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Abstract
The aim of this study was to investigate how odor stimulation affects taste perception. Electroencephalogram (EEG) signals 
were measured from the frontal region of the head in normal, healthy subjects, and frequency analyses were performed. Each 
odor stimulation was delivered while the subject was tasting chocolate, using chocolate paste as the odorant for ‘matched odor 
stimulation,’ and garlic paste for ‘unmatched odor stimulation.’ Differences in EEG signals appeared between the matched 
and unmatched arms of the study. Comparison of the frequencies of EEGs captured under the condition of unmatched odor 
stimulation with those captured under the condition of matched odor stimulation showed that the occupancy rate of the theta-
frequency band under the condition of unmatched odor stimulation was higher than that under the condition of matched 
odor stimulation. Interestingly, a negative correlation existed between the occupancy rate of the theta-frequency band and 
the subjective feeling of chocolate sweetness. The present findings suggest that when humans receive odors that do not 
match with the foods being consumed, subjective feelings are disturbed and theta-band brain activity is increased while the 
unmatched information is cross-checked.
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Introduction

Taste and smell are fundamental senses by which humans 
obtain chemical information. Feelings of deliciousness when 
consuming foods can thus be produced by the perception of 
the chemical information extracted from the foods them-
selves. The molecules causing taste and smell bind to gus-
tatory and olfactory receptors expressed on the tongue and 
olfactory epithelium, respectively. The resulting chemical 
signals are first conveyed to the primary gustatory and olfac-
tory cortices, following which the information is processed 
at higher levels of the cortex [1–4]. The gustatory and olfac-
tory cortices are strongly connected to the limbic system 

and, accordingly, these chemical senses are also strongly 
connected with emotion [5, 6]. The limbic system plays 
important roles in memory storage, retrieval, recognition 
and the production of various emotional feelings [2, 7–9]. 
The perceived deliciousness of food may therefore be partly 
based on memory and emotion with regard to the food in 
question, formed by personal experience.

Many foods contain specific substances that produce 
their own particular taste and odor. Food odor can increase 
the taste intensity of food [10, 11] by acting through cross-
modal interactions [12, 13]. Humans recognize foods by 
referring to the combination of taste and smell [14]. When 
the smell of a food differs from the smell that the food is 
usually associated with, we may experience difficulty in rec-
ognizing that food. In such cases, the processing of chemical 
information might be disturbed. However, the precise mech-
anisms involved in such disturbances remain unexplained.

Chocolate is a familiar food that is usually associated with 
feelings of pleasantness and an increased positive mood [15, 
16]. In addition, chocolate can be easily identified by its spe-
cific combination of smell and taste. Therefore, in the pre-
sent study we focused on chocolate as tastant. The delicious-
ness of chocolate experienced by the person consuming the 
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chocolate may be enhanced or attenuated, depending on the 
associated smells. The frequency of electroencephalogram 
(EEG) signals is related to underlying activities of the brain; 
as such, EEG signals can be used to investigate perceptual, 
cognitive and emotional functions [17–21].

In the study reported here, we used Fast Fourier Trans-
form (FFT) analysis to investigate how changes in the feel-
ings associated with a taste correlate with brain activities 
when an unmatched odor stimulation is introduced into the 
association.

Materials and methods

All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards of the 
institutional and/or national research committee and with the 
1964 Declaration of Helsinki and its later amendments or 
comparable ethical standards. The institutional ethics com-
mittee at Tokushima University approved the study reported 
here (No. 2575-2]. Informed consent was obtained from all 
individual participants included in the study.

Nine healthy participants with a mean (± standard 
deviation [SD]) age of 30.2 ± 12.3 years were enrolled in 
experiments using chocolate as a tastant, and another nine 
healthy participants with a mean age of 33.3 ± 15.8 years 
were included in control experiments in which no tastant 
was used. EEGs were recorded from the frontal region of 
the scalp (Fp1, Fp2) using an Alphatec IV EEG recorder 
[Brain Function Research & Development Center [BFRDC], 
Osaka, Japan]. Frequency analyses of the EEGs were per-
formed with a MinD Sensor V (BFRDC). During one ses-
sion (60 s), data were collected every 1 s. The sampling rate 
was 1024 Hz. EEG epochs with artifacts were automatically 
identified, and artifact-free EEG epochs were used in the 
frequency analysis.

During the experiments, participants were seated in a 
body sonic chair (RFRESH1 Excellent, Tokyo, Japan) and 
listened to consonant music for relaxation. Milk chocolate 
(Morinaga & Co., Tokyo, Japan) was used as a tastant. 
Chocolate paste (Morinaga & Co.) was used as an odor-
ant in the ‘matched odor stimulation’ arm, and garlic paste 
(House Food Corporation, Tokyo, Japan) was used as an 
odorant in the ‘unmatched odor stimulation’ arm. At the start 
of the session, the participant put a small piece of choco-
late in his/her mouth and tasted it. For odor stimulation, the 
odorant was smeared onto cosmetic paper and placed close 
to the nose of the participant. EEGs were recorded for 60 s 
per session. After the session, the participant was asked to 
rate the perception of chocolate sweetness as a ‘chocolate 
sweetness score’ on a scale of 1–5 (0, no feeling of chocolate 
sweetness; + 5, extreme feeling of chocolate sweetness). As 
a reference for chocolate sweetness, participants were asked 

to consider the sweetness of chocolate with no odor stimu-
lation as a chocolate sweetness score of 2.5. As a control 
experiment, odor stimulation with chocolate paste or garlic 
paste was delivered in the same way as mentioned above to 
participants without taste stimulation (no chocolate in the 
mouth), and EEGs were recorded for 60 s per session. As 
another control experiment, EEGs were recorded for 60 s 
per session while the participant was tasting chocolate in 
the absence of any odor stimulation.

When a small piece of chocolate is carried to the mouth, 
olfactory receptors detect the odor of the chocolate retrona-
sally [22]. All participants were able to distinguish the odors 
of milk chocolate (retronasal) and chocolate paste (ortho-
nasal) when the odors were presented separately. However, 
the retronasal pathway provides a smaller olfactory input 
than the orthonasal pathway [23, 24]. We therefore adopted 
cases using no odorants to represent the condition of no odor 
stimulation.

Individual EEG band frequencies were analyzed from 4 
to 23 Hz. The occupancy rate of each frequency was calcu-
lated as the power of each frequency divided by the summed 
power for all frequencies. The ratio was defined as the unit 
occupancy rate (%). Activity in each frequency was first 
assessed by the unit occupancy rate per second. Then unit 
occupancy rates through one session (60 s) were averaged; 
these averaged data were used to determine the occupancy 
rate (%) in this study. Details on EEG recordings and data 
analysis have been described previously by Yoshimura et al. 
[25].

Results

Data were collected from nine healthy participants in experi-
ments in which chocolate was used as a tastant. In order to 
have a standard reference point, each participant was asked 
to rate the chocolate sweetness score of the tastant as 2.5 
under the condition of tasting the chocolate without odor 
stimulation. The chocolate sweetness score under the condi-
tion of odor stimulation was then rated relative to that refer-
ence point of 2.5. Subjective feelings of chocolate sweetness 
were compared between conditions of unmatched odor stim-
ulation and matched odor stimulation. For all participants, 
chocolate sweetness scores under the condition of matched 
odor stimulation were higher than the reference score. Con-
versely, chocolate sweetness scores under the condition of 
unmatched odor stimulation were lower than the reference 
score. Differences in chocolate sweetness scores between 
the two conditions were significant for all nine participants 
based on analyses using Origin8 software (OriginLab Co., 
Northampton, MA USA): 1.1 ± 0.49 (mean ± standard devi-
ation) (matched) vs. 3.9 ± 0.33 (unmatched); paired t test, 
p = 4 × 10−6 (Fig. 1). Interestingly, in addition to decreased 
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feelings of sweetness, participants showed a tendency to be 
unable to specifically discern what the food was under the 
condition of unmatched odor stimulation.

Objective differences between unmatched odor stimula-
tion and matched odor stimulation conditions were apparent 
in the EEG signals collected from the nine healthy partici-
pants. Profiles of mean occupancy rates obtained from the 
frequency analysis are shown in Fig. 2a, b. Figure 2c shows 
the profiles of the two conditions superimposed. In the pre-
sent study, we focused on theta, alpha and beta frequency 
bands. To assess the occupancy rate of the respective fre-
quency bands, we calculated the areas surrounded by the 
lines of occupancy rates and the frequency axis (Hz × %) 
and termed the result the ‘areal occupancy rate’ (Fig. 2c). 
Mean areal occupancy rates of the respective frequency 
bands under conditions of unmatched and matched olfac-
tory stimulations are shown in Fig. 2d. To investigate which 
frequency bands of EEG reflected different patterns of olfac-
tory stimulation, we then subtracted the areal occupancy 
rates under the condition of unmatched odor stimulation 
from those under the condition of matched odor stimula-
tion and compared the results. Mean differences for theta, 
alpha and beta bands were 5.25 ± 4.48, − 2.83 ± 2.49 and 
− 3.49 ± 4.01 (mean ± SD), respectively. One-way analysis 
of variance (ANOVA) using Origin8 software was used 
to evaluate the statistical significance of the ‘areal differ-
ence values’ in the three frequency bands. Statistical differ-
ences in areal difference values were identified (F = 15.1; 
P = 5.7 × 10−5). Scheffe’s post hoc test was then used to 
detect significant differences between areal difference 
values in the respective frequency bands. These analyses 

revealed that differences in areal difference values between 
unmatched and matched odor stimulation conditions were 
significantly greater in the theta frequency band than in 
the other frequency bands (alpha: F = 10.4, P = 5.5 × 10−4; 
beta: F = 12.2, P = 2.2 × 10−4), suggesting that unmatched 
olfactory stimulation enhanced EEG activities in the theta 
frequency band.

Subjective differences (Fig. 1) and objective differences 
(Fig. 2) may be correlated. In other words, brain activities 
in the theta band might correlate with a disturbance in taste 
perception when unmatched odor stimulation was applied. 
Correlations between the chocolate sweetness score and 
areal occupancy rate in the theta, alpha and beta bands 
were therefore examined. In the theta frequency, a nega-
tive correlation was seen between the chocolate sweetness 
score and areal occupancy rate (n = 18, R2 = 0.282, F = 7.69, 
P = 0.01; Fig. 3a). Correlations between the chocolate sweet-
ness scores and areal occupancy rate in the alpha frequency 
band were examined in the same way, revealing that there 
was no correlation between the chocolate sweetness score 
and areal occupancy rate in this frequency band (n = 18; 
R2 = 0.038, F = 1.66, P = 0.22; Fig. 3b). For the beta fre-
quency band, again no correlation was evident between the 
chocolate sweetness scores and areal occupancy rate (n = 18; 
R2 = 0.12, F = 3.34, P = 0.09; Fig. 3c). These results sug-
gest that when taste perception was disturbed by unmatched 
olfactory stimulation, EEG activities in the theta frequency 
band were enhanced.

To test possibility that the increases in theta band EEG 
activity during unmatched olfactory stimulation were 
caused by the effect of the garlic odorant stimulation itself, 
we investigated the influences of odor stimulation on EEG 
frequency without taste stimulation. EEG signals were 
collected from nine healthy participants. Profiles of mean 
occupancy rates obtained from the frequency analysis under 
conditions of garlic and chocolate olfactory stimulation 
are shown in Fig. 4a, b, respectively. In Fig. 4c, profiles 
of the two conditions are superimposed. Figure 4d shows 
the mean areal occupancy rate of the respective frequency 
bands under conditions of garlic and chocolate olfactory 
stimulation, respectively. To investigate whether patterns of 
EEG frequency bands between the two kinds of olfactory 
stimulation differed, we subtracted areal occupancy rates 
under the condition of garlic odor stimulation from those 
under the condition of chocolate odor stimulation and com-
pared the results. Mean differences in theta, alpha and beta 
bands were − 0.92 ± 3.15, − 0.73 ± 3.46 and − 0.25 ± 2.60 
(mean ± SD), respectively. One-way ANOVA performed 
using Origin8 software was used to evaluate the statistical 
significance of the areal difference values in the theta, alpha 
and beta frequency bands, respectively. No significant differ-
ences in areal difference values were apparent among these 
three frequency bands (F = 0.68; P = 0.52), demonstrating 
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Fig. 1  Comparison of chocolate sweetness scores (scores of 1–5, 
where 0 = no feeling of chocolate sweetness and + 5 = extreme feel-
ing of chocolate sweetness). Subjective feelings of chocolate sweet-
ness under conditions of unmatched (garlic) and matched (chocolate) 
odor stimulation, respectively, while tasting chocolate. Sweetness 
scores were averaged and plotted (mean ± standard deviation). Aster-
isk denotes a significant difference between chocolate sweetness 
scores and chocolate recognition scores
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that increases in theta band EEG activity in the case of 
unmatched olfactory stimulation were not attributable to 
the effect of the garlic odorant stimulation itself.

Profiles of mean occupancy rates obtained from fre-
quency analysis in the case of chocolate taste stimulation 
without odor stimulation are shown in Fig. 5a. To investigate 
additional effects of smell on taste stimulation, mean areal 
occupancy rates of respective frequency bands under the 
condition of chocolate taste stimulation with and without 
odorant stimulation were compared (Fig. 5b, c). Areal occu-
pancy rates under the condition of garlic odor stimulation 
+ chocolate taste stimulation were subtracted from those 
under the condition of chocolate-taste stimulation’. Mean 
differences in theta, alpha and beta bands were 4.29 ± 4.80, 
− 2.49 ± 3.13 and − 2.74 ± 5.13 (mean ± SD), respectively. 
One-way ANOVA (Origin8) was used to evaluate the sta-
tistical significance of areal difference values in all three 
of these frequency bands, revealing significant differences 
(F = 7.25; P = 0.003). Scheffe’s post hoc test was then used 

to detect significant differences between areal difference 
values in the respective frequency bands. These analyses 
revealed that differences in areal difference values between 
conditions of garlic odor stimulation + chocolate taste stim-
ulation and chocolate taste stimulation were significantly 
greater in the theta frequency band than in other frequency 
bands (alpha: F = 5.2, P = 0.01; beta: F = 5.6, P = 0.01), dem-
onstrating that an additional effect of garlic odor stimulation 
while tasting chocolate was enhancement of theta-band EEG 
activities. We then subtracted areal occupancy rates under 
the condition of chocolate-odor + chocolate taste stimula-
tion conditions from those under the condition of chocolate 
taste stimulation. Mean differences in the theta, alpha and 
beta bands were − 0.97 ± 3.35, 0.34 ± 2.75 and 0.74 ± 3.88 
(mean ± SD), respectively. One-way ANOVA (Origin8) was 
used to evaluate the significance of areal difference values 
in all three of these frequency bands, revealing that there 
were no significant differences in areal difference values 
among the three frequency bands (F = 0.64; P = 0.54). This 
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Fig. 2  Comparison of electroencephalogram (EEG) frequency activi-
ties obtained from unmatched and matched odor stimulation-evoked 
EEG responses, respectively, under the condition of tasting chocolate. 
a–c Profiles of mean occupancy rates obtained by Fast Fourier Trans-
form (FFT) analysis of EEG signals. a, b Mean occupancy rate of the 
respective frequency bands (4–23 Hz) under conditions of unmatched 
(garlic) odor stimulation (a) and matched (chocolate) odor stimula-
tion (b) while tasting chocolate (mean ± standard error [SE]). c Pro-

files of mean occupancy rates for the two cases are superimposed, 
and the three frequency bands under study are shown (mean ± SE). 
d Mean areal occupancy rates in the case of unmatched and matched 
odor stimulations are shown (mean ± SE). Differences in areal occu-
pancy rates between cases are compared among the three frequency 
bands. Asterisk indicates that the difference in areal occupancy is sig-
nificantly greater in the theta frequency band than in the other fre-
quency bands (alpha, beta) under study



617The Journal of Physiological Sciences (2019) 69:613–621 

1 3

result shows that we could not find any additional effects of 
chocolate odor stimulation under the condition of tasting 
chocolate.

Discussion

Humans receive external information through various sen-
sory receptors. This information is integrated during pro-
cesses that range from perception to cognition and involve 
emotion and memory [8, 26]. Cognitive processes require 
past experiences, and humans can recognize objects when 
there is a stored experience of that object. One object 
contains various modes of information, and the specific 
combination of contained information is extremely impor-
tant for recognition. When one mode of information does 
not match with the recollection of an object, recognition 
of that object may be difficult. During the cognitive pro-
cess, the brain tries to cross-check unmatched information 

against the object, which may induce different patterns of 
brain activity compared with cases in which all informa-
tion matches with the object.

In the study reported here, we used chocolate as a 
tastant and chocolate paste and garlic paste as odorants. 
All participants rated chocolate sweetness high when the 
matched odor stimulation condition was applied (Fig. 1). 
Under this condition, feelings that the food in the mouth 
definitely represented chocolate were increased, support-
ing the notion that the smell helped in the recognition of 
chocolate. On the other hand, all participants rated choco-
late sweetness as low when the unmatched odor stimula-
tion condition was applied. In this case, feelings that the 
food in the mouth was chocolate decreased, indicating that 
smell can disturb the recognition of chocolate. Although 
taste thresholds should be measured for more precise 
evaluation of taste perception, we used sweetness scores 
to allow an easy understanding of subjective feelings of 
chocolate taste, including deliciousness.
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Fig. 3  Relationships between individual subjective sweetness scores 
and areal occupancy rate in the theta, alpha and beta frequency bands, 
respectively. Each data point represents the sweetness score and the 
areal occupancy rate. A set of two points was obtained from the same 
participant under the conditions of unmatched and matched odor 

stimulation, respectively, and the set of two points was connected 
with a line. Data obtained from all participants are plotted together. 
Red lines show linear fitting. Asterisk denotes that in the theta fre-
quency band sweetness scores correlate with areal occupancy rate
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In our comparison of occupancy rate profiles between 
conditions of unmatched odor stimulation and matched 
odor stimulation while tasting chocolate, we identified a 
small bulge in the frequency range 4–8 Hz that we recog-
nized as the theta rhythm in the case of unmatched odor 
stimulation (Fig. 2a). Given the large areal difference 
values in the theta frequency band, compared with those 
in other frequency bands, the theta frequency band may 
play a role in information processing when humans per-
ceive smells that do not match the corresponding foods 
(Fig. 2). As the possibility that the small bulge in the 
theta frequency band was a garlic odor-evoked response 
had to be considered, we investigated profiles of occu-
pancy rates under the condition of only odor stimulation 
(Fig. 4). However, we could find neither a small bulge in 
the theta frequency band nor differences between garlic 
odor-evoked and chocolate odor-evoked responses in all 
frequency bands (Fig. 4d). This result led us to conclude 
that the small bulge in the theta frequency band under the 
condition of unmatched odor stimulation and chocolate 

tasting was unlikely to have been caused by only odor 
stimulation.

Figure 5a shows profiles of occupancy rate in the case of 
only chocolate taste stimulation without odorant stimulation. 
The profiles were similar to those under the condition of 
matched odor stimulation while tasting chocolate. Figure 5c 
shows no variance among differences between conditions of 
only chocolate tasting and matched odor stimulation while 
tasting chocolate in the respective frequency bands. We thus 
could not find additional effects of matched odor stimula-
tion compared to taste stimulation. A possible cause of this 
result may be that the odor produced from chocolate itself 
in the oral cavity enters the nasal cavity and olfactory neu-
rons are stimulated retronasally [22]. When retronasal odor 
stimulation is presented without orthnasal odor stimulation, 
retronasal olfaction might work more efficiently [27]. Fig-
ure 5b shows a comparison of areal occupancy rates between 
the conditions of chocolate tasting alone and unmatched 
odor stimulation while tasting chocolate in the respective 
frequency bands. The statistical results were similar to the 
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Fig. 4  Comparison of EEG frequency activities obtained from gar-
lic and chocolate odor stimulation-evoked EEG responses without 
taste stimulation. a–c Profiles of mean occupancy rates obtained by 
FFT analysis of EEG signals (mean ± SE). Mean occupancy rate 
of respective frequency (4–23  Hz) under conditions of garlic odor 
stimulation (a) and chocolate odor stimulation (b); c profiles of mean 
occupancy rates of the two conditions are superimposed, showing the 

three frequency bands that we focused on. d Mean areal occupancy 
rates in the case of garlic and chocolate odor stimulation are shown. 
Differences in areal occupancy rates between the two cases are com-
pared among the three frequency bands. Note that no significant dif-
ferences in areal difference values are seen among the three frequency 
bands
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results obtained from the comparison between conditions 
of unmatched and matched odor stimulation while tasting 
chocolate (see Results and Fig. 2d). The similarity might 
be due to the very few additional effects of chocolate odor 
stimulation on EEG activities to chocolate taste stimulation, 
as mentioned above.

In recent years, frontal midline theta rhythm (Fm theta) 
in humans has been reported to reflect mental concentration 
as well as meditative state [17, 19, 28–30]. Human stud-
ies using EEG and magnetoencephalogram analyses sug-
gest that the origin of Fm theta activities when executing 
tasks or making decisions that require mental concentration 
or a meditative state are interactions between the anterior 
cingulate cortex (ACC) and the medial prefrontal cortex 
(mPFC) [30–32]. Indeed, the ACC together with the orbito-
frontal cortex are regarded as areas where taste and olfactory 
information converge [33]. Another candidate for sources of 

Fm theta activities is the hippocampus. Recent studies sug-
gest that oscillatory synchrony between the hippocampus 
and mPFC play a crucial role in not only memory integra-
tion, but also the retrieval of memories [34–36]. The hip-
pocampus and mPFC are able to retrieve, exchange, integrate 
and re-encode multiple memories, as well as contribute to 
memory-based decision-making [36, 37]. An oscillatory 
coupling exists between the hippocampus and mPFC, and 
theta oscillation is required when the association memory 
is transferred from the hippocampus to the mPFC [38–40].

The results of our study show that the theta band appeared 
while the participants were perceiving smells that did not 
match the food they were tasting. In addition, under this 
condition, the subjective feeling of sweetness decreased, and 
the participants tended to be unable to discern what the food 
was. The feeling of perturbance might induce concentra-
tion, resulting in the generation of the theta rhythm activity. 
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Fig. 5  Electroencephalogram frequency activities under the condition 
of chocolate taste stimulation and comparison of mean areal occu-
pancy rates of the theta, alpha and beta frequency bands under condi-
tions of no odor stimulation and odor stimulation, respectively, while 
tasting chocolate. a Mean occupancy rates for the theta, alpha and 
beta band frequencies (4–23  Hz), respectively, under the condition 
of no odor stimulation while tasting chocolate (mean ± SE). b Mean 
areal occupancy rates under the conditions of garlic odor stimulation 
while tasting chocolate and no odor stimulation while tasting choco-
late, respectively (mean ± SE). Differences in areal occupancy rates 

between the two conditions are compared among the theta, alpha and 
beta frequency bands. Asterisk indicates that the difference is signifi-
cantly greater in the theta frequency band than in the other frequency 
bands. c Comparison of mean areal occupancy rates under conditions 
of chocolate odor stimulation while tasting chocolate and no odor 
stimulation while tasting chocolate (mean ± SE). Differences in areal 
occupancy rates between the two conditions are compared among the 
theta, alpha and beta frequency bands. Note that there are no signifi-
cant differences in areal difference values among the three frequency 
bands
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Indeed, error-related theta waves have been observed in the 
mPFC [41]. Although we cannot address sources of the theta 
rhythm, our results suggest that theta-band brain activities 
emerge during the cross-checking of unmatched information.
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