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Abstract: Sensing subjective hedonic or emotional experiences during eating using physiological
activity is practically and theoretically important. A recent psychophysiological study has reported
that facial electromyography (EMG) measured from the corrugator supercilii muscles was negatively
associated with hedonic ratings, including liking, wanting, and valence, during the consumption of
solid foods. However, the study protocol prevented participants from natural mastication (crushing
of food between the teeth) during physiological data acquisition, which could hide associations
between hedonic experiences and masticatory muscle activity during natural eating. We investigated
this issue by assessing participants’ subjective ratings (liking, wanting, valence, and arousal) and
recording physiological measures, including EMG of the corrugator supercilii, zygomatic major,
masseter, and suprahyoid muscles while they consumed gel-type solid foods (water-based gellan
gum jellies) of diverse flavors. Ratings of liking, wanting, and valence were negatively correlated
with corrugator supercilii EMG and positively correlated with masseter and suprahyoid EMG. These
findings imply that subjective hedonic experiences during food consumption can be sensed using
EMG signals from the brow and masticatory muscles.

Keywords: facial electromyography (EMG); food; liking; mastication; wanting; valence

1. Introduction

Sensing subjective hedonic experiences (e.g., liking) during food consumption using
physiological signals would offer practical and theoretical advantages. In terms of practi-
cality, subjective hedonic responses to food are important for individuals, making everyday
life more pleasurable [1,2] and reducing stress [3], and for companies aiming to develop
new food products [4]. However, subjective ratings have some intrinsic limitations, in-
cluding their inherently subjective nature and various biases [5]. Measuring physiological
signals associated with hedonic experiences can complement subjective ratings by provid-
ing objective and unbiased data [6]. In terms of theoretical significance, understanding
the physiological or behavioral correlates of subjective hedonic experiences during food
consumption can provide unique clues regarding the evolutionary process and underlying
neural mechanisms of human emotion [7].

Despite the importance of clarifying the physiological correlates of hedonic experi-
ences during solid food consumption, empirical research on this issue remains scarce. To
the best of our knowledge, only one previous study has investigated this issue by assessing
participants’ ratings of liking, wanting, valence, and arousal while they consumed various
gel-type solid foods [8]. The researchers recorded participants’ physiological activity, in-
cluding facial EMG measured from the corrugator supercilii, zygomatic major, masseter,
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and suprahyoid muscles. Participants were instructed to first masticate for 5 s and then to
taste without masticating for 5 s, and physiological signals during the tasting period were
analyzed. The results showed that ratings of liking, wanting, and valence were negatively
associated with corrugator supercilii EMG activity. This result was consistent with the
findings of prior literature. For example, several previous studies that measured EMG from
several facial muscles while participants ingested liquid stimuli (e.g., a sucrose solution)
found a negative correlation between valence/liking ratings and corrugator supercilii EMG
activity [9–11]. Several other studies also recorded EMG from facial muscles including
the corrugator supercilii, while participants engaged in various non-eating tasks (e.g.,
observing images and films, listening to sounds, and reading words) and reported negative
correlations between valence ratings and corrugator supercilii EMG activity [12–17]. It
is thought that associations between subjective emotional experiences and facial muscle
responses may reflect the read-out and feedback induction mechanisms that play a role in
subjective emotional states [18]. These results imply that EMG activity recorded from the
corrugator supercilii muscles, which correspond to brow lowering [18], is a physiological
correlate of hedonic experience during the consumption of food.

However, the merits of the previous study reporting subjective–physiological concor-
dance during solid food consumption [8] were limited in the task required that participants
stop chewing while physiological data were being recorded. Although this approach may
have reduced artifacts related to mastication, it may also have produced an unnatural
manner of eating that could induce artificial corrugator supercilii EMG activity and sup-
press zygomatic major EMG activity. Several prior studies testing non-food stimuli have
reported that valence ratings were positively associated with EMG activity recorded from
the zygomatic major muscle [12–17]. Based on these data, we hypothesized that hedonic
experiences could be associated not only negatively with corrugator supercilii EMG but
also positively with zygomatic major EMG during food consumption with mastication.

Furthermore, the previous study’s interruption of mastication precluded any investi-
gation into associations between hedonic experiences and EMG signals of the masticatory
muscles, including the masseter and suprahyoid muscles [19,20]. A previous study has
analyzed videotaped facial reactions in human infants and non-human infant/adult pri-
mates during the ingestion of liquids of various tastes, and found that tongue protrusions
and gapes to sucrose and quinine, respectively, were elicited universally across species [21].
Studies consistently observed mouth motions in response to sucrose solution in human
infants [22–26] and adults [27,28]. These data suggest that mouth movements related to
consumption could be modulated by hedonic experiences during tasting. Still, these studies
did not collect data regarding the participants’ subjective experiences. Based on these find-
ings, we also hypothesized that subjective hedonic ratings could be positively associated
with EMG activity recorded from the masticatory muscles during food consumption.

To test these hypotheses, we measured subjective hedonic ratings and physiological
signals while participants consumed solid food with mastication. As stimuli, we used
bite-sized gel-type foods (water-based gellan gum jellies) of diverse flavors. Participants
provided subjective ratings of liking, wanting, valence, and arousal, and we measured
EMG from the corrugator supercilii, zygomatic major, masseter, and suprahyoid muscles
as in a previous study [8]. We also exploratorily recorded the skin conductance response
(SCR), heart rate (HR), and nose-tip temperature, which mainly reflect autonomic ner-
vous system activity and emotional arousal [17,29–32], although previous studies have
not reported consistent responses to food or liquid stimuli for these signals [8,33–35]. We
analyzed intra-individual correlations [36–39] between the participant’s subjective ratings
and physiological activity, and tested the significance of correlations using second-level
group analyses. We expected that liking, wanting, and valence ratings would be nega-
tively associated with corrugator supercilii EMG and positively associated with zygomatic
major, masseter, and suprahyoid EMG during the consumption of solid food. Body mass
index (BMI) was also assessed and exploratory analyses of the relationship of BMI with
subjective–physiological correlations were conducted, as previous studies have reported
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mixed findings regarding the relationship between hedonic responses to food stimuli and
BMI [40,41]. In short, we aimed to clarify the association between subjective hedonic
ratings and facial EMG signals during the natural consumption of solid foods.

2. Materials and Methods
2.1. Participants

Thirty young Japanese adults (16 females; mean ± SD age, 25.1 ± 6.5 years) partici-
pated in this study. We estimated the sample size using an a priori power analysis using
G*Power 3.1.9.2 software [42]. We assumed a one-sample t-test (two-tailed) with an α level
of 0.05, power of 0.90, and effect size d of 0.7. The results showed that 24 participants would
be needed. Participants aged between 20–40 years were recruited via online advertise-
ments; we excluded older participants because previous psychophysiological studies have
reported differences in the degree of subjective–physiological concordance in emotional
responses between young and older age groups [43,44]. All participants fasted for >3 h
before the experiments and were not obese (BMI, <30, mean ± SD, 22.1 ± 2.8 kg/m2). All
participants gave written informed consent. Ethical approval for this study was obtained
from the Ethics Committee of the Unit for Advanced Studies of the Human Mind, Kyoto
University (30-P-6) on 21 September 2018. All experiments were conducted following
institutional ethics provisions and the Declaration of Helsinki.

2.2. Stimuli

In this study, we prepared simple water-based gels, with sweet and sour tastes and
various flavors, using low-acylated gellan gum. Hydrocolloid gels can provide varying
textures and are therefore a useful model of solid food [19,45,46]. Low-acylated gellan gum
is one of these hydrocolloids, which is generally used as gelling agent in the manufacture
of gel-type foods, such as water-based dessert jellies, fillings, and puddings [47]. Gellan
gum forms gels with hard and brittle texture similar to agar gels, and with better flavor
release than agar gels [48].

We prepared bite-sized gel-type solid food materials of nine flavors and presented
these twice to each participant (Table 1; Figure 1). For practice, we prepared another three
food items. All stimuli contained 10% sucrose, 0.2% anhydrous citric acid, 0.03% trisodium
citrate, 0.1% calcium lactate, and 0.35% or low-acetylated gellan gum (Kelcogel; San-Ei
Gen F.F.I., Osaka, Japan). Each stimulus contained a specific flavoring agent (Table 1).
These flavor compounds were provided by San-Ei Gen F.F.I., Osaka, Japan. All of the
flavor compounds are used in commercial foods. The flavoring agent concentrations were
established in a series of preliminary experiments with participants who did not take part
in the final experiment. Because food preferences generally differ between individuals [49],
we were interested in testing individual specific subjective–physiological concordance. The
number of food stimuli (i.e., 3 + 18) was determined through preliminary experiments
so that participants with a lighter appetite would be able to comfortably consume all of
the jellies.

Table 1. Characteristics of the gel-type solid food stimuli.

Hedonic Quality Flavor Compound Concentration (w/w%) Odor

Negative Isovaleric acid 0.0010 Sweaty
(E)-2-nonenal 0.0005 Cucumber
Indole 0.0010 Fecal

Neutral Phenethyl alcohol 0.0100 Bread
Acetoin 0.0100 Yogurt
2,5-dimethylpyrazine 0.0100 Roast

Positive Vanillin 0.0200 Vanilla
Maltol 0.0200 Caramel
Ethyl butyrate 0.0200 Pineapple
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To prepare the gel stimuli, a mixture of sucrose and low-acetylated gellan gum (Kelco-
gel; San-Ei Gen F.F.I., Osaka, Japan) was added to deionized water at 90 ◦C in 500-mL
glass beakers, and was stirred at 1300 rpm for 10 min at the same temperature. Next, the
calcium lactate, anhydrous citric acid, and trisodium citrate were added to the solutions.
The solutions were infused into plastic cups (65 mm in diameter, 25 mm in height) in which
cylindrical glass molds (20 mm in diameter, 10 mm in height) were set. The cups containing
the solutions were sealed hermetically, heated at 85 ◦C for 30 min, and refrigerated at 8 ◦C
for 1 h. The prepared gels were 20 mm in diameter and 10 mm in height. The fracture force
and fracture strain of these gels were determined by compressing the gels on a metal stage
using a 75-mm diameter aluminum plate, operating at a crosshead speed of 10 mm/s at
20 ◦C, and were measured by using a TA XT-2i texture analyzer (Stable Micro Systems,
Godalming, UK). The results showed the fracture force of 17.0 ± 0.9 N, and the fracture
strain of 45.3 ± 2.2%.

2.3. Procedure

Participants were tested individually in an electrically shielded soundproof chamber
(Science Cabin; Takahashi Kensetsu, Tokyo, Japan). The room temperature was maintained
at 23.5–24.5 ◦C over the course of the experiment and was monitored by using a TR-76Ui
(T&D, Matsumoto, Japan). Experiments were controlled by Presentation 14.9 software
(Neurobehavioral Systems, Berkeley, CA, USA) on a Windows computer (HP Z200 SFF,
Hewlett-Packard Japan, Tokyo, Japan). Visual stimuli were displayed on a 19-inch computer
screen (HM903D-A; Iiyama, Tokyo, Japan).

At the beginning of the experiment, participants were informed that subjective hedonic
ratings and electric physiological signals would be measured while eating. A dish holding
the nine food stimuli was placed on the table in front of a monitor. This dish was exchanged
for another dish with nine different food stimuli during a recess. The stimuli were placed
in a row on 8-cm plastic disposable spoons so that participants could eat them with one
hand in a predefined order. All stimuli were prepared about 10 min prior to the experiment.
After three practice trials, 18 experimental trials were performed, with a short recess after
half of the trials. The order of stimulus presentation was pseudo-randomly determined
with no repetition of general hedonic quality. The inter-trial interval randomly varied
between 20 and 30 s.

Each trial began with a small white cross presented for 3 s against a black background
on the screen, as a warning cue. Next, a large red cross was presented for 10 s to signal the
consumption period. Finally, a rating display with four scales (liking, wanting, valence, and
arousal) was presented until the ratings were completed. The participants were instructed
to (1) prepare to consume the stimuli by holding the spoon close to their mouth when the
white cross appeared; (2) consume each stimulus as soon as the red cross appeared and
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keep chewing without swallowing while the red cross was displayed; and (3) swallow the
stimulus and rate their hedonic experiences during consumption by pressing keys when
the response panel was shown. Four 9-point rating scales were displayed simultaneously
in the fixed order of liking, wanting, valence, and arousal. Liking and wanting ratings were
made using these terms as labels and lines with numbers and wording indicating 1 (dislike)
to 9 (like) and 1 (do not want to eat) to 9 (want to eat), respectively. For valence and arousal
ratings, these terms as labels and numbers with images of self-assessment manikins [50]
were displayed. After the ratings were completed, participants were instructed to rinse
their mouth with mineral water.

2.4. Physiological Data Recording

Facial EMG data were recorded using Ag/AgCl electrodes 0.7 cm in diameter (Prokidai,
Sagara, Japan) with a 1.5-cm inter-electrode spacing, an EMG-025 amplifier (Harada Elec-
tronic Industry, Sapporo, Japan), a PowerLab 16/35 data acquisition system, and LabChart
Pro v8.0 software (ADInstruments, Dunedin, New Zealand). The data were filtered online
with a band-pass of 20–400 Hz and digitized at a sampling rate of 1000 Hz. The electrodes
were placed on the corrugator supercilii, zygomatic major, masseter, and suprahyoid mus-
cles according to guidelines [51,52] and previous studies [19,20] (Figure 2). A ground elec-
trode was placed on the forehead.

Nutrients 2021, 13, x FOR PEER REVIEW 5 of 14 
 

 

holding the nine food stimuli was placed on the table in front of a monitor. This dish was 
exchanged for another dish with nine different food stimuli during a recess. The stimuli 
were placed in a row on 8-cm plastic disposable spoons so that participants could eat them 
with one hand in a predefined order. All stimuli were prepared about 10 min prior to the 
experiment. After three practice trials, 18 experimental trials were performed, with a short 
recess after half of the trials. The order of stimulus presentation was pseudo-randomly 
determined with no repetition of general hedonic quality. The inter-trial interval 
randomly varied between 20 and 30 s. 

Each trial began with a small white cross presented for 3 s against a black background 
on the screen, as a warning cue. Next, a large red cross was presented for 10 s to signal the 
consumption period. Finally, a rating display with four scales (liking, wanting, valence, 
and arousal) was presented until the ratings were completed. The participants were 
instructed to (1) prepare to consume the stimuli by holding the spoon close to their mouth 
when the white cross appeared; (2) consume each stimulus as soon as the red cross 
appeared and keep chewing without swallowing while the red cross was displayed; and 
(3) swallow the stimulus and rate their hedonic experiences during consumption by 
pressing keys when the response panel was shown. Four 9-point rating scales were 
displayed simultaneously in the fixed order of liking, wanting, valence, and arousal. 
Liking and wanting ratings were made using these terms as labels and lines with numbers 
and wording indicating 1 (dislike) to 9 (like) and 1 (do not want to eat) to 9 (want to eat), 
respectively. For valence and arousal ratings, these terms as labels and numbers with 
images of self-assessment manikins [50] were displayed. After the ratings were 
completed, participants were instructed to rinse their mouth with mineral water. 

2.4. Physiological Data Recording 
Facial EMG data were recorded using Ag/AgCl electrodes 0.7 cm in diameter 

(Prokidai, Sagara, Japan) with a 1.5-cm inter-electrode spacing, an EMG-025 amplifier 
(Harada Electronic Industry, Sapporo, Japan), a PowerLab 16/35 data acquisition system, 
and LabChart Pro v8.0 software (ADInstruments, Dunedin, New Zealand). The data were 
filtered online with a band-pass of 20–400 Hz and digitized at a sampling rate of 1000 Hz. 
The electrodes were placed on the corrugator supercilii, zygomatic major, masseter, and 
suprahyoid muscles according to guidelines [51,52] and previous studies [19,20] (Figure 
2). A ground electrode was placed on the forehead. 

 
Figure 2. Illustrations of electrode placement (left) and representative data (right) for electromyography recording of the
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SCR data were recorded using Ag/AgCl electrodes 1.0 cm in diameter (Vitrode F;
Nihonkoden, Tokyo, Japan), a Model 2701 BioDerm Skin Conductance Meter (UFI, Morro
Bay, CA, USA), and the same data acquisition system and software as with the EMG
recording. The data were sampled at 1000 Hz. The electrodes were attached to the
palmar surface of the medial phalanges of the left index and middle fingers, according to
guidelines [29,53].

HR was recorded using the same apparatus as for the SCR recording. Electrodes were
positioned on the left wrist and left ankle according to the guideline for electrocardiogra-
phy [54]. The software automatically calculated beats per minute, which were sampled at
1000 Hz.
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Nose-tip temperature data were recorded using an infrared thermal imaging camera
FLIR A655sc and Research IR Max v4.40 software (FLIR Systems, Wilsonville, OR, USA).
The camera was placed next to the computer screen and set to capture the entire face of
each participant. The data were sampled at 50 Hz with a spatial resolution of 640 horizontal
× 480 vertical pixels.

For artifact removal, mastication-related jaw movements (x-, y-, z-axial acceleration)
were measured using an accelerometer (Bio Research Center, Nagoya, Japan) attached at
the jaw mentum. Video were recorded unobtrusively using a digital web camera (HD1080P;
Logicool, Tokyo, Japan).

2.5. Data Analysis
2.5.1. Preprocessing

EMG data were analyzed using Psychophysiological Analysis Software 3.3 (Computa-
tional Neuroscience Laboratory, Salk Institute) and in-house programs on MATLAB 2020a
(MathWorks, Natick, MA, USA). The data were sampled during the baseline period for
0.5 s immediately before the consumption period and during the consumption period for
10 s for each trial. The data for each trial were rectified, baseline-corrected to the average
value over the baseline period, and averaged over the consumption period. The values
for each stimulus were then standardized to z scores for each individual. For SCR, the
maximum value during 1.5–10 s of the consumption period was calculated for each trial
and then standardized for each individual. For HR, the baseline-corrected, averaged, and
standardized values were calculated for each trial, but the data were not rectified. For the
nose-tip temperature data, thermal images were first analyzed using Research IR Max v4.40
software (FLIR Systems, Wilsonville, OR, USA). As in a previous study [17], the data were
extracted from a 3 × 3-pixel region of interest (ROI) created on the nose tip. The data were
then baseline-corrected, averaged, and standardized in the same way as for HR analysis.

2.5.2. Statistical Analysis

To test the individual-level concordance between subjective hedonic experiences
and physiological activity, Pearson’s product-moment correlation coefficients (r-values)
were calculated between subjective ratings and physiological signals for each partici-
pant. We made a priori predictions and analyzed the relationships between the ratings of
liking/wanting/valence and EMG measured from the corrugator supercilii/zygomatic
major/masseter/suprahyoid muscles. These analyses were planned and conducted inde-
pendently, so there was no adjustment for multiple testing [55–57]. We also tested other
relationships in the same manner for descriptive purposes. The r-values were normalized
using Fisher transformation and analyzed using one-sample t-tests (two-tailed) to test for
significant mean differences from 0, as in a previous study [8]. Such two-stage random-
effects analyses can show the generalizability across individuals [58]. One participant
frequently changed head position, making it difficult to analyze the thermal images, so the
nose-tip temperature data of this participant were removed from the analyses. In addition,
Pearson’s correlation coefficients were exploratorily calculated between the r-values and
BMI. To visually illustrate the relationships between subjective hedonic ratings and phys-
iological activity at the group level, we depicted the group-mean values and regression
lines for subjective ratings and physiological signals. To test the possibility that mastica-
tion could influence EMG data from the corrugator supercilii or zygomatic major muscle,
one-sample t-tests after Fisher transformation were conducted for these EMG data after ad-
ditional preprocessing to adjust for (regress out) the effects of EMG activity recorded from
the masseter and suprahyoid muscles and the x-, y-, z-axial accelerometer data recorded at
the jaw mentum. Results were considered significant at p < 0.05.

3. Results

Tables S1 and S2 list the mean ± SD subjective hedonic ratings and physiological
activity in response to each stimulus. The correlation coefficients (r-values) between
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the ratings and physiological signals during food consumption were calculated for each
participant to analyze intra-individual subjective–physiological concordance during food
consumption (Figure 3). Next, the r-values after the Fisher z transformation were subjected
to one-sample t-tests against a value of zero. The results revealed that the subjective ratings
of liking, wanting, and valence were significantly negatively associated with corrugator
supercilii EMG activity (t > 4.04, p < 0.001, d > 0.73) and positively associated with masseter
and suprahyoid EMG activity (t > 2.31, p < 0.05, d > 0.37) (Table 2). Figure 4 presents these
relationships as group-mean values. No other significant association between subjective
ratings and physiological activity was found (p > 0.05).
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*, p < 0.05.

Exploratory analysis of the correlation between BMI and each r-value of intra-individual
subjective–physiological concordance was conducted. No significant correlation was found
(|r| < 0.25, p > 0.10).

To test the possibility that mastication could affect the association between subjective
ratings and facial EMG recorded from the corrugator supercilii or zygomatic major muscles,
additional preprocessing adjusting for (regressing out) the effects of EMG activity recorded
from the masseter and suprahyoid muscles and the x-, y-, z-axial accelerometer data
recorded at the jaw mentum were conducted on these EMG data. The results of one-
sample t-tests after the Fisher z transformation for these adjusted EMG data revealed the
same pattern of significant associations between subjective ratings and non-adjusted EMG
signals. Specifically, the subjective ratings of liking, wanting, and valence were significantly
and negatively associated with corrugator supercilii EMG activity (t > 4.43, p < 0.001,
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d > 0.80). None of these ratings was significantly associated with zygomatic major EMG
activity (t < 0.46, p > 0.655, d < 0.08).

Table 2. Results of one-sample t-test (two tailed) for intra–individual correlation coefficients between subjective ratings and
physiological responses.

Subjective Statistic Physiological

Corrugator Zygomatic Masseter Suprahyoid SCR HR Nose

Liking t 4.35 0.47 2.38 2.35 0.89 1.24 1.01
p <0.001 0.642 0.024 0.026 0.38 0.224 0.885
d 0.80 0.09 0.43 0.43 0.16 0.23 0.18

Wanting t 4.47 0.78 2.62 2.19 0.69 1.43 0.97
p <0.001 0.441 0.014 0.037 0.497 0.163 0.724
d 0.82 0.14 0.48 0.40 0.13 0.26 0.18

Valence t 4.05 0.35 2.32 2.06 0.80 1.76 0.42
p <0.001 0.732 0.028 0.048 0.432 0.09 0.68
d 0.74 0.06 0.42 0.38 0.15 0.32 0.08

Arousal t 2.04 0.42 0.73 0.16 0.34 1.27 0.72
p 0.051 0.68 0.469 0.878 0.736 0.215 0.476
d 0.37 0.08 0.13 0.03 0.06 0.23 0.13

Degrees of freedom are 29 for all except Nose (28). Significant results (p < 0.05) are in bold. Corrugator = corrugator supercilii; Zygo-
matic = zygomatic major; SCR = skin conductance response; HR = heart rate; Nose = nose-tip temperature.
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4. Discussion

In this study, we investigated associations between subjective hedonic experiences and
facial EMG activity during the natural consumption of solid foods. Participants consumed
gel-type food stimuli of diverse flavors with mastication. Participants rated the stimuli
in terms of liking, wanting, valence, and arousal, and EMG signals were recorded from
the corrugator supercilii, zygomatic major, masseter, and suprahyoid muscles. Some
autonomic nervous system parameters, including SCR, HR, and nose-tip temperature, as
well as BMI, were also explored.

Our results for the intra-individual correlations between subjective ratings and physi-
ological signals revealed that the ratings of liking, wanting, and valence were negatively
associated with corrugator supercilii EMG activity during the consumption of gel-type
foods. The same results were found for the data adjusted for masticatory EMG and acceler-
ation. These results are consistent with the findings of a prior study [8]. The researchers in
that study asked participants to taste the food without mastication, so the current study
expands upon this prior study by demonstrating that relaxation of corrugator supercilii
EMG can reflect hedonic experiences during natural eating. Our results also revealed that
the ratings of liking, wanting, and valence were not significantly associated with zygomatic
major EMG activity with and without adjustment for masticatory EMG and acceleration,
which is consistent with previous findings [8]. Although the results of several previous
studies testing non-eating tasks revealed that subjective valence ratings were associated
with EMG activity measured from both the corrugator supercilii and zygomatic major mus-
cles (e.g., [12]), some studies found that subjective ratings were associated with EMG for
only one of these muscles [14,59]. Taken together, our results imply that subjective hedonic
experiences during eating are more evidently associated with EMG signals measured from
corrugator supercilii EMG compared with zygomatic major EMG.

Furthermore, our results revealed that the ratings of liking, wanting, and valence were
also positively associated with EMG signals recorded from the masseter and suprahyoid
muscles during the consumption of food materials with mastication. These findings expand
on those from the previous study, which recorded EMG from these muscles during eating
but prohibited mastication during physiological data acquisition [8]. To the best of our
knowledge, the present study provides the first evidence that hedonic experiences during
food consumption are associated with masticatory EMG activity. The results may be in
line with prior findings that the ingestion of liquid stimuli of various tastes elicited mouth
movements in humans and animals (e.g., [21]). Several studies also reported that masti-
cation could be related to a wide range of eating behaviors, including appetite and food
intake (e.g., reduced hunger ratings and energy intake with prolonged mastication) [60].
A recent study reported that stronger masticatory performance was associated with greater
retronasal aroma release [61], which may be the mechanism underlying stronger mastica-
tion for hedonically preferred foods. Although EMG signals recorded from the masticatory
muscles were rarely mentioned in studies searching for physiological correlates of subjec-
tive emotional experiences [30,62], and hedonic experiences received little attention as a
modulatory factor in mastication [63], these data collectively imply that subjective hedonic
experiences during food consumption may be associated with masticatory muscle EMG.

Our results from autonomic nervous system measures, including SCR, HR, and nose-
tip temperature, revealed no significant associations with hedonic ratings. These results are
consistent with previous findings [8,34] and suggest that autonomic nervous activity may
not be reliably correlated with subjective hedonic experiences during food consumption.
One possible explanation for this is that the food stimuli used in this study had a weaker
ability to reveal associations between subjective arousal and autonomic nervous system
activity. Further studies using different types of food stimuli are needed to clarify this issue.

Our exploratory analyses revealed that subjective–physiological concordance was
not significantly correlated with BMI. This is in line with a previous meta-analysis, which
found that subjective hedonic responses to food stimuli were not consistently associated
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with BMI [40]. The lack of association between subjective–physiological and obesity in our
study may be attributable to an insufficient sample size; further investigations are needed.

Our results demonstrating facial EMG correlates of hedonic experiences during food
consumption have practical implications. First, because hedonic experiences during eating
induce pleasure [1,2] and reduce stress [3], it may be useful to quantify individuals’ hedonic
experiences using facial EMG signals. Specifically, such physiological recording would
be useful for participants who are unable to report their hedonic experiences, such as
infants and individuals with dementia. Second, objectively sensing hedonic experiences
during eating could be useful for food companies aiming to develop new food products.
Although these companies mainly rely on subjective ratings, it has been shown that partici-
pants’ subjective responses can be biased in experimental situations toward confirming
researchers’ hypotheses [64,65]. Facial EMG recordings may complement subjective ratings
and provide unbiased measurements of hedonic reactions to food products.

Our results also have theoretical implications. First, our finding that facial EMG
correlates with subjective hedonic experiences during eating in humans suggest that such
subjective–physiological concordance may exist across species. Although previous com-
parative studies on this issue mainly utilized liquid stimuli and video recordings of facial
reactions [21], EMG recordings from the brow and masticatory muscles could be collected
during the consumption of solid foods, and may provide new insight into the hedonic
experiences of other animals. Second, the current data showing subjective–physiological
concordance suggest that brow and masticatory muscle activity may reflect the feedback
induction mechanism for subjective hedonic experiences [18] during eating. The data sug-
gests that the manipulation of brow and masticatory muscles (i.e., relaxing the brow and
strengthening chewing) may modulate hedonic experiences during eating. In the literature
examining emotional responses to non-food stimuli, the manipulation of facial muscles
was shown to modulate emotional experiences [66] and to influence depression [67]. It may
be useful to explore the causal relationship between the physiological and subjective
components of eating, given the correlations found in the present study.

Limitations

Several limitations of this study should be acknowledged. First, we did not record
physiological data during the swallowing process, which could also be associated with
subjective hedonic experiences. A recent study has reported that surface electrodes placed
on the neck region detected swallowing activity [68]. Future studies involving placement of
electrodes in this region and measurement of EMG data at the late stage of food consump-
tion may broaden the physiological correlates of subjective hedonic experiences during the
consumption of food.

Second, as we used only gel-type food materials, the generalizability of our findings
to other solid foods is unclear. For example, although the gel-type foods used herein all
had the same texture, previous studies have shown that taste perception can be modified
by the textural properties of foods [69]. Also, our stimuli were all colorless; several
previous studies demonstrated that food color affects the processing of taste and flavor, as
well as hedonic value [70]. The systematic manipulation of these parameters in gel-type
food materials, and presentation of other types of solid foods, are warranted to further
investigate subjective–physiological concordance during eating.

Finally, our participants were all normal young adults; hence, the generalizability to
other populations is unclear. In addition, we only tested the modulatory effect of BMI.
Previous studies have suggested the importance of other variables. For example, one study
reported different subjective and facial EMG reactions to food images between clinical sam-
ples and healthy controls; for example, individuals with anorexia nervosa showed stronger
corrugator supercilii EMG responses to food images than controls [71]. Some studies
reported greater subjective–physiological concordance in emotional responses among older
than young participants viewing emotional films [43,44]. Several studies found that both
an individuals’ hunger [72] and food neophobia levels [73] modulated subjective hedonic
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reactions during the consumption of food. These data suggest that subjective–physiological
concordance during food consumption may differ between samples and depend on the
characteristics thereof; this should be investigated in future research.

5. Conclusions

Our results demonstrated that subjective ratings of liking, wanting, and valence
were negatively associated with corrugator supercilii EMG and positively associated with
masseter and suprahyoid EMG during food consumption with mastication. These findings
imply that subjective hedonic experience during the consumption of food can be sensed
using EMG signals from the brow and masticatory muscles.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13124216/s1, Table S1: Mean (with SD) subjective ratings, Table S2: Mean (with SD)
physiological activity.

Author Contributions: Conceived and designed the experiments: W.S., A.I., S.I., M.N., T.F. (Takahiro
Funami), S.Y. and T.F. (Tohru Fushiki); Performed the experiments: W.S. and A.I.; Analyzed the data:
W.S.; Wrote the paper: W.S., A.I., S.I., M.N., T.F. (Takahiro Funami), S.Y. and T.F. (Tohru Fushiki). All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by funds from Japan Science and Technology Agency (JST)
CREST (JPMJCR17A5), and JST-Mirai Program (JPMJMI20D7).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Unit for Advanced Studies of
the Human Mind, Kyoto University (30-P-6) on 21 September 2018.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the amateur model in Figure 2 to publish
this paper.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Acknowledgments: The authors thank Masaru Usami and Kazusa Minemoto for their techni-
cal support.

Conflicts of Interest: The authors declare no competing interests.

References
1. Westenhoefer, J.; Pudel, V. Pleasure from food: Importance for food choice and consequences of deliberate restriction. Appetite

1993, 20, 246–249. [CrossRef]
2. Macht, M.; Meininger, J.; Roth, J. The pleasures of eating: A qualitative analysis. J. Happiness Stud. 2005, 6, 137–160. [CrossRef]
3. Schnepper, R.; Georgii, C.; Eichin, K.; Arend, A.K.; Wilhelm, F.H.; Vögele, C.; Lutz, A.P.C.; van Dyck, Z.; Blechert, J. Fight, flight,

-or grab a bite! Trait emotional and restrained eating style predicts food cue responding under negative emotions. Front. Behav.
Neurosci. 2020, 14, 91. [CrossRef]

4. Meiselman, H.L. A review of the current state of emotion research in product development. Food Res. Int. 2015, 76, 192–199.
[CrossRef]

5. Cummins, R.A. Measuring happiness and subjective well-being. In Oxford Handbook of Happiness; David, S., Boniwell, I., Conley
Ayers, A., Eds.; Oxford University Press: Oxford, UK, 2014; pp. 185–200.

6. Li, S.; Scott, N.; Walters, G. Current and potential methods for measuring emotion in tourism experiences: A review. Curr. Issues
Tour. 2014, 18, 805–827. [CrossRef]

7. Berridge, K.C. Measuring hedonic impact in animals and infants: Microstructure of affective taste reactivity patterns. Neurosci.
Biobehav. Rev. 2000, 24, 173–198. [CrossRef]

8. Sato, W.; Minemoto, K.; Ikegami, A.; Nakauma, M.; Funami, T.; Fushiki, T. Facial EMG correlates of subjective hedonic responses
during food consumption. Nutrients 2000, 12, 1174. [CrossRef]

9. Korb, S.; Massaccesi, C.; Gartus, A.; Lundström, J.N.; Rumiati, R.; Eisenegger, C.; Silani, G. Facial responses of adult humans
during the anticipation and consumption of touch and food rewards. Cognition 2020, 194, 104044. [CrossRef]

10. Korb, S.; Götzendorfer, S.J.; Massaccesi, C.; Sezen, P.; Graf, I.; Willeit, M.; Eisenegger, C.; Silani, G. Dopaminergic and opioidergic
regulation during anticipation and consumption of social and nonsocial rewards. eLife 2020, 9, e55797. [CrossRef]

https://www.mdpi.com/article/10.3390/nu13124216/s1
https://www.mdpi.com/article/10.3390/nu13124216/s1
http://doi.org/10.1006/appe.1993.1029
http://doi.org/10.1007/s10902-005-0287-x
http://doi.org/10.3389/fnbeh.2020.00091
http://doi.org/10.1016/j.foodres.2015.04.015
http://doi.org/10.1080/13683500.2014.975679
http://doi.org/10.1016/S0149-7634(99)00072-X
http://doi.org/10.3390/nu12041174
http://doi.org/10.1016/j.cognition.2019.104044
http://doi.org/10.7554/eLife.55797


Nutrients 2021, 13, 4216 12 of 14

11. Horio, T. EMG activities of facial and chewing muscles of human adults in response to taste stimuli. Percept. Mot. Skills 2003, 97,
289–298. [CrossRef]

12. Greenwald, M.K.; Cook, E.W.; Lang, P.J. Affective judgment and psychophysiological response: Dimensional covariation in the
evaluation of pictorial stimuli. J. Psychophysiol. 1989, 3, 51–64.

13. Lang, P.J.; Greenwald, M.K.; Bradley, M.M.; Hamm, A.O. Looking at pictures: Affective, facial, visceral, and behavioral reactions.
Psychophysiology 1993, 30, 261–273. [CrossRef]

14. Larsen, J.T.; Norris, C.J.; Cacioppo, J.T. Effects of positive and negative affect on electromyographic activity over zygomaticus
major and corrugator supercilii. Psychophysiology 2003, 40, 776–785. [CrossRef] [PubMed]

15. Tan, J.W.; Walter, S.; Scheck, A.; Hrabal, D.; Hoffmann, H.; Kessler, H.; Traue, H.C. Repeatability of facial electromyography
(EMG) activity over corrugator supercilii and zygomaticus major on differentiating various emotions. J. Ambient Intell. Humaniz.
Comput. 2012, 3, 3–10. [CrossRef]

16. Sato, W.; Fujimura, T.; Kochiyama, T.; Suzuki, N. Relationships among facial mimicry, emotional experience, and emotion
recognition. PLoS ONE 2013, 8, e57889. [CrossRef] [PubMed]

17. Sato, W.; Kochiyama, T.; Yoshikawa, S. Physiological correlates of subjective emotional valence and arousal dynamics while
viewing films. Biol. Psychol. 2020, 157, 107974. [CrossRef]

18. Dimberg, U. Facial electromyography and emotional reactions. Psychophysiology 1990, 27, 481–494. [CrossRef]
19. Ishihara, S.; Nakauma, M.; Funami, T.; Tanaka, T.; Nishinari, K.; Kohyama, K. Electromyography during oral processing in

relation to mechanical and sensory properties of soft gels. J. Texture Stud. 2011, 42, 254–267. [CrossRef]
20. Kohyama, K.; Gao, Z.; Ishihara, S.; Funami, T.; Nishinari, K. Electromyography analysis of natural mastication behavior using

varying mouthful quantities of two types of gels. Physiol. Behav. 2016, 161, 174–182. [CrossRef]
21. Steiner, J.E.; Glaser, D.; Hawilo, M.E.; Berridge, K.C. Comparative expression of hedonic impact: Affective reactions to taste by

human infants and other primates. Neurosci. Biobehav. Rev. 2001, 25, 53–74. [CrossRef]
22. Steiner, J.E. The gustofacial response: Observation on normal and anencephalic newborn infants. Symp. Oral Sens. Percept. 1973,

254–278.
23. Graillon, A.; Barr, R.G.; Young, S.N.; Wright, J.H.; Hendricks, L.A. Differential response to intraoral sucrose, quinine and corn oil

in crying human newborns. Physiol. Behav. 1997, 62, 317–325. [CrossRef]
24. Rochat, P.; Blass, E.M.; Hoffmeyer, L.B. Oropharyngeal control of hand-mouth coordination in newborn infants. Dev. Psychol.

1988, 24, 459–463. [CrossRef]
25. Ayres, C.; Ferreira, C.F.; Bernardi, J.R.; Marcelino, T.B.; Hirakata, V.N.; Silva, C.H.D.; Goldani, M.Z. A method for the assessment

of facial hedonic reactions in newborns. J. Pediatr. 2017, 93, 253–259. [CrossRef]
26. Rios, J.M.; Miller, A.L.; Lumeng, J.C.; Rosenblum, K.; Appugliese, D.P.; Kaciroti, N.; Gearhardt, A.N. Behavioral responses to

sucrose as an indicator of positive hedonic response across the first six months of infancy. Physiol. Behav. 2020, 223, 112914.
[CrossRef]

27. Steiner, J.E.; Lidar-Lifschitz, D.; Perl, E. Taste and odor: Reactivity in depressive disorders a multidisciplinary approach. Percept.
Mot. Skills 1993, 77, 1331–1346. [CrossRef]

28. Weiland, R.; Ellgring, H.; Macht, M. Gustofacial and olfactofacial responses in human adults. Chem. Senses 2010, 35, 841–853.
[CrossRef]

29. Boucsein, W. Electrodermal Activity; Springer: Tokyo, Japan, 2011.
30. Cacioppo, J.T.; Berntson, G.G.; Klein, D.J. What is an emotion? The role of somatovisceral afference, with special emphasis on

somatovisceral “illusions”. In Emotion and Social Behavior. Ix; Clark, M.S., Ed.; Sage Publications: Thousand Oaks, CA, USA, 1992;
pp. 63–98.

31. Lang, P.J.; Bradley, M.M.; Cuthbert, B.N. Emotion, motivation, and anxiety: Brain mechanisms and psychophysiology. Biol.
Psychiatry 1998, 44, 1248–1263. [CrossRef]

32. Kosonogov, V.; De Zorzi, L.; Honoré, J.; Martinez-Velazquez, E.S.; Nandrino, J.L.; Martinez-Selva, J.M.; Sequeira, H. Facial thermal
variations: A new marker of emotional arousal. PLoS ONE 2017, 12, e0183592.

33. Danner, L.; Haindl, S.; Joechl, M.; Duerrschmid, K. Facial expressions and autonomous nervous system responses elicited by
tasting different juices. Food Res. Int. 2014, 64, 81–90. [CrossRef]

34. de Wijk, R.A.; Kooijman, V.; Verhoeven, R.H.G.; Holthuysen, N.T.E.; de Graaf, C. Autonomic nervous system responses on and
facial expressions to the sight, smell, and taste of liked and disliked foods. Food Qual. Prefer. 2012, 26, 196–203. [CrossRef]

35. Rousmans, S.; Robin, O.; Dittmar, A.; Vernet-Maury, E. Autonomic nervous system responses associated with primary tastes.
Chem. Senses 2000, 25, 709–718. [CrossRef] [PubMed]

36. Curran, P.J.; Bauer, D.J. The disaggregation of within-person and between-person effects in longitudinal models of change. Annu.
Rev. Psychol. 2011, 62, 583–619. [CrossRef]

37. Epstein, S. The stability of behavior: II. Implications for psychological research. Am. Psychol. 1980, 35, 790–806. [CrossRef]
38. Ostrof, C. Comparing correlations based on individual-Level and aggregated data. J. Appl. Psychol. 1993, 78, 569–582. [CrossRef]
39. Zhang, Q.J.; Wang, L.P. Aggregating and testing intra-individual correlations: Methods and comparisons. Multivar. Behav. Res.

2014, 49, 130–148. [CrossRef] [PubMed]
40. Cox, D.N.; Hendrie, G.A.; Carty, D. Sensitivity, hedonics and preferences for basic tastes and fat amongst adults and children of

differing weight status: A comprehensive review. Food Qual. Prefer. 2016, 48, 359–367. [CrossRef]

http://doi.org/10.2466/pms.2003.97.1.289
http://doi.org/10.1111/j.1469-8986.1993.tb03352.x
http://doi.org/10.1111/1469-8986.00078
http://www.ncbi.nlm.nih.gov/pubmed/14696731
http://doi.org/10.1007/s12652-011-0084-9
http://doi.org/10.1371/journal.pone.0057889
http://www.ncbi.nlm.nih.gov/pubmed/23536774
http://doi.org/10.1016/j.biopsycho.2020.107974
http://doi.org/10.1111/j.1469-8986.1990.tb01962.x
http://doi.org/10.1111/j.1745-4603.2010.00272.x
http://doi.org/10.1016/j.physbeh.2016.04.030
http://doi.org/10.1016/S0149-7634(00)00051-8
http://doi.org/10.1016/S0031-9384(97)88987-1
http://doi.org/10.1037/0012-1649.24.4.459
http://doi.org/10.1016/j.jped.2016.06.011
http://doi.org/10.1016/j.physbeh.2020.112914
http://doi.org/10.2466/pms.1993.77.3f.1331
http://doi.org/10.1093/chemse/bjq092
http://doi.org/10.1016/S0006-3223(98)00275-3
http://doi.org/10.1016/j.foodres.2014.06.003
http://doi.org/10.1016/j.foodqual.2012.04.015
http://doi.org/10.1093/chemse/25.6.709
http://www.ncbi.nlm.nih.gov/pubmed/11114149
http://doi.org/10.1146/annurev.psych.093008.100356
http://doi.org/10.1037/0003-066X.35.9.790
http://doi.org/10.1037/0021-9010.78.4.569
http://doi.org/10.1080/00273171.2013.870877
http://www.ncbi.nlm.nih.gov/pubmed/26741173
http://doi.org/10.1016/j.foodqual.2015.01.006


Nutrients 2021, 13, 4216 13 of 14

41. Wall, K.M.; Farruggia, M.C.; Perszyk, E.E.; Kanyamibwa, A.; Fromm, S.; Davis, X.S.; Dalenberg, J.R.; DiFeliceantonio, A.G.; Small,
D.M. No evidence for an association between obesity and milkshake liking. Int. J. Obes. 2020, 44, 1668–1677. [CrossRef]

42. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]

43. Lohani, M.; Payne, B.R.; Isaacowitz, D.M. Emotional coherence in early and later adulthood during sadness reactivity and
regulation. Emotion 2018, 18, 789–804. [CrossRef] [PubMed]

44. Wu, D.J.; Svoboda, R.C.; Bae, K.K.; Haase, C.M. Individual differences in sadness coherence: Associations with dispositional
affect and age. Emotion 2021, 21, 465–477. [CrossRef]

45. Banerjee, S.; Bhattacharya, S. Food gels: Gelling process and new applications. Crit. Rev. Food Sci. Nutr. 2012, 52, 334–346.
[CrossRef] [PubMed]

46. Koç, H.; Çakir, E.; Vinyard, C.J.; Essick, G.; Daubert, C.R.; Drake, M.A.; Osborne, J.; Foegeding, E.A. Adaptation of oral processing
to the fracture properties of soft solid. J. Texture Stud. 2014, 45, 47–61. [CrossRef]

47. Sworn, G. Gellan gum. In Handbook of Hydrocolloids; Phillips, G.O., Williams, P.A., Eds.; Woodhead Publishing: Cambridge, UK,
2000; pp. 117–135.

48. Nussinovitch, A. Hydrocolloid Applications: Gum Technology in the Food and Other Industries; Blackie Academic & Professional:
London, UK, 1997.

49. Drewnowski, A. Individual differences in sensory preferences for fat in model sweet dairy products. Acta Psychol. 1993, 84,
103–110. [CrossRef]

50. Bradley, M.M.; Lang, P.J. Measuring emotion: The Self-Assessment Manikin and the Semantic Differential. J. Behav. Ther. Exp.
Psychiatry 1994, 25, 49–59. [CrossRef]

51. Fridlund, A.J.; Cacioppo, J.T. Guidelines for human electromyographic research. Psychophysiology 1986, 23, 567–589. [CrossRef]
[PubMed]

52. Schumann, N.P.; Bongers, K.; Guntinas-Lichius, O.; Scholle, H.C. Facial muscle activation patterns in healthy male humans:
A multi-channel surface EMG study. J. Neurosci. Methods 2010, 187, 120–128. [CrossRef] [PubMed]

53. Boucsein, W.; Fowles, D.C.; Grimnes, S.; Ben-Shakhar, G.; Roth, W.T.; Dawson, M.E.; Filion, D.L. Society for psychophysiolog-
ical research ad hoc committee on electrodermal measures. Publication recommendations for electrodermal measurements.
Psychophysiology 2012, 49, 1017–1034.

54. Wilson, F.N.; Johnston, F.D.; Rosenbaum, F.F.; Erlanger, H.; Kossmann, C.E.; Hecht, H.; Cotrim, N.; de Oliveira, R.M.; Scarsi, R.;
Barker, P.S. The precordial electrocardiogram. Am. Heart J. 1944, 27, 19–85. [CrossRef]

55. Thompson, B. Planned versus unplanned and orthogonal versus nonorthogonal contrasts: The neo-classical perspective. In Ad-
vances in Social Science Methodology; Thompson, B., Ed.; JAI Press: Greenwich, CT, USA, 1994; Volume 3, pp. 3–27.

56. Ha, R.R.; Ha, J.C. Integrative Statistics for the Social and Behavioral Sciences; Sage: Thousand Oaks, CA, USA, 2012.
57. Pagano, R.R. Understanding Statistics in the Behavioral Sciences, 10th ed.; Cengage: Boston, MA, USA, 2013.
58. Holmes, A.P.; Friston, K.J. Generalisability, random effects and population inference. Neuroimage 1998, 7, S754. [CrossRef]
59. Sato, W.; Yoshikawa, S.; Fushiki, T. Facial EMG activity is associated with hedonic experiences but not nutritional values while

viewing food images. Nutrients 2021, 13, 11. [CrossRef] [PubMed]
60. Miquel-Kergoat, S.; Azais-Braesco, V.; Burton-Freeman, B.; Hetherington, M.M. Effects of chewing on appetite, food intake and

gut hormones: A systematic review and meta-analysis. Physiol. Behav. 2015, 151, 88–96. [CrossRef] [PubMed]
61. Okawa, J.; Hori, K.; Yoshimoto, T.; Salazar, S.E.; Ono, T. Higher masticatory performance and higher number of chewing strokes

increase retronasal aroma. Front. Nutr. 2021, 8, 623507. [CrossRef] [PubMed]
62. Quigley, K.S.; Barrett, L.F. Is there consistency and specificity of autonomic changes during emotional episodes? Guidance from

the Conceptual Act Theory and psychophysiology. Biol. Psychol. 2014, 98, 82–94. [CrossRef]
63. Foster, K.D.; Grigor, J.M.; Cheong, J.N.; Yoo, M.J.; Bronlund, J.E.; Morgenstern, M.P. The role of oral processing in dynamic

sensory perception. J. Food Sci. 2011, 76, R49–R61. [CrossRef]
64. Orne, M.T. On the social psychology of the psychological experiment: With particular reference to demand characteristics and

their implications. Am. Psychol. 1962, 17, 776–783. [CrossRef]
65. Nichols, A.L.; Maner, J.K. The good-subject effect: Investigating participant demand characteristics. J. Gen. Psychol. 2008, 135,

151–165. [CrossRef]
66. Coles, N.A.; Larsen, J.T.; Lench, H.C. A meta-analysis of the facial feedback literature: Effects of facial feedback on emotional

experience are small and variable. Psychol. Bull. 2019, 145, 610–651. [CrossRef] [PubMed]
67. Finzi, E.; Rosenthal, N.E. Emotional proprioception: Treatment of depression with afferent facial feedback. J. Psychiatr. Res. 2016,

80, 93–96. [CrossRef] [PubMed]
68. Manda, Y.; Kodama, N.; Maeda, N.; Minagi, S. Effect of food properties and chewing condition on the electromyographic activity

of the posterior tongue. J. Oral Rehabil. 2019, 46, 511–517. [CrossRef] [PubMed]
69. Braud, A.; Boucher, Y. Intra-oral trigeminal-mediated sensations influencing taste perception: A systematic review. J. Oral Rehabil.

2020, 47, 258–269. [CrossRef] [PubMed]
70. Spence, C. On the psychological impact of food colour. Flavour 2015, 4, 21. [CrossRef]

http://doi.org/10.1038/s41366-020-0583-x
http://doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
http://doi.org/10.1037/emo0000345
http://www.ncbi.nlm.nih.gov/pubmed/28682087
http://doi.org/10.1037/emo0000731
http://doi.org/10.1080/10408398.2010.500234
http://www.ncbi.nlm.nih.gov/pubmed/22332597
http://doi.org/10.1111/jtxs.12051
http://doi.org/10.1016/0001-6918(93)90076-4
http://doi.org/10.1016/0005-7916(94)90063-9
http://doi.org/10.1111/j.1469-8986.1986.tb00676.x
http://www.ncbi.nlm.nih.gov/pubmed/3809364
http://doi.org/10.1016/j.jneumeth.2009.12.019
http://www.ncbi.nlm.nih.gov/pubmed/20064556
http://doi.org/10.1016/S0002-8703(44)90603-4
http://doi.org/10.1016/S1053-8119(18)31587-8
http://doi.org/10.3390/nu13010011
http://www.ncbi.nlm.nih.gov/pubmed/33375209
http://doi.org/10.1016/j.physbeh.2015.07.017
http://www.ncbi.nlm.nih.gov/pubmed/26188140
http://doi.org/10.3389/fnut.2021.623507
http://www.ncbi.nlm.nih.gov/pubmed/33738295
http://doi.org/10.1016/j.biopsycho.2013.12.013
http://doi.org/10.1111/j.1750-3841.2010.02029.x
http://doi.org/10.1037/h0043424
http://doi.org/10.3200/GENP.135.2.151-166
http://doi.org/10.1037/bul0000194
http://www.ncbi.nlm.nih.gov/pubmed/30973236
http://doi.org/10.1016/j.jpsychires.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27344227
http://doi.org/10.1111/joor.12774
http://www.ncbi.nlm.nih.gov/pubmed/30724370
http://doi.org/10.1111/joor.12889
http://www.ncbi.nlm.nih.gov/pubmed/31520542
http://doi.org/10.1186/s13411-015-0031-3


Nutrients 2021, 13, 4216 14 of 14

71. Schnepper, R.; Richard, A.; Georgii, C.; Arend, A.K.; Naab, S.; Voderholzer, U.; Wilhelm, F.H.; Blechert, J. Bad mood food?
Increased versus decreased food cue reactivity in anorexia nervosa and bulimia nervosa during negative emotions. Eur. Eat.
Disord. Rev. 2021, 29, 756–769. [CrossRef] [PubMed]

72. Laeng, B.; Berridge, K.C.; Butter, C.M. Pleasantness of a sweet taste during hunger and satiety: Effects of gender and “sweet
tooth”. Appetite 1993, 21, 247–254. [CrossRef]

73. Głuchowski, A.; Czarniecka-Skubina, E.; Kostyra, E.; Wasiak-Zys, G.; Bylinka, K. Sensory features, liking and emotions of
consumers towards classical, molecular and note by note foods. Foods 2021, 10, 133. [CrossRef]

http://doi.org/10.1002/erv.2849
http://www.ncbi.nlm.nih.gov/pubmed/34176193
http://doi.org/10.1006/appe.1993.1043
http://doi.org/10.3390/foods10010133

	Introduction 
	Materials and Methods 
	Participants 
	Stimuli 
	Procedure 
	Physiological Data Recording 
	Data Analysis 
	Preprocessing 
	Statistical Analysis 


	Results 
	Discussion 
	Conclusions 
	References

