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Abstract

Background and Aim Eating is one of our basic needs, and
food can be extremely rewarding. Different aspects of food
can elicit the brain’s reward system. In the present study we set
out to investigate differences in brain activity evoked by pleas-
ant food and non-food odors, with a particular focus on dopa-
minergic brain regions.

Material and Methods We measured cerebral activity in 23
participants by means of magnetic resonance imaging, who
were stimulated with three food odors (strawberry, orange,
and mango) and three non-food odors (lily of the valley, jas-
mine, and lavender). We acquired functional images using a
block stimulation design. Participants also evaluated pleasant-
ness, intensity, and edibility of the odorants.

Results Food odors elicited larger activations in the left
postcentral gyrus, the left superior frontal gyrus, and in the mid-
brain. However, despite careful piloting, food odors were on
average rated as significantly more intense than the flower odors.
We therefore restricted the subsequent analysis to odors which
were matched with regard to intensity and pleasantness. Thus,
comparing strawberry and lavender odor yielded significant ac-
tivations in the right cingulate, the midbrain, and the insula
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bilaterally. We further extracted the percentage of signal change
from the global mean (beta) for all odorants in all subjects’
ventral tegmental area, which revealed stronger signal change
when subjects smelled food odors compared to flower odors.
Discussion These results indicate that food-related odors may
activate dopaminergic pathways in the brain, possibly due to a
conditioned association.

Keywords Smell - Olfaction - Nose - Eating - Brain

Introduction

Eating is one of our basic needs, and food can be extremely
rewarding. In fact, feeding may release dopamine in brain re-
gions considered to be reward-processing areas (e.g. (Small
et al. 2003)). Further, feeding is not necessary for the activation
of these areas, as even food display including the smell, the taste,
and the sight of food, but without ingestion can lead to dopamine
release (Volkow et al. 2002). In a meta-analysis comparing im-
ages of food vs neutral cues and images of smoking vs neutral
cues, it has been shown that both stimuli activated a similar
reward-cuing network, including the orbitofrontal cortex and stri-
atum (Tang et al. 2012). Similar brain regions were reported in
another meta-analysis on food images (van der Laan et al. 2011).

Several studies have investigated how different aspects of
food involve this reward network, which is, however, not con-
sistently activated by food images. Obese women exhibited ac-
tivation of striatum (caudate and putamen), but individuals with
normal weight did not (Rothemund et al. 2007). In another
study, both obese and normal-weight women exhibited activa-
tions of reward areas due to food images (as compared to cars),
but the effects were stronger in obese women (Stoeckel et al.
2008). Food odors appear to be distinct from other odors, as
processing speed in humans appears to be strongly influenced
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by the edibility of the odor source (Boesveldt et al. 2010).
Indeed, differences in processing of odors related to food and
non-food are observable with modern neuroimaging techniques.
Odors of the desired foods induced a significantly larger BOLD
(blood oxygenation level-dependent) response than odors unre-
lated to food in the reward-processing areas (such as the ventral
tegmental area, ventral striatum, and medial frontal cortex) of
ten hungry women (five of which were obese and five were
lean) (Bragulat et al. 2010). After stimulation with sweet food
odors (chocolate cookie and strawberry/cream) and sweet non-
food odors (rose and lilac), the perceived sweetness of the food
odors correlated significantly with the activity in the left insula
but not the perceived sweetness of the flower odors. This result
indicates that some characteristics of food odors are also proc-
essed in the gustatory cortex, which seems not be the case for
non-food odors (see also Seo et al. 2013). The authors, however,
did not report any differences in activation patterns between
food and non-food odors (Veldhuizen et al. 2010). In another
report, participants smelled food odors (pasta and roast beef) and
a non-food odor (Douglas fir). Food odors evoked higher activ-
ities in reward areas than the non-food odor, such as in the
anterior cingulate and medial prefrontal cortex (Eiler et al.
2012). The activation of reward areas by food seems not to be
specific for humans, since rats show similar patterns. In fact,
exposure to the food odor benzaldehyde (almond) led to activa-
tions of structures related to the limbic system of rats, as opposed
to three other odors (Kulkarni et al. 2012).

In the present study we set out to investigate differences in
brain activity evoked by pleasant food and non-food odors.
Although the reward system is multifaceted (Berridge and
Robinson 2003), still the major neurotransmitter modulating
reward is dopamine (Volkow et al. 2011). Because this system
is so well characterized, a particular emphasis was put on the
mesolimbic dopaminergic pathway of the brain, i.e., ventral
tegmental area (VTA), nucleus accumbens, striatum, amygda-
la, prefrontal cortex, and anterior cingulate (Volkow et al.
2011; Arias-Carrion et al. 2010). For these areas, we expected
differential activations following stimulation with food odors
than with non-food odors. Other than the most previous stud-
ies, we investigated a population with normal body weight
and did not introduce the variable of “hunger” (subjects were
expected to be not hungry during the scans). Our particular
emphasis was to isolate the variable “food” by comparing
food vs non-food odors of similar intensity and pleasantness.

Methods
Ethics Statement
The study was conducted according to the Declaration of

Helsinki and was approved by the Ethics Board of the medical
faculty of the TU Dresden (application number

EK155052012). All participants gave written informed con-
sent before commencing the study.

Participants

A total of 35 participants [14 men, 21 women, 28.0 (standard
deviation 9.4) years] were screened. Of these, we selected 23
[7 men, 16 women, 26.9 (7.2) years] for participation in the
experiment. Inclusion criteria were (1) normal sense of smell
and (2) positive evaluation of the used odorants.

Normal olfactory function was ascertained by the well-
established and validated “Sniffin’ Sticks” test (Hummel
et al. 1997). This test is based on pen-like odor dispensing
devices and allows for the separate evaluation of odor thresh-
old, odor discrimination ability, as well as odor identification
ability. The scores of these subtests can be combined to a sum
score, which can be compared with normative data (Hummel
etal. 2007). We further assessed the participants’ odor percep-
tion by exposing them to bottles containing the six odors of
strawberry, orange, mango, lily of the valley, jasmine, and
lavender. We asked the subjects to evaluate these odors using
an 11-step visual analog scale with —5 (very unpleasant), 0
(neutral), and 5 (very pleasant) as anchors. Only subjects who
evaluated these odorants above neutral (>0) were included in
the study. By doing so we ascertained that the odors which
were eventually used in the scanner were not novel for
participants.

We further excluded subjects with known olfactory disor-
der, acute rhinitis, and known neurological or psychiatric
diseases.

Materials

In a pilot study we presented a total of 12 odors to 35 partic-
ipants. These odors included six food odors (chocolate, man-
g0, peach, apple crumble, strawberry, and orange) as well as
six non-food odors (rose, cedar, pine, jasmine, lavender, and
lily of the valley (all Takasago, Paris, France). Participants
rated pleasantness and edibility of each odor by means of
visual analog scales ranging from 0 to 10. We selected three
odors of both categories by using the following criteria: (1)
odors had to be perceived as pleasant, as indicated by an
average pleasantness of >5; (2) food odors had to be rated as
edible, as indicated by an average edibility rating of >5; (3)
non-food odors had to be rated as non-edible, as indicated by
an average edibility rating of <§.

Of the odors fulfilling these criteria we selected those with
the smallest standard deviation on both variables. This result-
ed in six odors, namely, strawberry (S), orange (O), mango
(M), lily of the valley (V), jasmine (J), and lavender (L) (all
Takasago, Paris, France) which were used in the study. Odors
were used in neat concentrations.
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Odor stimulation was performed using a computer-
controlled olfactometer (Sommer et al. 2012). In short, this
device allows for computer-controlled odor delivery with
steep stimulus onset and offset within the scanner. During
the stimulation period, odors were delivered to both nostrils
in pulses of 1 s, with 2 s between two pulses. Odors were
delivered with a flow rate of 1 L/min per nostril. The flow of
air was not perceived by the subjects. In the no odor condition,
no air was delivered to the participants. Subjects practiced
velopharyngeal closure in order to avoid sniffing behavior
during the scans (Kobal 1981).

We acquired functional images on a 1.5 T scanner (Siemens
Sonata) with the following parameters: EPI (echo planar im-
aging) sequence, repetition time 2500 ms, echo time 40 ms,
flip angle 90°, matrix 64x64, voxel size 3x3x3.75 mm.
Subjects were stimulated in an on-/off-block design. They
underwent six runs during each of which they were stimulated
with only one odor. The order of presentation of the odors was
pseudorandomized and counterbalanced. Within one run, par-
ticipants received six on-blocks and six off-blocks, with each
of these blocks lasting 20 s. We were therefore able to acquire,
within each run, 48 volumes during on-blocks and 48 volumes
during off-blocks.

For overlays we also acquired anatomical T1 scans (mag-
net-prepared rapid gradient echo (MP-RAGE); voxel size 1 x
0.73x0.73 mm). This data was used as reference images in
fMRI analysis to account for the poor resolution of functional
scans. We chose this design as we had the same paradigm in a
number of previous studies where it appeared to work, e.g.
(Wallrabenstein et al. 2013; Bensafi et al. 2014; Milinski et al.
2013).

Design

We used a 3 (odors) x 2 (food—flower) repeated measures
design.

Procedure

The subjects came to the laboratory for the screening session.
After they signed the consent form, their sense of smell was
evaluated using the Sniffin’ Sticks. Further, we evaluated their
subjective evaluation for six different odorants. Further we
verified the study exclusion criteria as well as the MRI exclu-
sion criteria. This lasted for approximately 1 h.

The subjects who passed the screening were invited for
participation in the study on another day. The time of testing
was between 8 a.m. and 8 p.m. After arriving at the MRI
department, the subjects received a short training session
and were prepared to enter the scanner room. Once installed
in the scanner, we connected the olfactometer outlet to the
subjects’ nose. Subjects then underwent the six functional
runs. Within each run, they received one single odor; before
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each run, we told participants the name of the next odor.
Importantly, the presentation of different odors was separated
by several minutes, in order to avoid cross-contamination.
While inside the scanner, participants performed a breathing
technique called velopharyngeal closure (Kobal 1981) in or-
der to prevent sniffing in response to odorous stimulation.
They were instructed to keep their eyes open.

After each run, subjects evaluated the odor they just had
received on three dimensions (pleasantness, edibility, intensi-
ty) using 11-point scales (pleasantness, ranging from —5 very
unpleasant to 5 very pleasant; edibility, ranging from —5 very
inedible to 5 very edible; intensity, ranging from 0 very weak
to 10 very intense). In total the functional imaging part lasted
for approximately 30 min. Then we acquired the anatomical
scan, which lasted another 15 min. In total, the second session
lasted approximately 2 h.

Statistical Analysis

Psychophysical data was analyzed by means of SPSS 19.0
(SPSS Inc., Chicago, I, USA). For descriptive statistics, we
calculated average values with standard deviations. We further
computed repeated measures ANOVAs for each psychophys-
ical dimension (pleasantness, edibility, intensity) using a 3
(odorants S, O, M and V, J, L) x 2 (quality food, non-food)
within subjects design. The alpha level was set at 0.05.

Neuroimaging data was analyzed by means of MatLab
(MathWorks, Ismaning, Germany) and the implemented
SPM8 toolbox (Wellcome, London, UK). First, we trans-
formed the data from the DICOM format into NifTI format
for further analysis. We realigned the volumes to the mean
image and coregistered them. Next we segmented the
coregistered images into grey and white matter; these files
were then used to normalize the realigned images to MNI
space. As a last step, we smoothed images with a 7x7x7 full
width at half maximum filter. We then performed a first-level
analysis using moving parameters as multiple regressors. We
calculated, for each odor and in each subject, a ¢-contrast be-
tween the volumes of the on-blocks and the volumes of the
off-blocks, resulting in six #-contrasts. The resulting z-con-
trasts were used in the second level analysis. Here we calcu-
lated the following contrasts: (1) all odors vs baseline, (2) all
food odors vs all non-food odors and vice versa, and (3) Svs L
and vice versa. We set the significance criterion at p<0.05,
familywise error corrected. For a priori-defined regions, how-
ever, we accepted an alpha of p<0.001, uncorrected, while
applying a cluster criterion of >5 voxels.

We further analyzed the data in an additional way. We had a
specific hypothesis about the differences between food and
flower odors in the VTA. In order to avoid the possibility of
false rejections as the result of corrections for multiple com-
parisons, we refrained from running analyses of additional
areas. Accordingly, we extracted the percentage of signal



Chem. Percept. (2015) 8:192-200

195

change from the global mean (beta) due to the different odors
in this specific brain area. For doing this we used the images
obtained in the first level analysis. Coordinates for the VTA
were obtained using the Mai brain atlas (Mai et al. 2008); we
used the averaged coordinate on each axis resulting in average
coordinates of 0, =20, —10 (x, y, z). Using the all odor vs
baseline contrast, we automatically searched for the nearest
local maximum at the VTA applying a very liberal threshold
(»<0.05, uncorrected). At this location, we extracted the betas
for all “On” and “Off” conditions for each odorant. Each of
these betas was expressed as the percentage of the session-
wide constant beta, yielding the percentage of signal change
from the global mean due to the six odorants. We then calcu-
lated the difference between the percentage betas for the On
and the Off conditions. These values therefore represent the
activity in the voxel of the local maximum. We then submitted
the resulting values to a repeated measures ANOVA using a 3
(odorants S, O, M and V, J, L) x 2 (quality food, non-food)
within subjects design. The alpha level was set at 0.05.

Results
Odors vs Baseline

First, we compared all odors to the baseline. When applying
FWE (family-wise error rate) correction, we observed three
small clusters located in the posteriolateral extremity of the
orbitofrontal cortex, bilaterally, as well as in the posteriolateral
prefrontal cortex. See Table 1 for an overview.

Food Odors vs Flower Odors
Psychophysical Data

Participants considered food odors significantly more edible
than flower odors; average edibility for food odors ranged
from 3.39 to 3.96; average edibility for flower odors ranged
from —3.78 to —2.96 (F=386 (Small et al. 2003; Milinski et al.
2013); p<0.001). We considered edibility ratings of 1 and
more as “edible”; by applying this criterion, 23 (23, 22) of

Table 1  Significant activations odor stimulation (contrast all odors vs
baseline): label: name of the regions (L left, R right, C cortex, G gyrus);
cluster (cluster statistics): p(FWE-cor) familywise corrected p-value for
cluster; size cluster size in voxels; p(unc) uncorrected p-value for cluster;

23 participants rated strawberry (mango, orange) as edible.
The one individual rating orange as non-edible assigned it a
value of —=5. Applying the same criterion for the flower odors,
of 23 participants, 0 (2, 0) rated lily of the valley (jasmine,
lavender) as edible. The two participants rating jasmine as
edible rated it +1. Further, these two did not comprise the
individual that misjudged orange. In other words, only in 3
of 138 occasions (6 odors x 23 participants), a participant
rated odors into the “wrong” category.

With regards to pleasantness, all odors were considered
pleasant, averages ranged between 2.78 (lily of the valley
and lavender) and 3.43 (mango); there was no difference be-
tween food odors and flower odors. When looking at individ-
ual values, ratings were highly consistent. If one considers
ratings of 1 and more as pleasant, of 23 participants, 22 (22,
23) rated strawberry (orange, mango) as pleasant. With
regards to strawberry, one participant rated it as —1, whereas
one subject (not the same individual) rated orange as highly
unpleasant (—5). This was the same participants who had rated
orange as non-edible. With regards to the flower odors, 23 (23,
22) rated lily of the valley (jasmine, lavender) as pleasant.
With regards to lavender, one subject rated its pleasantness
as —3. Again, in only 3 of 138 occasions the odor was per-
ceived as unpleasant.

The picture was somewhat more complex with regards to
intensity ratings. We observed a significant difference be-
tween intensities for food odors and flower odors, despite
careful piloting; on average, food odors (averages ranging
from 5.52 to 6.65) were perceived as more intense than the
flower odors (averages ranging from 4.87 to 5.53; F=10
(Small et al. 2003; Milinski et al. 2013); p=0.004). Average
ratings are presented in Table 2; see Fig. 1 for an overview
overratings.

Imaging Data

The contrast food vs flower did not reveal any significant
differences when FWE correction was applied. A lowered
threshold (»<0.001; extent >5 voxels), however, revealed ac-
tivations in the left postcentral gyrus and the left superior
frontal gyrus (Table 3). In addition to these activations, we

peak (statistics for peak voxel within cluster): p(FWE-cor) familywise
corrected p-value for peak voxel; T t-statistic of peak voxel; p(unc)
uncorrected p-value for peak voxel; x, y, z coordinates of the peak voxel

Odor vs baseline Cluster Peak X y z
Pp(FWE-cor) Size p(unc) p(FWE-cor) T p(unc)

L inf front G 0.004342 6 0.084844 0.027286 5269187 2.71E-07 =50 18 -8

R sup front G 0.015545 2 0.305446 0.029263 5.251176 2.94E-07 42 56 14

R inf front G 0.015545 2 0.305446 0.034283 5210144 3.54E-07 50 18 -8
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Table 2  Average ratings of odors (standard deviation in brackets)

Strawberry Orange Mango Lily o. t. v. Lavender Jasmine
Pleasantness 3.35(1.5) 3.22(2.09) 3.43(1.12) 2.78 (1) 2.78 (1.81) 3.39(0.78)
Edibility 3.96 (0.88) 3.39 (2.08) 3.61 (0.99) —3.65 (1.61) —3.78 (1.09) —2.96 (1.85)
Intensity 6.65 (2.31) 6.09 (2.09) 5.52 (2.33) 5.22 (2.39) 6(2.24) 4.87 (1.82)

further observed a small (2 voxels) activation in the midbrain,
4-mm rostral of the VTA (red circle in Fig. 2a). The inverse
contrast showed no significant activations when FWE
corrected. When applying the more liberal threshold
(»<0.001, uncorrected with an extent threshold of >5 voxels),
we observed two activation clusters, namely, in the left supe-
rior frontal gyrus and in the right amygdala.

Strawberry vs Lavender

In order to compare iso-intense odors we performed an addi-
tional analysis, in which we included only two odorants,
namely, strawberry as food odor and lavender as flower odor.
Both odors were considered pleasant; there was no difference
between this pair of a food odor and a flower odor. Strawberry
odor was considered significantly more edible than lavender
(»<0.001). Importantly, both odors had a comparable
intensity.

Imaging Data

When comparing strawberry vs lavender, no difference in ac-
tivations was observed when applying the strict FWE criteri-
on. With the more lenient criterion (p<0.001, >5 voxels) we
observed several significant activations, including the right
cingulate, the midbrain (consistent with the ventral tegmental
area; red circle in Fig. 2b), and the insula bilaterally. When
applying the lenient threshold, the inverse contrast (lavender
vs strawberry) revealed significant activations in the hippo-
campus bilaterally, the right thalamus, and the occipital areas.
See Table 4 for details.

Ventral Tegmental Area

We extracted the percentage of signal change from the global
mean (beta) for all odorants in all subjects’ VTA. All average
betas were significantly above 0 (all p<0.001). We then com-
puted the repeated measures ANOVA which revealed stronger
signal change when subjects smelled food odors compared to
flower odors (F=4.4 (Small et al. 2003; Milinski et al. 2013);
p=0.048). Food odors led to an average signal change in the
VTA 0f 0.20 % (standard error of the mean 0.03); the respec-
tive value was 0.14 % (0.02) for flower odors. We next per-
formed post hoc comparisons odor-by-odor for all food-
flower combinations. The only two combinations yielding a
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significant difference between food and flower odor were
strawberry vs lavender (p=0.02) and orange vs lavender (p=
0.009). However, when applying a Bonferroni correction for
multiple comparisons, these p-values have to be considered as
non-significant. See Fig. 3 and Table 5 for beta values.
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Fig. 1 Average ratings (n=23) for pleasantness (fop), edibility (middle),
and intensity (bottom) for six odorants: food odors strawberry (S), orange
(0), mango (M), lily of the valley (Li), lavender (La), jasmine (J). The
central mark is the median, the edges of the box are the 25th and 75th
percentiles; the whiskers extend to the most extreme data points not
considered outliers (PP=1.5 (75th percentile—25th percentile); outliers,
>75th percentile+PP or <25th percentile-PP)
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Discussion

We observed significant differences in brain activations when
the participants were smelling odors related to food and odors
related to flowers. The differences were best observable when
we only included odors with similar pleasantness and intensity
into the analysis (strawberry and lavender). The food odor
strawberry activated olfactory processing areas (piriform cor-
tex, insula) and reward/dopaminergic areas (midbrain, cingu-
late) to a higher degree than the flower odor lavender. The
flower odor on the other hand activated memory
(hippocampus) and visual areas (cuneus) to a higher degree.

The most significant finding of this current study stems
from the comparison between two odors, namely strawberry
and lavender. While we interpret this finding as the result of a
specific difference between food odors and non-food odors—as
we were able to match both odors with regards to intensity and
pleasantness—one may argue that the food—non-food dimen-
sion is not the only one separating these two odors from each
other. In order to generalize our findings, it is indeed necessary
to repeat the study with additional matched odors. We tried to
do this by using three odors per category, but we found it
difficult (and were unable) to match food odors and non-
food odors. This may raise the question whether the dimen-
sions we matched them on (intensity and pleasantness) are
independent from the edibility dimension or whether intensity
and pleasantness are intrinsic contributors to an overall edibil-
ity concept. Our study is therefore only the first step to a
thorough understanding of how food odors are processed in
the brain.

Several studies have shown differences in olfactory pro-
cessing for food-related odors. In one study, for example, re-
searchers asked healthy young subjects to indicate as fast as
possible the presence of an odor. They stimulated their partic-
ipants with four different odors, two of which were food re-
lated and two were not. In both groups of odors, one odor was
pleasant, and the other was unpleasant. The authors of this

Table 3  Significant differences between food and flower odors
(contrasts: food odors vs flower odors (top); flower odors vs food odors
(bottom)): label: name of the region (L left, R right, C cortex, G gyrus);
cluster (cluster statistics): p(FWE-cor) familywise corrected p-value for

study described that both pleasantness and edibility of the
odors affected response times, with the unpleasant food odor
evoking shortest detection times (Boesveldt et al. 2010). This
finding suggested (negative) food odors to be ecologically
more relevant and therefore processed more quickly, in anal-
ogy to the visual system (Mineka and Ohman 2002). Another
study shed light on possible neuroanatomical properties of
food odor processing. Again, researchers presented their par-
ticipants with four different odorants while they were record-
ing fMRI. Participants received three non-food odors and a
food-related odor (chocolate). Further, the researchers stimu-
lated participants via a tubing either ending at the nostril
(orthonasal stimulation) or in the nasopharynx (retronasal
stimulation (Heilmann and Hummel 2004)). In vivo,
retronasal stimulation is occurring during eating and drinking,
when molecules are released from the odor source in the oral
cavity. Chocolate, but not the three other control odors,
evoked differential activations between orthonasal and
retronasal stimulation (Small et al. 2005), further indicating
a privileged processing of food-related odors. In another par-
ticularly interesting study, researchers fed hungry participants
chocolate beyond satiety while they were recording PET
scans. By doing so, they could investigate the effect of being
exposed to the same food in different internal states, ranging
from pleasure to aversion. In the hungry condition participants
were highly motivated to eat chocolate and exhibited activa-
tions of reward areas, including caudomedial OFC
(orbitofrontal cortex), striatum, and midbrain. When partici-
pants ate chocolate despite being satiated, they evaluated it as
less rewarding and showed changed activation patterns
(caudolateral OFC, prefrontal regions). Cingulate activation
was independent from reward associated with chocolate con-
sumption (Small et al. 2001). Another study further supported
the notion of a satiety-dependent activation in the OFC
(O'Doherty et al. 2000).

In fact, several studies have reported activations of reward
areas in the brains of food-smelling hungry individuals. For

cluster; size cluster size in voxels; p(unc) uncorrected p-value for cluster;
peak (statistics for peak voxel within cluster): p(FWE-cor) familywise
corrected p-value for peak voxel; T t-statistic of peak voxel; p(unc)
uncorrected p-value for peak voxel; x, y, z coordinates of the peak voxel

Contrast Cluster Peak X y z
p(FWE-cor) Size p(unc) p(FWE-cor) T p(unc)
Food vs flower
L postcentral G 0.955497 19 0.135626 0.93365 3.959331 6.11E-05 -26 =30 48
L sup front G 0.972397 17 0.156441 0.998897 3.638657 0.000196 -8 34 52
R sup temp G 0.99943 8 0.325519 0.999998 3.384542 0.000469 58 —44 10
Flower vs food
L sup front G 0.999959 5 0.440242 0.999952 3.49668 0.000321 -20 20 64
R amygdala 0.999731 7 0.358172 0.999999 3.350232 0.000526 20 -12 —4
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x=-2 y=-18

Fig. 2 Differences in brainstem activation between food odors and
flower odors. a All three food odors vs all three flower odors
[(strawberry+orange+mango) vs (lily of the valley+lavender+
jasmine)]. b Strawberry vs lavender (matched for intensity and
pleasantness). Encircled area is located in the brainstem

example, in one study participants were food deprived for 24 h
and highly craved food. They exhibited stronger activations of
the limbic system and reward areas, most prominently ventral
tegmental area and ventral striatum, when they smelled food-
related odors compared to other odors not related to food
(Bragulat et al. 2010). The same group investigated another
set of odors and confirmed prefrontal, insular, and

Table4  Significant differences between a fruit odor and a flower odor
(contrasts: strawberry vs lavender (top); lavender vs strawberry (bottom)):
label: name of the region (L left, R right, C cortex, G gyrus); cluster
(cluster statistics): p(FWE-cor) familywise corrected p-value for cluster;

orbitofrontal activations to food odors but not to non-food
odors in hungry individuals (Eiler et al. 2012). The picture is
somehow different in studies testing non-hungry individuals:
in one report, participants who were not hungry failed to show
differences in brain activations between sweet food-related
odors and sweet non-food odors. However, insular activation
could be observed following stimulation with all odors. For
the food odors, ratings of sweetness perception evoked by the
odors were correlated with the activity in the insula but only
for the food-related odors, not for the other odors (Veldhuizen
etal. 2010). This finding lends further support to the notion of
a privileged processing of food-related odors in the brain. Our
observation with larger activations in the insula, the cingulate,
and the midbrain following stimulation with food-related
odors is in line with this body of research. The fact that we
did not observe orbitofrontal differences may indicate that for
our subjects, who were neither hungry nor satiated to the odors
we used, both sets of odorants were—to some degree—equally
rewarding. However, results from the dopaminergic areas sug-
gest differential activations in these areas depending on the
fact whether the stimulus is related to food or not.

The VTA is a central area in the processing of rewarding
stimuli. In fact, its dopaminergic neurons are sensitive to the
reward prediction error, which is the discrepancy between
expected and actual reward (Bayer and Glimcher 2005).
After olfactory stimuli had been associated with rewarding
or punishing outcomes for rats, 50 % of investigated VTA

size cluster size in voxels; p(unc) uncorrected p-value for cluster; peak
(statistics for peak voxel within cluster): p(FWE-cor) familywise
corrected p-value for peak voxel; T t-statistic of peak voxel; p(unc)
uncorrected p-value for peak voxel; x, y, z coordinates of the peak voxel

Cluster

Peak

Contrast X y z
p(FWE-cor) Size p(unc) p(FWE-cor) T p(unc)

Strawberry vs lavender
R cingulate 0.368927 52 0.020061 0.156942 4.789446 2.21E-06 12 -2 50
Midbrain 0.822052 28 0.075229 0.922215 3.97936 5.67E-05 -2 —-18 —4
R insula 0.998903 9 0.297003 0.973786 3.860063 8.83E-05 44 0 18
L insula 0.998903 9 0.297003 0.985463 3.808342 0.000107 —44 -2 22
R sup temp G 0.955497 19 0.135626 0.991925 3.762843 0.000126 64 —40 10
R sup temp G 0.999731 7 0.358172 0.997703 3.680149 0.000169 36 —40 10
L piriform C 0.99943 8 0.325519 0.998398 3.659252 0.000182 -32 12 —4
L med temp G 0.999731 7 0.358172 0.999947 3.500225 0.000317 =56 —4 —-12
L med temp G 0.999887 6 0.39595 0.999998 3.382477 0.000473 =52 -20 -8
L sup front G 0.999959 5 0.440242 1 3.347204 0.000532 -8 34 54

Lavender vs strawberry
R hippocamp 0.933558 21 0.118161 0.773783 4.154229 2.91E-05 18 —46 4
R thalamus 0.482773 45 0.02873 0.939431 3.948324 6.37E-05 16 —20 )
R cuneus 0.996747 11 0.249626 0.986977 3.799419 0.00011 20 -90 34
L hippocamp 0.996747 11 0.249626 0.999455 3.60237 0.000223 —24 —-18 -10
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Fig. 3 Average percentage signal change (beta) in the ventral tegmental
area due to six different odors. Asterisk indicates a significant main effect
of odor group (food, flower); coordinates 0, —20, —10

neurons—all dopaminergic—exhibited activation patterns
which followed closely both reward-predicting odors and ac-
tual reward. The other half of the neurons—all GABAergic—
showed different activation patterns, consistent with a persis-
tent excitation or inhibition between reward-predicting odors
and actual reward (Cohen et al. 2012). This particular study is
interesting in the present context. First, it provides a neuro-
physiological underpinning for reward activations and second,
it shows that odors can act as reward-predicting stimuli. The
final link between reward, the VTA, and food odors is provid-
ed by studies which show that food consumption leads to
activation of dopaminergic neurons in the VTA: Ghrelin is a
hormone which is released by the stomach and induces a rapid
orexigenic response (Asakawa et al. 2001). Importantly, it is
involved in the reward induced by palatable food (Egecioglu
et al. 2010). Ghrelin receptors are located in several brain
areas including the hypothalamus, the brainstem, the tegmen-
tum, and the hippocampus (Guan et al. 1997; Zigman et al.
2006). In fact, Ghrelin injection leads to activation of
mesolimbic reward areas, such as the VTA and the nucleus
accumbens (Egecioglu et al. 2010) and increases the motiva-
tion for chemosensory reward (Skibicka et al. 2011). These
studies show that both food consumption and the perception
of odors associated with food may lead to a strong activation
of dopaminergic brain areas. Our results are in line with these
conclusions in that a food odor led to higher activity in the

Table 5 Percentage signal change—beta—(standard deviation) in the
ventral tegmental area (coordinates 0, —20, —10)

Odorant Strawberry Orange Mango All foods
0.23 (0.25) 0.20 (0.14) 0.18 (0.18) 0.21 (0.19)

Odorant Lily Jasmine Lavender All flowers
0.18 (0.18) 0.15 (0.18) 0.07 (0.14) 0.14 (0.17)

VTA than a flower odor matched for intensity and pleasant-
ness. Food-related odors would lead to the activation of dopa-
minergic areas via association. In future studies it could be
investigated to what extent food-related activations of the
VTA are hard wired or learned by using odors of unknown
food via classical conditioning.

An interesting finding is the activation of regions such as
the thalamus, hippocampus, and occipital regions by the flow-
er odors, particularly with lavender. Thalamic activation by
lavender may very well be caused by its slight trigeminal
component, which may lead to activation of the somatosenso-
ry pathway. The hippocampal and the occipital activations are
more puzzling. Occipital activation has been reported to occur
during odor perception (Djordjevic et al. 2005), but it is un-
clear why this should be more prominent with lavender than
with strawberry. Together with the larger activation of hippo-
campal activations, one may speculate that lavender evoked
visualized memories in the participants, but this is far from
supported by the data.

There are limitations to the present study. We did observe
perceptual differences between both odor categories. While
we tried to control this (by piloting and exclusion of some
odors), it may very well be that these dimensions are an inte-
gral part of the odor categories. In other words, a food odor per
se may be perceived as more or less pleasant as a flower odor
at equal intensities; therefore, when trying to match pleasant-
ness of the odors, food odors had to be more intense than
flower odors. If this is the case, it would be impossible to
perfectly match both odor categories on these dimensions.
Also, in the present study odor intensity was not perfectly
matched which may have impacted on the results; however,
this was not the case for strawberry as food odor and lavender
as flower odor. In any case, the results have to be interpreted
with some caution as ideal conditions for the analysis were not
present for all possible odor pairings. Further, we did not
control systematically for hunger—although none of the sub-
jects was starving. Another limitation is that the main effects
seen in fMRI data are restricted to the pair strawberry—laven-
der. Future studies are needed to show whether the observed
effect also generalizes to other odor qualities. In terms of tech-
nical details, future studies should also include intensity rat-
ings as a covariate in the full analyses.
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