | (A) Food odors: differential activation in the wanting task in the
VTA as a function of group. (B) High vs. low EDF odors: differential activation
in the wanting task in the anterior VP as a function of metabolic state and
group. Vertical bars, s.e.m. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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P = 0.046]. After correction for multiple comparisons (Tmax
statistic), only HC participants revealed an increased activation
of VP in the hunger state than in the satiety state (P = 0.037).
We also conducted VOI analyses in participants exposed to
odors evoking high EDF because wanting scores differentiated
the three groups of participants for this condition. However, no
correction of alpha risk by the number of VOIs was needed
because we were only interested to check that the same effects
were found for high EDF odors as those previously obtained for
food odors. A Bonferroni correction was applied for correcting
the number of comparisons performed in a VOI. We examined
the activation patterns by distinguishing those associated with
high and low EDF odors [(side × state × category × group)
ANOVA]. For the anterior VP, a significant state × category ×
group interaction [F(2, 36) = 3.242, P = 0.051] was detected,
primarily due to higher activation in the hunger state than in
the satiety state in HC participants for high EDF odors only
(P = 0.0025, αadjustedfor 0.01 = 0.003) as depicted in Figure 4B.
Activation in the hunger state for high EDF odors was also greater
in HC than in BN (P = 0.006, αadjusted = 0.017) participants, the
difference between HC and ANr participants not reaching the
level of significance (P = 0.040, αadjusted = 0.017).

Whole-Brain Analyses
We primarily observed activation differences in the precuneus in
ANr patients ([HC – ANr] contrast) stimulated with food odors
in the wanting task (hunger state: xyz = 8 −64 48; T = 4.58;
k = 11) and in the liking task (hunger: xyz = 11 −64 40;
T = 4.44; k = 6; satiety: xyz = 11 −64 48; T = 6.45; k = 15).
We further examined the activation patterns associated with
high EDF odors in the two tasks. The [HC – ANr] contrast
revealed mainly reduced activation for the precuneus in ANr
patients in the satiety state in the liking task (xyz = 8 −64 48;
T = 4.84; k = 15, Figure 5). In the wanting task, we further
observed reduced bilateral activation of the anterior insula in
BN patients in the hunger state (xyz = 41 11 −8; T = 3.63;
k = 14, Figure 5).

Because the participants had to decide whether odors evoked
food or Nfood before giving a wanting rating score, we used their
responses to distinguish between the two odor categories rather
than using the selection established a priori by the experimenters
(Table 2). We then compared the cerebral activation patterns
among the three groups as a function of the two metabolic states.
As in previous analyses, we again found reduced activation of
the precuneus in ANr patients as compared to HC participants

FIGURE 5 | Brain sections showing differentially activated regions among the participants of the three groups when they were stimulated (A) with food odors in the
hunger state in the wanting task and (B) with high EDF odors in the liking and wanting tasks in the satiety and hunger states, respectively. Color scales indicate
T-values. Bar graphs show the mean levels of activation in response to food odors in the three groups. The levels of activation given for a metabolic state but not
indicated with an asterisk are given for comparison. Vertical bars, s.e.m. ∗∗P < 0.01; ∗∗∗P < 0.001.
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([HC – ANr] contrast: xyz = 8 −68 48; T = 4.44; k = 11). BN
patients also exhibited lower activation of the anterior insula in
the hunger state than did HC participants ([HC – BN] contrast:
xyz = 41 8 −4; T = 3.78; k = 17), corroborating the results
described above. For food wanting, we further found significantly
lower activation of the caudate nucleus in the hunger state in BN
patients than in ANr or HC participants (Figure 6, xyz = −15 11
8; T = 3.93; k = 6).

DISCUSSION

We investigated the behavioral and neural correlates of the
subjective experiences of liking and wanting for food odors in
women with two forms of EDs. ANr patients liked fewer odors
evoking high EDF and wanted to eat odor-cued food less than
did HC participants (regardless of energy density), and this food
wanting difference was present to a lesser degree in BN patients
for high EDF odors. ANr patients exhibited lower activation of
the VTA than BN patients when evaluating the desire to eat
odor-cued food. BN patients revealed a lack of activation of
the caudate nucleus to food odors during the wanting task. In
the two groups, a low desire to eat food was concomitant with
reduced activation of the anterior VP and the anterior insula
during the hunger state when presented high EDF odors. Finally,

FIGURE 6 | Brain sections showing differentially activated regions among
participants of the three groups when stimulated with odors identified by
participants as food odors in the wanting task during the hunger state. Color
scales indicate T-values. Bar graphs show the mean levels of activation to
food odors in the three groups. The levels of activation during the satiety state
were extracted from the same clusters as found during the hunger state and
are shown for comparison. Vertical bars, s.e.m. ∗P < 0.05; ∗∗∗P < 0.001.

ANr patients exhibited lower activation of the precuneus than HC
participants for several experimental conditions.

Behavioral Data
Here, the smelling of high EDF odors revealed that ANr patients
liked these food odors less than did HC participants (regardless
of the metabolic state), while the liking scores of BN patients
were between those of the other two groups but not significantly
different from either. Thus, ANr patients, but not BN patients,
displayed clearly decreased sensory pleasure in response to odors
evoking high EDF. These results are consistent with studies
showing (i) the influence of macronutrient composition or
caloric load of food stimuli on self-reported pleasure in ANr
patients (Giel et al., 2010; Jiang et al., 2010), (ii) an increased
aversion to fat in AN compared with their BN counterparts
(Sunday and Halmi, 1990), and (iii) a lower pleasantness ratings
to high concentrations of sucrose in bulimic patients with a
history of ANr compared with those without a history of AN
(Franko et al., 1994).

When we examined the desire to eat food, ANr patients
revealed lower wanting scores than HC participants for the
14 food odors used, whereas BN reported lower wanting
scores than HC participants only for odors evoking high
EDF. Thus, the desire to eat odor-cued food was influenced
by the food nutritional content in both groups of patients
although less influenced in BN than in ANr patients. These
findings are in line with a previous study showing that ANr
patients reported lower desire to eat palatable food evoked by
pictures than HC participants during hunger state suggesting
their failure to activate the appetitive motivational system
(Soussignan et al., 2010).

The lower self-reported reward scores for food odors in ANr
and BN patients than in HC participants raise the question of
whether the patients’ olfactory abilities were impaired. Olfactory
performance has been tested previously, although the reported
findings are contradictory (Fedoroff et al., 1995; Aschenbrenner
et al., 2008; Rapps et al., 2010; Schecklmann et al., 2012; Dazzi
et al., 2013). Islam et al. (2015) emphasized that conflicting results
could be due to differences in methodology. However, here, we
noted higher suprathreshold detection scores in patients than in
HC participants, indicating that the patients correctly detected
odors. Further, we found different liking and wanting scores
among the three groups only for high EDF odors, suggesting that
the patients were able to identify different food odors, with lower
scores thus reflecting hyporesponsivity to food reward cues.

Functional Neuroimaging Data
We showed that the neural correlates of subjective experiences
of pleasure and desire for food odors partly differed among
the three groups.

Deactivation of VTA in ANr
ANr patients failed to activate the VTA compared with
the two other groups during the wanting task. Evidence
from neuroimaging studies has indicated that the VTA
preferentially responds to expectation or delivery of primary
(e.g., taste) or secondary (e.g., monetary) rewards but
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not to the delivery/anticipation of nonrewarding stimuli
(O’Doherty et al., 2002; D’Ardenne et al., 2008). These
findings are consistent with animal studies suggesting the
involvement of VTA in the incentive salience attribution
to neural representations of rewarding stimuli (Kelley and
Berridge, 2002). For example, selective dopaminergic (DA)
lesions of the VTA in rodents impair the consumption or
the preference of taste stimuli (Shimura et al., 2002). The
administration of orexins into the VTA induces reward-
seeking behavior (Harris et al., 2005), whereas that of
baclofen blocks both the firing of nucleus accumbens
(NAc) neurons and the behavioral response to a cue
predicting sucrose reward (Yun et al., 2004). Finally,
optogenetic excitation of midbrain GABA neurons that
inhibit VTA DA neurons elicits aversion (Tan et al., 2012).
Here, the lack of activation of the VTA in ANr patients
in response to food odors perceived as aversive to them is
consistent with the idea that the assignment of incentive
salience to food odors via the mesolimbic pathway is
altered in them.

A Least Activation of Anterior VP and Insula in ANr
and BN
ANr and BN patients (relative to HC participants) smelling
high EDF odors in the hunger state revealed low activation
of the anterior VP and the anterior insula during the wanting
task. This result for the VP is reminiscent of our recent study
revealing a lack of activation in this area in subjects disgusted
by cheese and stimulated by cheese odors and images (Royet
et al., 2016). The VP is considered an essential convergent point
for hedonic and motivational signaling pathways in the brain
(Smith et al., 2009). It receives DA inputs from VTA (Smith
and Kieval, 2000) and GABAergic inputs from NAc (Pierce and
Kumaresan, 2006). Its motivation-related activation is observed
when food odors predict immediate arrival of their associated
drink (Small et al., 2008) and when high-calorie food images
are presented to obese women (Stoeckel et al., 2008). It is
also linearly related to the amount of physical force produced
in order to earn larger monetary rewards (Pessiglione et al.,
2007). Thus, a VP reduced activation in the hunger state for
odors during food wanting in ANr and BN patients suggests a
possible dysregulation of this brain area which might impair the
attribution of motivational salience and the associated experience
of desire in these patients.

The anterior insula is an area of multisensory integration
that responds to taste and olfactory stimuli (Small et al., 2004;
Veldhuizen et al., 2010; Mazzola et al., 2017) and plays key roles
in flavor perception and feeding behavior. Neuroimaging studies
have shown greater activation to food-related visual stimuli
during hunger in healthy subjects (LaBar et al., 2001; Malik et al.,
2011) but reduced activation to food cues in the satiety state as the
reward value of stimuli decreased (Small et al., 2001). In patients
who did or did not recover from AN or BN, several studies have
revealed reduced activation of the anterior insula in response to
rewarding stimuli (food images, taste of sucrose) (Wagner et al.,
2008; Bohon and Stice, 2011; Oberndorfer T.A. et al., 2013). These
data are consistent with the present findings and the indication

that the appetitive properties of food stimuli are likely lost in ANr
and BN patients.

Deactivation of Caudate Nucleus in BN
Compared with HC participants, BN patients showed reduced
activation of the caudate nucleus in the hunger state during the
wanting task when exposed to odors evoking food. Previous
studies in BN patients have revealed structural and functional
alterations in the dorsal striatum. For example, compared
with control women, BN patients showed reduced gray
matter volume in the caudate nucleus (Coutinho et al., 2015),
decreased dopamine D2 receptor binding in the posterior
striatum (Broft et al., 2012), and reduced activation of the
dorsal striatum associated with impaired behavioral inhibition
(Skunde et al., 2016). The dorsal striatal DA pathway is
involved in motivation processes related to reward processing
and in executive functions supporting decision-making and
reward-based action selection/reinforcement (Everitt and
Robbins, 2005; Balleine et al., 2007). A hypodopaminergic
striatal state may also contribute to impaired reward-related
learning and may affect the ability of patients to utilize
alternative reinforcers to binge eating and/or purging
(Broft et al., 2012). Our findings are consistent with these
studies, suggesting that the blunted activation of the dorsal
striatal regions to food odors in BN patients might reflect an
alteration of reward-related executive functions (e.g., decision
making, selection of reward-based action and motor control),
which may contribute to binge-eating and purging behaviors
(Skunde et al., 2016).

Deactivation of Precuneus in ANr
We found a lack of activation of the right precuneus
for several experimental conditions in ANr patients.
Cavanna and Trimble (2006) described a wide variety of
potential functions of the precuneus, including visuo-spatial
imagery, episodic memory retrieval and self-processing
operations. They hypothesized a unifying function of this
structure in self-mental representation and modulation
of conscious processes. However, the precuneus may also
be specifically related to awareness of one’s body, with
precuneus deactivation reflecting body image distortion.
For example, comparing differential activation between
self and non-self images, Sachdev et al. (2008) reported
that AN patients exhibit less activation of the precuneus
than HC participants. This differential processing of self-
images was the characteristic disturbance in this group and
might explain why AN patients had a distorted view of
body image. McAdams and Krawczyk (2014) also found a
deactivation of the precuneus in a self-knowledge condition
(“I am,” “I look”), but not in a perspective-taking condition
(“I believe, friend believes”) in women recovering from
AN. Moreover, the distortion of body image is further
considered as a multidimensional symptom involving
perceptive, affective, and cognitive dimensions (Cash and
Deagle, 1997), with the perceptive component mainly related
to alterations of the precuneus and the inferior parietal lobe
(Gaudio and Quattrocchi, 2012).
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Limitations of the Study
We acknowledged a number of limitations in the present study.
First, it is important to underline that the sample size of
groups was small and enrolled only women (although women
have EDs at a higher rate than men), limiting the strength of
our fMRI data. Second, we examined only neural correlates
of subjective/conscious experiences of wanting and liking for
food odors. Thus, it remains to investigate whether implicit
components of motivational and affective processing are also
differentially altered in ANr and BN patients when exposed
to food odors because animal research on brain reward has
shown that objective components of “liking” and “wanting”
are key elements of food reward. Third, in our wanting task,
the participants had to decide whether an odor evoked food
or Nfood, and then to rate a wanting score if their response
was positive. This procedure may be confusing because this
task involved cognitive processing of the type of odor (food
vs. non-food stimuli), motor control (response initiation or
inhibition based on whether the odor is a food or not), and rating
of wanting score if the odor evoked a food. However, our main
objective was to compare performances or activation patterns
between groups, and not between the two tasks. Therefore,
behavioral and functional differences observed between groups
of participants can be considered as valid.

CONCLUSION

Our study provided evidence that food odors are relevant
sensory probes to gain better insight into the dysfunction
of the mesolimbic and striatal circuitry involved, among
other functions, in food reward processing in patients
with EDs. While ANr and BN patients shared similar
hypoactivation of brain regions underlying, inter alia,
emotion/reward processes (anterior VP and insula), the
ANr patients revealed reduced activation of brain regions
involved in particular in the attribution of incentive salience
to food odors (VTA) and in self-referential/body image
processing (precuneus). BN patients revealed more specific
reactivity to food/high EDF odors with hypoactivation
of the dorsal striatum in the hunger state, possibly
reflecting dysfunction in reward-related executive functions.
Additional studies are needed to elucidate the detailed
mechanisms of dysfunction of the brain reward circuitry
in these two EDs.
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